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This research aims to investigate the effect of microwave cure and thermal cure in silicon carbide whisker (SiC,) filled in
polybenzoxazing (PBZ) composite on its cormgsponding thermal and machanical behaviors. The apphcation of microwave has
been found to be an alternative mathod for curing tharmosets with an increase inthe rate of reaction. However, microwave curing
has not widely used in polymenc matenal because of the non-polar nature of most polymers. Polybenzoxazing is a novel class of
phenclic resins that possesses some oulztanding propedies such as low viscosity and producing no volatile by-product during
polymerization, Therefore, polybenzoxazine is a nighly allractive maltrx for composile and bulk applications. Like most polymeric
malerials, the low dielectric constant of polybenzoxazine means it can not be cured easily by microwave radiation. SiC whisker is
thus, used as a filler of the polybenzoxazine to enhance the microwave absorption capability of the melding compound and to
reinforce the malerial. The experimenial results reveal that the benzoxazine resin (BA-3) was hardly cured at a high power of 1 kW
far 15 min, However, with a relatively low sontent at 4% by weight SIC, the benzoxazine resin was found 1o be cured relatively
well. Therefore, the slrong microwave inleraction of We benzoxezing molding compound, due lo the presence of SiC,.
significantly helps reduce the processing time of the matding compound from few hours at 200°C 1o be less than thirty minutes at
4% by weight of SiC, using the iradiation power of merely around 300 Waits. To achieve the maximum cure.
polybenzoxazine/SiC_ composile cufed by miciowave oven-consumed-less-energy-inan thal required by the traditional thermal
cure by approximately 20 to 30 timas. Al 4 wi% of 5iC_ content, the machanical and tharmal propenies of the palybenzoxazine
composites cured by thermal and microwave healing showed no significant change: The flexural modulus and strength of the
thermal cured compositas at 4 wi% SiC were determinad 1o be 5.3 + 0.48 GPa and 118 + 28 MPa while thoze of the microwave
cured specimens were abowl 5.7 = 0.2 GPa and 118 = 7 MPa respeciively al the same filler gontent, The neal polybenzaxazine
and the SiC -filled polybenzoxazing composiles possess a glass transition tampearature, determined by DSC, ranging from 155 to
160°C for both thermal and Microwave Sured, Marsover, the themnal and meshanical prapeties were increased with increasing
the SiC_ content. Their fracture sufface morpholegy could be observed by SEM Sludies, which revealed substantial bonding
between the two phases. The fracture surface of the composites was significanily rougher than that of ihe pure matrix. The
microwave cure for SiC filled polybenzoxazing composile could drastically reduce the curing bme and energy-consumption

while the microwave-cured specimens still maintained the good thermal and mechanical properies,
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CHAPTER I

INTRODUCTION

1.1 General Introduction

Conventional thermal cure of thermosets is widely practiced. The technique
has also been applied in the processing of thermosetting composites with various
shapes without the need of large-scale devices. However, the technology cannot meet
the increasing requirements of economic development due to its disadvantages of high
energy-consumption and long production period (Thostenson and Chou, 1999; Zhou
et al., 2003). Moreover, the processing of very thick cross-section parts requires
complex cure schedules with very slow thermal ramp rates and isothermal holds to
control overheating which arise from cure reaction exotherms and poor thermal
conductivity. Consequently, an efficient and energy-saving cure technology is
urgently required. The curing of thermoset systems is known to be the bottleneck of
the whole production process. Alternative accelerated curing, such as Ultra Violet
light, Gamma rays or electron beams 1s possible but each still has many
disadvantages. UV light offers limited applications due to its poor penetration ability
and limited dose rate (Li et al., 2003). Gamma rays, from naturally radiating sources
such as Cobolt-60, generate enormious radiation hazards and environmental problems
(Nho, Kang and Park, 2004). - Although, electron-beam curing has proven to be an
accelerated and efficient curing method, it often-requires unacceptably high capital
outlay (Zhang et al., 2002).

1.2 Microwave Processing

The application of microwave was found to be an alternative method for
curing thermosets with a significant increase in the rate of reaction (Boey, Yap and

Chia, 1999). In addition, the microwave heated thermosetting composite was also



shown to possess slightly higher mechanical properties than those cured by
conventional thermal process. This was believed to be due to the homogeneity
heating that can reduce the thermal stress in the composites (Bai et al. 1995).
Microwave-cured composites were also found to exhibit stronger interfacial bonding
than the thermal-cured epoxy composites (Bai and Djafari, 1995). However, the
microwave heating ability of any materials depends on their dielectric constant and
dielectric loss factor (Thostenson and Chou, 1999). Since most polymers are
materials with low dielectric constant (Wypych, 2000); therefore, microwave heating
of neat polymer is not favorable. Epoxy resin can be used in microwave heating due
to the presence of the polar group in its molecular structure. A significant increase in
the rate of reaction was reported and an improvement in some mechanical properties
was observed in earlier study (Zhou et al., 2003). However, microwave curing of
epoxy composites sometimes led to more void content within the composite than
those from conventional thermal curing. This is owing to the volatile by-produce
released during curing reaction and lower external applied pressure. Therefore epoxy

is hardly used for microwave curing of thick composites (Bai and Djafari, 1995).

1.3 Polybenzoxazine

Polybenzoxazine is a novel class of phenolic resins that has been developed
and studied to overcome the shortcomings of traditional phenolic resins (Ishida,
1996). Polybenzoxazine has the advantages of neither using any strong acids as
catalysis nor- producing any - volatile by-product during polymerization. Its
crosslinking reaction is achieved by a thermally activated ring-opening reaction
(Takeichi, 2002).  Therefare, polybenzoxazine is highly attractive for microwave-

processed composites or even conventional heat-treated composite products.

Polybenzoxazine can be synthesized using the patented solventless technology
to yield a relatively clean precursor without the need of solvent elimination or
monomer purification (Ishida, 1996). The polymerization reaction of benzoxazine
monomers is initiated by heat, without using a curing agent, through the ring-opening

reaction to yield polybenzoxazine. Benzoxazine resin based on bisphenol-A and



aniline can be synthesized according to the reaction shown in Figure 1.1 (Ning and
Ishida, 1994). As a consequence, there are no volatile by-products in the curing
process. The fact that polybenzoxazine has low viscosity enables the manufacture of
complicated products. It possesses good dimensional stability owing to the ring-

opening curing process (Jang and Shin, 1995; Ishida and Allen, 1996).

Bisphenol-A Formaldehyde Aniline
o)
I

CH,
HOO —O—OH + 4HCH + NH2©
CHa
N
( cHy
2E S
CH; > + 4H0

Benzoxazine monomer

Figure 1.1: Synthesis of bifunctional benzoxazine monomer.

Polybenzoxazine has a wide range of mechanical and physical properties that
can be tailored to various needs.© Many attractive properties such as excellent
mechanical properties, high char yield, near zero shrinkage, highly tailor-made
molecular structure, low water absorption, excellent electrical properties, high
mechanical integrity, low melt viscosity and self-polymerized upon heating have been
reported on polybenzoxazine (Nair, 2004). Like most polymeric materials, the low
dielectric constant of polybenzoxazine means that it can not be cured conveniently by
microwave radiation. Fortunately, the problem of low dielectric constant of polymers
can be improved by adding therein a high dielectric constant filler (Xu, Chung and
Mroz, 2001).



1.4 Silicon Carbide Whisker (SiC,)

SiCy, is one kind of reinforcing material that is widely used in ceramic, metal,
and polymer matrix composites in an effort to achieve increased toughness of brittle
matrix composites (Deng and Ai, 1998; Bengisu and Inal, 1994). Physically, SiC,, is
discontinuous, monocrystalline hair or ribbon-shaped fibers in the size range of 0.3-2
um in diameter and 5-50 wm in length. Their aspect ratio (length/diameter) ranges
from 20 to several hundreds. SiC, is all grown from gas phase on solid or liquid
substrates under conditions that lead to very small defects of about 0.1-0.4 um in the
whisker, leaving the SiC,, strength still very high around 9-17 GPa. Whiskers grown
at temperature below 1800 °C are composed mostly of B-SiC, whereas those grown
above 2000°C are of a-SiC (Harries, 1995). In this research, B-SiC was used
throughout the study.

Silicon carbide whisker (SiC,) is used in the present study for its high
dielectric constant as well as high strength-to-density ratio. It is anticipated that the
incorporation of SiC,, into the polybenzoxazine matrix should render at least twofold
benefits to the benzoxzine resin, i.e. the inherent rigidity of polybenzoxazine may be
reduced by the toughening mechanisms occurred in the filled systems while the high
electric constant of the SiC,, should help improve the microwave cure of the filled
polybenzoxazine. The curing process of the SiCy-filled polybenzoxazine is, thus,
expected to be accomplishable by using microwave irradiation.  Mechanical
properties of - the. SiC,-filled polybenzoxazine cured thermally by conventional

method and those cured with microwave will be compared in this study.

1.5 Toughening Brittle Matrix

In general, brittle matrix can be toughened by several means including
copolymerization, alloying, blending and compositing.  Previous investigations
include the utilizations of a) fiber-reinforced materials (e.g. SiC,, and carbon fiber)
(Xu et al., 2002; Deng and Ai, 1998), b) tough matrix materials (e.g. rubber-modified



thermosets and thermoplastics) (Jang and Yang, 2000), c) fiber hybridization (e.g.
mixtures of E-glass, and graphite fibers) (Khatri and Koczakb, 1996), d) fiber
coatings with appropriate polymers either fully or intermittently distributed along the
fiber length, and €) duplex-structure fibers consisting of a sheath and core fiber, etc.
(Kim, Baillie and Mai, 1992; Kim and Mai, 1991). Fiber-reinforced polymer
composites have found widespread applications. Given the critical and demanding
applications in which they are employed, an understanding of the fracture behaviors
of composites is essential and can lead to a better insight on the toughening
characteristics. Much effort have been emphasized through earlier studies on fracture
behavior of polymer composites because they have been used in a variety of
applications in which catastrophic fracture can lead to disastrously loss of life, for
example in the construction and repair applications such as bridges, pipelines,
helicopter blades, yacht hulls, aircraft fuselages, aerospace applications and other
types of constructions (Avel, Arikan and Akdemir, 2004).

1.6 Objectives

The present study is aimed primarily at the following objectives.
1. To study the potential use of SiC,, to toughen polybenzoxazine.
2. To compare mechanical properties of the polybenzoxazine — silicon carbide
whisker cured by microwave radiation and by thermal heating.

1.7 Scope of Research

1. Synthesis of benzoxazine resin by solventless synthesis technology.

2. Evaluation of the composition of benzoxazine/silicon carbide whisker which
responds optimally with microwave irradiation.

3. Investigation of thermal properties of the composites fabricated by microwave and
conventional heat treatment.

4. Examination of flexural properties of the composites to compare the effect of

microwave cure and thermal cure.



CHAPTER Il

THEORY

2.1 Microwave Processing

2.1.1 Microwave Fundamentals

Microwave is electromagnetic waves in frequency band from 300 MHz (3 x
10® cycles/second) to 800 GHz (3 x 10™ cycles/second). Microwave energy is
produced by a microwave generator, propagated down the wave guide, and injected
directly into the microwave cavity where the mode stirrer distributes the incoming
energy in various directions. The percentage of the incoming energy that is absorbed
depends upon a sample size and a material dissipation factor. Industrial microwave
processing is usually accomplished at the frequencies set aside for industrial use
namely, 915 MHz, 2.45 GHz, 5.8 GHz, and 24.124 GHz, as shown in Figure 2.1. It
was first controlled and used during the Second World War in radar systems. The
usefulness of microwaves in the heating of materials was first recognized in 1946. Up
to present, the microwave oven has become a well-know technology. Despite its long
history and widespread use, there still remains a great deal that is not fully understood

about microwave and their use.

2.1.2 Microwave Applications in Polymer and Polymer Matrix

Composites

Typical, thermoset curing process consists of three basic steps namely
preheating of the component, reaction producing the corresponding exotherm and
cooling of the cured materials (Van and Gourdene, 1987). Prior to curing,
thermosetting resins are low-viscosity liquids that can flow into a mold or around
fibers. During processing, polymerization took place, resulting in an increase of both

the molecular weight and the viscosity. As the cure reaction progresses, it may be



difficult to control the temperature due to the additional heat input caused by the
exothermic polymerization reaction. Eventually highly cross-linked, insoluble,
infusible materials are obtained. Most polymers tend to be efficient absorbers of

microwave radiation initially, with dielectric loss (¢’’) increasing as the resin is

heated.
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Figure 2.1: Electromagnetic spectrum and frequencies used in microwave processing

(Sutton, 1993).

If the resins to be cured by microwave processing are typically not conductive,
particles and fibers that are conductive, or have dielectric properties significantly
different from the matrix resin, may be included to aid microwave processing. The
presence of these inclusions can strongly influence the way in which the composite
material interacts with the microwave radiation. Conductors also modify the electric-
field pattern in and around the composite, potentially resulting in very different
heating profiles than with the neat resin. Some examples of these conductive
additives include carbon black, which is used extensively in rubber formulation;
carbon or metal fibers; and metal flakes, spheres, or needles with sizes ranging from

0.1 to 100 um. The surface of the conducting inclusion interacts strongly with the



microwave radiation. The effect of conductive additives on microwave heating and
skin depth of the composite depends on the size, shape, concentration and electrical
resistivity of the inclusions and their distribution within the matrix (Lagarkov et al.,
1992). The dielectric properties determine energy that is transferred to materials by
The

interaction of microwaves with molecular dipole results in rotation of dipoles, and

interaction with the applied electromagnetic field at the molecular level.

energy is dissipated as heat from molecularly frictional resistance to the molecular

rotation. Table 2.1 shows dielectric constant of some interesting materials.

Table 2.1 Dielectric constant of some interesting materials (Wypych, 2000).

Chemical name | Dielectric constant Chemical name Dielectric constant
Air (dry) 1.0 Bakelite 3.5-5.0
Water (stream) 1.0 Epoxy resin 3.6
Polypropylene 15 Glass (silica) 3.8
Carbon dioxide 1.6 Silicon dioxide 4.5
Alumina powder 1.6-1.8 Diamond 5.5-10.0
Teflon 2.0 Wood (wet) 10.0-30.0
Wood (dry) 2.0-6.0 Silicon 11.0-12.0
Polyimide 2.2-3.2 Aluminum oxide 30.0
Carbon black 2.5-3.0 Silicon carbide whisker 40
Rubber 3.0 Water (20°C) 80.4
Polybenzoxazine 3.0-4.0 Titanium dioxide 90-110

Microwave processing provides material processors with a new, powerful, and

significantly different tool to process materials that may not be amenable to
conventional means of processing. The technique was found to improve the
performance characteristics of epoxy (Zhou et al., 2003). However, due to the
complexity of microwave interactions with materials, simply placing a sample in a

microwave oven and expecting it to heat efficiently will seldom lead to success.



There are increasing demands across broad product line for new polymeric
materials and process that are cost-effective and environmentally safe. Over the past
few decades, research in the area of microwave processing has shown some potential
advantages in the ability not only to process polymers at lower cost but also to
fabricate new materials and composites that may not be possible using conventional

thermal treatments.

Microwave processing can be used for a broad range of polymers and
products, including thermoplastic and thermosetting resins, and composites.
Nevertheless, not all polymers are suitable for microwave processing. However,
many polymers contain groups that form strong dipoles (e.g. epoxy, hydroxyl, amino,
cyanate, etc.) which make it easy to be heated by microwave radiation. Permittivity
and dielectric loss factor of thermosets generally increase with temperature and
decrease with the extent of cure (Jow et al., 1988).

An example of microwave processing of polymeric materials was first found
the vulcanization of rubber in the tire industry during the 1960s. Commercial
application began later in that decade (Chabinsky, 1983, Schwartz et al., 1975). The
principal of using the microwave radiation to the rubber occurred by filling carbon
black in various types of rubber formulations. Since various grades of carbon black
tend to have different coupling characteristics (Ippen, 1971), the rubber compound
was controlled via the heating patterns throughout the layered product through
variation of carbon black grade and concentration. = Application of this processing
technique was limited due to the non-uniformity of microwave curing induced by the

thermal loss at the edge of specimen to its surrounding atmosphere (Ku et al., 2001).

2.2 Theoretical Density Determination

The theoretical density of composite is an important factor to check the
amount of filler and the void content in polymer composites, especially when the
significant density between filler and matrix are involved. The theoretical density by

mass which compared to actual density can be calculated as follow (Piyawan, 1998):
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pe= 1 (2.1)
Wy, (1-Wy)
Pt Pm
where Wk = filler weight fraction

(1-Ws) = matrix weight fraction
Pt = filler density, g/cm®

Pe = matrix density, g/cm®.
2.3 Mechanical Analysis

2.3.1 Dynamic Mechanical Properties

In studies of the response of a material to vibrational forces, stress, strain, and
frequency are the key variables. The stress applied to a viscoelastic body results in a
linear or nonlinear dynamic response. For example, if the stress varies sinusoidally
with time at a given frequency, the strain varies cyclically at the same frequency. If
the amplitude of the stress is small enough, the strain is also sinusoidal with time, and
the amplitude of the strain is proportional to the amplitude of the stress at a given
temperature and frequency, i.e. the behavior is linear. However, if the amplitude of
the stress is large enough, the strain varies with the same frequency but is

nonsinusoidal; it can have high harmonics, showing nonlinear viscoelastic behavior.
The crosslinking density can be estimated related to the glass transition
temperature of the polymer network according to Fox and Loshaek Equation as shown

in Equation (2.2).

Tg=Tg(0) =k +knp (2.2)
My

where Ty
Ty ()

glass transition temperature, °C

T, of infinite molecular weight linear polymer, °C
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K, kn = numerical constants
M, = averaged molecular weight
p = crosslinking density.

2.4 Theories of Adhesion (Hull, 1990)

Adhesion can be attributed to five main mechanisms, which can occur at the

interface either in isolation or in combination to produce the bond.

2.4.1 Adsorption and Wetting

When two electrically neutral surfaces are brought sufficiently close together
there is a physical attraction which is best understood by considering the wetting of
solid surfaces by liquids as illustrated in Fig. 2.2. The physical situation of a liquid
drops on a solid surface are calculated by using the Young’s Equation as showed in

following equation.

Wi = y1v(1+€080) = ysv+ YLy - Ysi (2.3)

Where Ws. = work of adhesion of solid-liquid phase

0

contact angle
yov = the surface tensions of liquid-vapor phase
ysv = the surface tensions of solid-vapor phase

ys. = the surface tension of solid-liquid phase.

Where 6 is the contact angle and vy is the surface tensions of solid-vapor (SV),

solid-liquid (SL), and liquid-vapor (LV) interfaces, respectively.
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Figure 2.2: The wetting of solid surface by liquid: (a) isolated contact points leading
to weak adhesion between two rigid rough surfaces, (b) surface tensions

(y) for a liquid drop on a solid surface.

2.4.2 Mechanical Adhesion

Some bonding may occur purely by the mechanical interlocking of two
surfaces as illustrated in Figure 2.3(a). The strength in shear may be very significant
and depends on the degree of roughness.

2.4.3 Electrostatic Attraction

Forces of attraction occur between two surfaces when one surface carries a net
positive charge and the other surfacea net negative charge as tin the case of acid-base
interactions and ionic bonding and coupling agents laid down on the surface of the

filler, as shown in Figure 2.3(b).

2.4.4 Chemical Bonding

A chemical bond is formed between a chemical grouping on the fiber surface
and a compatible chemical group in the matrix as seen in Fig. 2.3(c) and (d)
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respectively. The strength of the bond depends on the number and type of bonds and

interface failure must involve bond breakage.

2.4.5 Interdiffusion
It is possible to form a bond between two polymer surfaces by the diffusion of

polymer molecules on one surface into the molecular network of the other surface, as
shown in Fig. 2.3(e) and (f) respectively. The bond strength will depend on the

amount of molecular entanglement and the number of molecules involved
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Figure 2.3: Mechanism of interfacial adhesion. Mechanical bond (a), Bond formed by
electrostatic attraction (b), Chemical bond (c) and (d), Bond formed by
molecular entanglement following interdiffusion (e) and Bond formed by

interfacial layer by interdiffusion (f) (Matthew, 1994).



CHAPTER Il

LITERATURE REVIEWS

3.1 Comparison of Microwave and Thermal Curing

Bai et al. (1995) studied the epoxy resin cured by microwave and conventional
oven. They investigated the effects of the two cure techniques via the glass transition
temperature and tensile properties. Their results showed that the microwave curing
improved the strength of the cured epoxy better than those cured by conventional
heating. Moreover, the glass transition temperature of the microwave-cured epoxy
was 136 °C, this was indifferent from the conventional-cured ones. The tensile
strength and the tensile modulus of the microwave cured epoxy were greater than
those of the thermal cured ones. Another study by Bai and Djafari (1995) compared
the mechanical behavior of E-glass/epoxy composite cured by microwave and by
thermal heating. The microwave polymerization improved slightly the mechanical
properties as compared with the thermal cured composites. This improvement is
considered to be due to a better homogeneity induced by microwave curing. It was
found that more voids exist in the microwave-cured composites than in the thermal-
cured ones due to the lower external applied pressure. Microwave processing was
also faster than the traditional thermal one as shown in Table 3.1. The fully cured
composites achieved from both - cure techniques exhibited the glass transition
temperature at 144 °C. From SEM micrographs, they also reported that fiber-matrix
interfacial bonding of the microwave cured composites seemed stronger than that the

thermal cured ones.

Jacob et al. (1995) studied the curing of methyl methacrylate (MMA) by
microwave radiation and thermal heating. MMA was cured by microwave radiation
at three different powers of 200, 300 and 500 Watt. Under comparable experimental
conditions, the rate of cure by microwave radiation did not show a significant rate

enhancement. In the thermal cure at 69, 78 and 88 °C, the polymerization proceeded
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until about 90% conversion while in the microwave cure, it progressively decreased
from 88% at 200 Watt to 84% at 300 Watt and to 78% at 500 Watt. This was because
the glass transition temperature of the system exceeded the reaction temperature, so

the percentage conversions of the reaction become limited.

Table 3.1 The curing conditions for microwave and thermal heating of

E-glass-reinforced epoxy composites (Bai and Djafari, 1995).

Curing Mould | Specimen dimensions Process Pressure | T4(°C)
(mm) (bar)
Microwave heating | Teflon 250%36x%(1,3) 1 kw., 20 min. 10 144
Thermal heating Metallic 250%x180%(1,3) 140°C, 1.5h 14 144

Boey et al. (1999) showed the effect of curing agent on the rate enhancement
between thermal cured and microwave cured epoxy/amine systems. Curing was done
at microwave power between 200 Watt and 600 Watt. They found unreacted epoxy,
implying that only a limiting conversion was achieved at the low power of 200 Watt.
At a higher microwave power of 600 Watt, the radiation was sufficient to initiate a

reaction fast enough to reduce the amount of unreacted functional groups.

Nightingal and Day (2002) studied carbon fiber prepregs using epoxy resin as
a matrix. They compared the mechanical properties of the carbon fiber/epoxy
composites cured by microwave and conventional thermal methods. The thermal-
cured composites showed higher flexural properties than the microwave-cured ones.
Composites that were partially autoclave-cured and then post-cured with microwaves
had the worst flexural properties. The void content of the microwave-cured
composites was high, compared with the autoclave-cured ones. They noted that this
was the direct result of the low pressure applied during cure compared to the
autoclave technique. Nightingal and Day suggested that microwave curing, under the
correct conditions of pressure and vacuum, could produce composites with
comparable mechanical properties to the autoclave-cured composites but in a much

shorter time.
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Zhou et al. (2003) studied the advantages of microwave heating compared

with thermal heating of epoxy resin cured with maleic anhydride.

Cure time by

microwave was found to decrease by about two-thirds of the conventional thermal

curing. The curing temperature also decreased by about 15-20 °C. In addition, the

microwave processing also increased slightly the compressive strength and the

bending strength of the epoxy resin as shown in Table 3.2 and Table 3.3 respectively.

Table 3.2 The compressive strength of epoxy resin cured by microwave and
thermal heating (Zhou et al., 2003).

Curing process phr Curing time Curing temperature Compressive strength

(%) (h) (°C) (MPa)

Microwave 30 1 1355 105.07
Microwave 35 1 13545 92.29
Microwave 40 1 135+5 93.97
Thermal 30 = 150+5 88.68
Thermal 35 = 150+5 90.38
Thermal 40 3 150+5 88.54

Table 3.3 The bending strength of epoxy resin cured by microwave and
thermal heating (Zhou et al., 2003).

Curing process phr Curing time Curing temperature Bending strength

(%) (h) (’C) (MPa)

Microwave 30 1 135+5 56.68

Microwave 35 1 13545 44.84

Microwave 40 1 13545 36.81
Thermal 30 3 15045 -

Thermal 35 3 150+5 34.76
Thermal 40 3 15045 -
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Yarlagadda and Hsu (2004) compared the glass transition temperature and the
mechanical properties of microwave and conventional thermal cured epoxy resins.
The glass transition temperature was noted as 92.48 and 89.16 °C respectively for
microwave-cured and conventionally-cured epoxy. The results obtained from flexural
and tensile tests indicated that microwave curing improved the mechanical properties
of the epoxy resin better than those cured by conventional heating.

3.2 Polybenzoxazine

Ning and Ishida (1994) investigated the synthesis of bifunctional benzoxazine
precursors.  These bifunctional benzoxazine were found to exhibit excellent
mechanical and thermal properties with good handling capability for resin processing
and composite manufacturing. The glass transition temperature was found to be as
high as 190 °C. The tensile modulus was 3.2 GPa while the tensile strength was 58
MPa. In addition, the bifunctional benzoxazine resins offered greater flexibility than
conventional phenolic resins in terms of molecular design. They did not release any
by-products during curing reactions and no solvent was needed in the resin

production.

Ishida and Rodriguez (1995) studied the curing reactions of benzoxazine
precursors based on bisphenol A and aniline to determine the feasibility of processing
polybenzoxazine. They found ‘that polybenzoxazine could be cured via a ring-
opening mechanism that did not produce any condensate or other reaction by-

products.

Ishida and Allen (1996) studied the properties of polybenzoxazine
thermosetting resin (BA-a). It was synthesized from inexpensive raw materials and
could be cured without the aid of the strong acid catalysts normally required by
phenolic materials. Dynamic mechanical analysis revealed high moduli and high
glass transition temperature with low crosslink densities. The flexural modulus was
4.5 GPa while the flexural strength was 126 MPa. Polybenzoxazines had significantly
higher tensile moduli than both phenolics and epoxies yet they still maintained
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adequate tensile strength and impact resistance. In addition, low water absorption and
good dielectric properties allowed these materials to perform well in electronic

applications.

Polybenzoxazine has been used as a matrix for various reinforcements. Ishida
and Rimdusit (1998) investigated the thermal properties of the boron nitride-filled
polybenzoxazine. The thermal conductivity of the composite was found to increase
with increasing boron nitride content. A maximum boron nitride content of 78.5 % by
volume was found to correspond with the thermal conductivity of 32.5 W/mK. The
high thermal conductivity of the composite was accomplished by using highly thermal
conductive filler with a matrix resin which has low melt viscosity with good filler
wetting and good adhesion to the filler.  Boron nitride-filled polybenzoxazine has
many outstanding properties which makes it suitable for an application as a molding
compound for the electronic packaging industry and other applications with high
thermal conductivity. The water absorption at room temperature of this composite
was also very low, i.e. for an 85 % by weight of boron nitride; the absorption was
only 0.02 % for duration of 24 hr. This work revealed the ease of processing and
good interfacial bonding of the matrix resin used in composite fabrication.

Wang and Ishida (1999) studied the cationic ring-opening polymerization of
benzoxazine resin. With certain initiators, rings could be opened and polymerized at
room temperature. Fourier_transform infrared spectroscopy, ‘H and **C nuclear
magnetic resonance spectroscopy, size exclusion chromatography, differential
scanning calorimetry, and thermogravimetric analysis had been used to study the
polymerization process and to characterize the obtained polymers. -High performance
bisphenol-A/aniline based polybenzoxazine with a glass transition temperature (Tg) of
220 °C was obtained. Its char yield was approximately 60 % at 800 °C under

nitrogen.

Kim and Ishida (2003) investigated the effect of amine functional groups on
the hydrogen bonding network structure by using FT-IR and NMR technique. They

found that polybenzoxazines can be synthesized from a wide selection of raw
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materials consisting of phenolic derivatives and primary amines. They offered greater
flexibility than phenolic resins in terms of molecular design. Since the wide variety
of benzoxazine monomers could be easily obtained by changing the primary amine
component. Thus there were many forms of polybenzoxazine types, which should be

of great interest for commercial applications.

3.3 Silicon Carbide Whisker in Composite

SiC,, have been added to a wide variety of ceramics as reinforcement. Ray et
al. (1995) studied the fractography of 25 wi% of SiC,, reinforced alumina composite.
The addition of SiC,, in the alumina ceramic composite was found to improve the
fracture toughness and the fracture strength of the ceramic composites tested by four
points bending. Their SEM micrographs showed the whisker pullout mechanism
during crack growth. They also found that the mechanical properties could be

increased by improving the whisker distribution.

Lin et al. (1996) studied the microstructure and the mechanical properties of
hot-pressed SiC,,-reinforced ZrO, (2 mol% Y,03). The presence of 30 vol% SiC,, in
ZrO, matrix increased the elastic modulus from 220 GPa for the neat ZrO, to 308
GPa. An addition of 10 vol% SiC,, increased the flexural strength from 888 MPa for
the neat ZrO, to a maximum value of 1404 MPa. Further increment of SiC, to 20
vol% and 30 vol% decreased the flexural strength to 1354 MPa and 1337 MPa
respectively. SiCy was found uniformly distributed within the matrix. Inhibition of
crack propagation was found due tothe presence of SiC,,. However, the addition of
SiCy, also adversely effected .the flexural strength of the composites. The residual
stress caused by the thermal incompatibility between the SiC,, and the ZrO2 matrix

was believed to be high.

In polymer matrix composites, Xu et al. (2002) applied silicon-fused SiC,, to
reinforced dental composites based on urethane and triethylene glycol dimethacrylate.
They varied the whisker/silica mass ratio at the filler mass percentage of 60%. The

elastic modulus of the composite, which was measured with a nano-indentation
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technique, was found to increase with increasing whisker ratio. The elastic modulus
increased from 12.3 GPa to 17.7 GPa when the filler was changed from silica to
silicon carbide whisker. From the SEM micrographs, the whiskers appeared to be
well-bonded with the matrix. Whisker entanglement and agglomeration at high

whisker content were also observed microscopically.



CHAPTER IV

EXPERIMENTAL

4.1 Materials and Monomer Preparation

The materials in this research were benzoxazine resin and silicon carbide
whisker. Benzoxazine resin 1S based on bisphenol-A, aniline, and formaldehyde.
Bisphenol-A (Commercial grade) was kindly supplied by Thai Polycarbonate Co., Ltd.
(TPCC). Para-formaldehyde (AR grade) was purchased from Merck Company and
aniline (AR grade) was purchased from APS Finechem Company. Silicon carbide
whisker, from Tokay Carbon Co., was contributed by Prof. Takeshi Kitano (retired) of

AIST, Tsukuba, Japan. All chemicals were used without further purification.

4.1.1 Benzoxazine Monomer Preparation

The benzoxazine resin used is based on bisphenol-A, aniline and
formaldehyde in the molar ratio of 1:4:2. This resin was synthesized by using a
patented solventless method in the U.S. Patent 5,543,516 (Ishida, 1996). The
obtained benzoxazine monomer is clear-yellowish powder at room temperature and
can be molten to yield a low viscosity resin at about 70-80 °C. The product is then
ground to fine powder and can be kept in a refrigerator for future-use. The density is

1.2 g/lem® and it has a reported dielectric constant of-about 3-3.5 (Nair, 2004).

4.1.2 Silicon Carbide Whisker Characteristics

Silicon carbide whisker (SiCy) used was TWS-200. It is nearly perfect single
crystal with diameters ranging from 0.3 to 2 um and lengths ranging from 5 to 50 pum.
The density is 3.2 g/cm® and it has a reported dielectric constant of about 40 (Harper,
2004).
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4.2 Specimen Preparation

Silicon carbide whisker was thoroughly mixed by hand with benzoxazine resin
in an aluminium container at 85 °C for at least 10 min to ensure particles wet out by
the resin. The filler to matrix ratio were 0:100, 2:98, 4:96, and 6:94 by weight to
yield molding compounds. For thermal-cured specimen, the compound was
compression-molded by hot pressing; the thickness was controlled by using a metal
spacer. The hot-pressed temperature of 200 °C was applied for 2 hr simultaneously
with a hydraulic pressure of 35 MPa. In the case of microwave curing, an opened
Teflon mold was used. The molding compounds were cured in the open mold at 165
Watt for 60 min and further cured at 270 Watt for 30 min in the Microwave Digestion
Oven (MARS5) model 907045. All samples were left to air cooled to room
temperature in the open mold.

4.3 Characterization Methods

4.3.1 Differential Scanning Calorimetry (DSC)

The curing characteristic of the benzoxazine-silicon carbide composites were
examined by using a differential scanning calorimeter (DSC) model 2910 from TA
Instrument. For each test,-a small-amount of the sample ranging from 5-10 mg was
placed on the aluminum pan and sealed hermetically with aluminum lids. The
experiment was done using a heating rate of 10 °C/min to heat the sealed sample from
30 °C to 300 °C under N, purging. The processing temperature, time and glass
transition temperature were obtained from the thermograms while the percentage of

resin conversion was calculated from the DSC thermograms.

4.3.2 Actual Density Determination

The density of each specimen was determined by water displacement method
according to ASTM D 792-91 (Method A). All specimens were prepared in a
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rectangular shape (50 mm x 25 mm x 2 mm). Each specimen was weighed in air and
in water at 27 + 2 °C. The density was calculated as shown in Equation (4.1). An

average value from at least five specimens was calculated.

=(CA )x (4.1)
p A-B Po
where p = density of the specimen (g/cm®)
A = weight of the specimen in air (g)
B = weight of the specimen in liquid (water) at 27 + 2 °C (g)

po = density of the liquid (water) at the given temperature (g/cm®)

(This value depends on the temperature, see in appendix A-1)
4.3.3 Thermogravimetric Analysis

The thermogravimetric analyzer model TGA/SDTA 851° from Mettler-Toledo
(Thailand) was used to study thermal stability, degradation of SiC,, composites and
residual amount of SiC,,. The initial mass of the composite to be tested was about 10
mg. It was then heated from room temperature to 800 °C with a heating rate of
20°C/min under dried air purge. The degradation temperature at 5% weight loss and

the residual amount of filler at 800 °C were recorded for each specimen.
4.3.4 Flexural Properties Measurement

Flexural modulus and flexural strength-of composite specimens were
determined utilizing -a Universal Testing Machine (model 5567) from Instron
Instrument. The dimension of the specimens was 50 mm x 25 mm x 2 mm. The test
method used was a three-point bending mode with a support span of 32 mm, bending
was performed at the crosshead speed of 0.85 mm/min. The flexural modulus and the
flexural strength were determined according to the procedure set out in ASTM D

790M-93, they were calculated by using Equations (4.2) and (4.3):
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_ L’m
Eg = 4.2
° 4bd® (4.2)
3PL
S = - 4.3
2bd? 43)
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 beam tested, mm

d = depth of beam tested, mm

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

deflection curve, N/mm.

4.3.5 Fracture Energy under Compressive Mode

A Universal Testing Mechine (model 5567) from Instron Instrument was used
to determined compressive properties under compression mode. The dimension of the
specimen was 10 mm x 10 mm x 3 mm. The test was calculated by using a 1 kN load
cell, compression was performed at a crosshead speed of 1 mm/min according to the
procedure outlined in ASTM 695-02. The fracture energy was calculated from the
work done under the load-displacement curve per unit area. The specific energy
absorption for the compression tests was then calculated by integrating the area under
the load—displacement curve and then divided by the volume of specimen crushed
times the material density as shown in Equation (4.4). The energy during crush (E)
was calculated by integrating under the crush load vs. crush distance curve as shown
in Equation (4.5).

Si
Ss =_ Wy = ISb P (Si-Sp) (4.4)
Vxp ALp
where Ss = specific energy absorption, kJ/kg

Wy = total work done, J
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V = specific volume, m®
p = density, g/cm®
A = cross-section area, m?

L = crushed length of specimen, m.

S
E= Iof Fds (4.5)

where E = energy absorption during crush load, J/m?
F

crush load, J
s = crush distance, m.

4.3.6 Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH
Instrument was used to investigate dynamic mechanical properties. The specimen
dimension was 40 mm x 10 mm x 2.5 mm. The test was performed under bending
mode. A strain in the range of 0 to 30 wm was applied sinusoidally at a frequency of
1 Hz. The specimen was heated at the rate of 2°C/min from room temperature to 260
°C. The glass transition temperature was taken as the maximum point on the loss
modulus curve in the temperature sweep tests. The storage modulus (G’), loss

modulus (G"), and damping curve (tand) were obtained.

4.3.7 Interfacial Characterization

Observation of the interfacial bonding within the composites was investigated
using a scanning electron microscope (JEOL JSM-6400) at an acceleration voltage of
15 kV. Samples were coated with a thin film of gold using a JEOL ion sputtering
device (model JFC-1100E) for 4 min to obtain a thickness of approximately 300A
before micrographs of the magnified fracture surfaces of the composite were taken.
The obtained micrographs were used to evaluate qualitatively the interfacial
interaction between the polybenzoxazine matrix and the silicon carbide whisker.
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Energy dispersive X-ray spectroscopy (EDX) was used to determine the concentration

of SiC,, distributed in the composite using Link Isis 300 software.

4.3.8 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of SiCw-filled polybenzoxazine composites under thermal and
microwave curing methods were acquired by using Spectrum GX FT-IR spectometer
from Perkin Elmer Instrument equipped with a KBr beam splitter. A small amount of
the solid composites, preferably 0.5-1.0 mg, were grinded and mixed with potassium
bromide (KBr) disks at room temperature. All of the polybenzoxazine composites
with SiC,, used in this study were sufficiently thin with optical thickness of a fraction
of a millimeter in compliance with the thickness specified under the Beer-Lambert’s
law. The composites were then mounted on a sample holder. All spectra were taken
as a function of time with 32 scans at a resolution of 4 cm™ and spectra range of 4000-
400 cm™. The polymerization reactions of the samples were examined at room

temperature.



CHAPTER V

RESULTS AND DISCUSSION

5.1 Processing Conditions of the Molding Compound

5.1.1 Influence of Silicon Carbide Whisker Content on Curing

Temperature

Fig. 5.1 demonstrates the DSC thermograms of benzoxazine resin filled with
different SiC,, contents at temperature elevating from 30 to 300 °C. The heating rate
was 10 °C/min. The step changes observed in all of the thermograms with different
SiCy contents at about 45 °C was related to the glass transition temperature of the
benzoxazine monomer, Tg,. Polymerization of benzoxazine was known to occur by a
simple ring-opening addition reaction and does not yield any reaction by-products
(Ishida, 1998).

The curing exotherm of the benzoxazine molding compound at different SiC,,
contents showed the onset of cure at 150 °C. A maximum exotherm peak was
observed at 225 °C, which is the characteristics of this resin (Rimdusit and Ishida,
2000); such exothermic peak reflects the cure characteristic and appropriate thermal
curing scheme of the benzoxazine resin. The silicon carbide whisker has no direct
effect on chemical reaction during the curing process of the benzoxazine monomers.
This is because the reaction temperature of SiC is about 1000 °C (Ryu et al., 2001;
Satapathy et al., 2005). However, the area under the curing peak was found to
decrease with increasing SiC,, content while the weight of the composite was kept
constant. This means that the exothermic heat generated during curing decreases with
the amount of benzoxazine resin. The exothermic heat during polymerization was
minutely absorbed by SiC,;; hence the lower content of SiC,, would lead to a lesser

amount of heat lost to absorption by SiC,,.
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5.1.2 Determination of Thermal Cure Condition

Fig. 5.2 exhibits the DSC thermograms of the composite consisting of
benzoxazine resin and 4% by weight of SiC,,, cured by conventional thermal method.
All composites were cured isothermally at 200 °C for various durations. The extent of
cure suggested by Fig. 5.2 can be utilized to device the thermal cure scheme. A cure
temperature of 200 °C was used because, at this temperature, polymerization by ring-
opening addition reaction had definitely occurred, as suggested by Fig. 5.1. It is not
too high as temperature for processing while the economical advantage is maintained.
The disappearance of the exothermic peak between 180 °C and 290 °C suggested that
suitable duration for complete cure of benzoxazine molding compounds at 200 °C was
120 min.

5.1.3 Determination of Microwave Cure Condition

Fig. 5.3 demonstrates the effect of microwave heating on benzoxazine resin.
The DSC thermogram of benzoxazine resin heated by a microwave at a high power of
1 kW for 30 min shows that under such condition it was hardly cured; the degree of
conversion was almost negligible. This is due to the intrinsic nonpolar nature of the
benzoxazine monomer (Nair, 2004). However, with a relatively low content of SiC,,
of only 4% by weight, the benzoxazine resin was found to be cured relatively well.
This is evident in the DSC thermograms shown-in Fig. 5.4 when SiC,, of 4% by
weight was applied. Moreover, the input power needed to heat the SiC-filled
benzoxazine to its fully cured condition can be reduced substantially from over 1 kW
to only 270-330 W.  Earlier studies on microwave curing of E-glass fiber/epoxy
composite reported the microwave power required to be as high as 1000 W for 20 min
under pressure of 10 bars to achieve fully cured E-glass fiber-filled epoxy composite
due to the intrinsic polar nature of epoxy (Bai and Djafari, 1995). Hence, it is
apparent that the presence of SiC, has a dramatic effect on the curing of the
benzoxazine molding compound. It was also found that a higher microwave input
power was needed as the SiC,, content reduced. With SiC,, loading of 4% by weight,

the microwave radiation power of 270 W for 20 min was found to be most suitable for
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processing of the benzoxazine molding compound. Coupled with curing time of 20
min, such microwave cure condition was found to have yielded a conversion of nearly
100%. In another study on microwave curing of the epoxy/4,4’-Diamino-di-phenyl-
sulfone (DDS) systems (Boey et al, 1999), curing was done between 200 W and 600
W for over 20 min, but the maximum conversion was found to be limited and not
approaching 100%. It was suggested that rapid cross-linking created a molecular
network which was rigid enough to trap unreacted functional groups, thus causing a

lower degree of cure.

5.1.4 Comparison between the Conventional Thermal Cure and the

Microwave Cure Techniques

The conversion-time diagram of the microwave-cured benzoxazine resin filled
with 4% by weight of SiC,, at 270 W is compared with that of the regular thermal
cure in an oven heating at 200 °C as shown in Fig. 5.5. The benefit of using the
microwave technique is evidently depicted in the rapid rise of conversion in the
microwave-cured compound. As shown in the diagram, curing time of only 20
minutes was required to convert the benzoxazine resin to its maximum cure by
microwave processing at 2.45 GHz and 270 W, while the traditional oven cure at
200°C required at least 120 minutes. This is in good agreement with previous study
by Boey et al. (1999) who showed a decrease of curing time required in microwave
curing as compared with that for thermal curing of the epoxy/amine system. The
energy consumptions to the fully cured conversion by microwave and the traditional
oven are compared in Table 5.1. The maximum curing of the polybenzoxazine/SiC,,
composite by microwave oven consumed less energy than that required by the
traditional thermal curing by a approximately 20 to 30 times depending on the power
used. So, for polybenzoxazine/SiC,, composite, microwave processing can save

greater cost per unit mass of composite than that of the traditional thermal processing.

5.2 Properties of Silicon Carbide Whisker-filled Polybenzoxazine
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5.2.1 Density Measurement

Fig. 5.6 shows the density of polybenzoxazine filled with 0, 2, 4, and 6% by
weight of SiC,,. The actual density was measured by a procedure described in Section
4.3.2. The theoretical density of the composites at room temperature was calculated
by using Equation (2.1) based on the earlier report that the density of the SiC,, and of
the polybenzoxazine are 3.17 g/cm® (Nair, 2004) and 1.20 g/cm® (Harper, 2004)
respectively. The actual density was calculated following Equation (4.1). The
addition of SiC,, raised the density of the composite. The results in Fig. 5.6 reveal
that the theoretical and actual density increases with the SiC,, content following the
rule of mixture. The curing methods do not exert any influence on the actual density

of the composite.

5.2.2 FT-IR Spectroscopic Investigation

The FT-IR spectra of as-synthesized BA-a is shown in Fig. 5.7. The C-H
stretching of benzene ring can be detected at 3029 cm™. The symmetric methylene
wagging and twisting bands are shown by weak band at 1370-1250 cm™. The region
from 1490-1460 cm™ is assigned to the methylene antisymmetric deformation.
The C-H out-of-plane deformation of the 1,2,4-tri-substituted benzene ring can be
found in the band centered near 949 cm™. The band around 1495-1497 cm™
attributed to the tri-substituted benzene ring mode-in the oxazine ring structure. The
antisymmetric and symmetric C-N-C stretching modes could be found at 1159 cm™
and in the region from 830 cm™ to 740 cm™, respectively. The region of 1240-1210
cm™ ‘was due tothe aromatic ether C-O-C antisymmetric stretching, while the
symmetric stretching mode appeared around 1040-1020 cm™. For BA-a monomer,
the methyl group vibration occurred at 2968 cm™ and 2872 cm™ whereas that of
hydroxyl group of the phenolic structure appeared at 3421 cm™ (Agag and Takeiche,
2001).

The polymerized structure of benzoxazine resin can also be analyzed more

thoroughly by FT-IR to determine the nature of the polymerization reactions.
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Fig. 5.7 shows the region from 940-920 cm™ associated with the oxazine ring which
almost completely disappeared, indicating a nearly complete loss of the oxazine ring
in the benzoxazine monomers. This band agrees well with the frequency predicted for
the out-of-plane, out-of-phase hydrogen-wagging mode for 1,2,3,5-tatrasubstituted
aromatic ring. This ring substitution is expected if the reaction takes place ortho to
the phenolic moiety. The regions associated with the aromatic C-O and aromatic
ether C-O-C stretches were nearly absent as well. A new characteristic band of a

phenolic C-O species arose at 1285 cm™ (Ishida and Sanders, 2000).

5.2.3 Effect of Silicon Carbide Whisker Content on Glass-transition

Temperature

Fig. 5.8 shows the DSC thermograms depicting the glass-transition
temperature (Ty) of the neat benzoxazine resin and of the SiCy-filled
polybenzoxazine. At heating rate of 10 °C/min, the T, of the polybenzoxazine was
found to be 156 °C. The Ty’s of all the SiCy-filled polybenzoxazine composites are
slightly higher than that of the neat polybenzoxazine ranging from 157 to 160 °C. The
SiCy, filler was found to elevate the T4’s of the composites. The maximum T, of
microwave cured epoxy-amine system was lower than those achieved by thermal
curing because the sluggish reaction with microwave-cured of the epoxy-amine
system could entrap the functional group in the crosslink network (Boey and Yap,
2001). The different heating mechanisms, i.e. by conduction of heat throughout the
whole compound in the oven-cured technique and by sporadic heating from the
surface of tiny silicon carbide whisker as well as the inside-out heating mechanism of
the microwave during the processing may be one reason for the observed discrepancy.
However, at 4 wt% SiC,, content, the microwave cured SiC,-filled polybenzoxazine
composites possess T4 of approximately 160 °C, this is close to that of the oven-cured
ones. This result is supported by Bai and Djafari (1995) who studied E-glass
fibre/epoxy composite that cured by traditional thermal treatment and by microwave,
their corresponding glass transition temperatures were observed to be almost

equivalent.
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5.2.4 Degradation Temperature

Fig. 5.9 exhibits the TGA thermograms of the neat polybenzoxazine and SiC-
filled polybenzoxazine composites at various SiC,, contents. They were all heated at
the heating rate of 20 °C/min under air purging. From the thermograms, the
degradation temperature was found to slightly increase when SiC,, was present. This
was due to the barrier effect of the inert ceramic SiC,, filler. The degradation
temperature as a function of the SiC,, content is shown in Fig. 5.9. The TGA curves
showed the decomposition temperature of the neat polybenzoxazine at 5 wt% loss to
be 341 °C. The degradation temperatures of SiC-filled polybenzoxazine composite
at 0, 2, 4, and 6 wt% of SiCy, content was increased by about 10 °C from the value of
341 °C of the neat polybenzoxazine as shown in inset picture. This graph also showed
the degradation temperatures at 5 wt% loss of the thermal cured and the microwave
cured composites at 4 wt% of SiC,, to be close to 349 °C. Another important feature
in the thermograms is the amount of residue at 800 °C, or the residual weight of the
SiCy-filled polybenzoxazine composite which is precisely the amount of SiC,, in
composite. The results of the TGA test confirmed the amount of SiC,, present in the
composites.

5.2.5 Edge Effect in Microwave Heating of SiC,-filled Polybenzoxazine
Composite

Microwave radiation is believed to heat the whole composite simultaneously.
Since polymerization took place only-within the resin and the reaction is exothermic,
the temperature of the surrounding and of the mold was always lower than that within
the microwave heated resin. Therefore, a temperature gradient may have existed due
to heat conduction from the hot benzoxazine molding compound to the surrounding.
For this reason, the percent conversion at the different locations of the microwave
cured composite was investigated, the results are shown in Table 5.2. It is evident
from this Table that a relatively uniform curing of over 97 percents conversion was
achieved at all locations in the fully cured composite. The maximum cure conversion

of nearly 100% was found at the center of the composite plate. This verified the
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uniformity of cure achieved in the microwave-cured polybenzoxazine/SiC,,
composites prepared for further investigation in our study. Different heating
mechanisms, i.e. heating by conduction of heat throughout the whole compound in the
oven-cured technique and by heating sporadically from the surface of tiny silicon
carbide whisker as well as the inside-out heating mechanism of the microwave during
the processing may be one reason for the observed some discrepancy. Ku et al.
(2001) showed the non-uniform microwave heating for 33% by weight of carbon
fiber-reinforced polystyrene at different positions. The areas with higher heat created

hot spots which could lead to thermal runaway or the degradation of the composites.

5.2.6 Flexural Properties Evaluation

The mechanical properties of the SiC,-filled polybenzoxazine obtained from
flexural tests as a function of the amount of SiC,, content are shown in Figure 5.10-
5.11. The flexural strength and the flexural modulus increased when SiC,, was
presented. The enhancement in the flexural modulus was induced by the exceedingly
high flexural modulus of SiC,, ranging from 400 to 500 GPa (Harries, 1995), whereas
that of polybenzoxazine was only about 4.4 GPa (Rimdusit et al., 2006). As the SiCy,
content increased, the flexural modulus of the polybenzoxazine composites became
greater.  The flexural strength also showed significant changes when the
polybenzoxazine was filled with SiC,. For unfilled polybenzoxazine, the flexural
strength ranged from 69 to 135 MPa. Polybenzoxazine composites with 2-6 wt%
SiC,, tended to possess greater flexural strength than the neat polybenzoxazine with a
noticeable maximum at 4 wt% SiC,, beyond which.a slight decrease was observed at
6 wt% SiC,,. The flexural modulus and the strength of the thermal cured composites
at 4 wt% SiC,, ranged from 4.8 to 5.8 GPa and 91 to 147 MPa while those of the
microwave cured composites ranged from 5.5 to 5.9 GPa and 111 to 125 MPa
respectively. It is evident that the flexural modulus of SiC,-filled polybenzoxazine
composite cured by microwave is slightly superior to those of the thermally cured
systems. This is in good agreement with previous study by Bai et al. (1995) who
reported the tensile modulus of microwave-cured epoxy resin to possess a little higher

tensile modulus than the thermal-cured ones.
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5.2.7 Fracture Energy Investigation

Fig. 5.12 shows the stress-strain relation under axial compression. It was
apparent from all compression tests that the load increases with the displacement until
it reached the intrinsic yield point, then it dropped gradually despite increasing
displacement until the composite failed. Strain softening, which was lacking in neat
polybenzoxazine, was observed in all SiCy-filled polybenzoxazine composites. The
specific energy absorption (SEA) for the axial compression can be calculated by
integrating the area under the load-displacement curves and then divided by the
volume of SiCy-filled polybenzoxazine composite crush times the material density.
From Fig. 5.13-5.14, the fracture energy and SEA were found to increase with
increasing the SiC,, content. A previous study on the effect of resin properties and
resin processing parameter on crush and the behavior of thermoset composite revealed
that the processing conditions played a significant effect on the compressive
properties and energy absorption (Warrior et al., 2003). The SEA of polyester resin,
for example, changed considerably in the range of 20 to 60 kJ/kg upon variation of the
processing conditions. However, both of the fracture energy and the specific energy
absorption of the composites cured by both curing methods are closely comparable,
since the thickness of the all composites by both cure methods was only 3 mm.
Therefore, there is a little thermal stress for thermal-cured composite as the same with

microwave-cured ones.

5.2.8 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of SiC,-filled polybenzoxazine
composites are shown in Fig. 5.15-5.17. Fig. 5.15 exhibits the dynamic flexural
moduli of the SiC,-filled polybenzoxazine composites cured by traditional thermal
heating with SiC,, contents ranging from 0 to 6 % by weight and microwave heating
with 4 wt% SiC,, content with the temperature ranging from 30 to 260 °C based on a
heating rate of 2 °C/min. The storage modulus of SiC,-filled polybenzoxazine at its
glassy state tends to slightly increase with increasing the SiC,, fraction in the

composites as a result of the more rigid characteristics of the composites. At room
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temperature, the modulus of SiC,,-filled polybenzoxazine composite increased from
5.5 GPa of a neat polybenzoxazine to 6.2 GPa of the 6 % by weight of SiCy,
composite. The modulus of the SiCw-filled polybenzoxazine in the rubbery plateau
was increased with increasing SiC,, content because the load transfer in the composite
occurred mainly through the SiC,, when the two phases contact. Therefore, the
mobility and the deformability of the rubber matrix were reduced by the presence of
the hard SiC,,. Since there was only a small amount of SiC,, content in the composite,
the dynamic mechanical properties showed slightly increase. In this figure also
compares the storage modulus of 4 wt% SIC,-filled polybenzoxazine composites
cured by thermal heating and microwave irradiation. The storage modulus of the
microwave-cured composites slightly increased from 6.8 GPa to 6.1 GPa of the
thermal-cured ones because of the different nature of heating. Microwave heated the
outer and the inner parts of the SiC,-filled polybenzoxazine composite
simultaneously. Therefore, there was no overheating at the surface of the microwave-

cured composite.

Fig. 5.16 compares the glass transition temperature, T, of the conventional
thermal cured and microwave cured SiCy-filled polybenzoxazine composites. T, was
obtained from the peaks of the loss modulus plotted as a function of temperature. The
glass-transition temperature of the neat resin and the composites were in the range of
150 to 160 °C, there was a minor change after adding a small amount of SiC,, in
polybenzoxazine -.composite.. The high modulus of SiC, and the good adhesion
between the polybenzoxazine and the SiC, were probably responsible for the
observed enhancement of the Ty of the composites.. The added amount; however, is
not sufficient to cause the obvious enhancement in the Ty as seen in the loss modulus
peaks in Fig. 5.16. Moreover, the Ty’s obtained by DMA thermograms are the same
trend with obtained by DSC thermograms.

Fig. 5.17 is the plot of loss tangent versus temperature of SiC,-filled
polybenzoxazine composites. It shows an increase in the peak maxima of tan & from

0.56 of 2 wt% SiC,-filled polybenzoxazine composites to 0.62 of 6 wt% SiC,,-filled
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polybenzoxazine composite. Tan & curves obtained from the ratio of energy loss (G”)
to storage energy (G’) in sinusoidal deformation. The magnitude of tan & peak
reflects the large scale mobility associated with o relaxation, while the width of tan &
relates to the network homogeneity. The peak height of tan & was found to increase
with increasing mass fraction of SiC,,. This confirmed the reduction in segmental
mobility chain with the presence of the hard SiC,,. These curves become flatter when
the SiC,, content was increased due to the introduction of a rigid segment into the

polybenzoxazine matrix as mentioned earlier.

5.2.9 Morphological Observations

Figure 5.18 shows the EDX mapping along the thickness of the 6% by weight
SiCy-filled polybenzoxazine composite in order to study the SiC,, distribution within
the composite. SiC,, is shown as light granules in all micrographs. The white patches
in the EDX mapping picture expressed the entities rich of SiC,, in polybenzoxazine
composite. They are signs of whisker agglomeration at high whisker content.
However, it can be seen that SiC,, was relatively well dispersed all over the
composites and had no obvious SiC,, sedimentation at the bottom side of picture. A
previous study on the SiC,, distribution in SiC,-filled TiB, composites showed the
homogeneity of SiCy, distribution along the fracture surface with a small volume
fraction, less than 10 wt%, of SiC,, was better than that in the composite with a large

volume fraction, 30 wt%, of SiC,,.

Fig. 5.19 (a) to (e) shows the interfacial characteristics along the fracture
surface. at 500 times magnification of the silicon carbide whisker-filled
polybenzoxazine cured by hot-pressed and microwave radiation. The fracture surface
of the neat polybenzoxazine is much smoother when compared to that of the SiC,-
filled polybenzoxazine composite because the adding of SiC,, are help to increase the
loading area that enhance the polybenzoxazine matrix deformation. Fig. 5.20 (a) to
(b) show the interfaces at 20,000 times magnification between the silicon carbide

whisker and the polybenzoxazine matrix that was cured by hot-pressed and by
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microwave oven; the micrographs depict substantial interfacial adhesion between the
silicon carbide whisker and the polybenzoxazine matrix. Protruding whiskers and
holes where the whiskers were initially lodged before fracture was also observed.
They are evidences of whisker pullout and bridging.  This implies that
polybenzoxazine cured by hot-pressed and by microwave oven is at least partly
toughened by the SiC,, while the results on the elastic modulus of the SiC,-filled
polybenzoxazine was also enhanced, as shown in Section 5.2.6. Interfacial adhesion
between SiC,, and polybenzoxazine is postulated due to the existence of crack
deflection around the whiskers. This implies that thermal-cured and microwave-cured
SiCy-filled polybenzoxazine composites show increasing in interfacial behavior.
Moreover, the interfaces between the matrix and the SiC,, filler in the composite
cured by microwave radiation show the same toughening mechanisms compared with
thermal cured. This is in good agreement with previous study by Deng and Ai (1998)
that showed the fracture surface of SiC,-filled TiB, composites which presented the
toughening mechanisms of crack deflection around whisker and whisker bridging due

to whisker pullout.
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Figure 5.1: DSC thermograms of benzoxazine molding compound at
different. SIC ~whisker contents: (e) BA-a monomer,
(m) 2wWt%, (¢) 4wt%, (A) 6Wt%, (o) 20wt%.
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Figure 5.2: Effect of curing time with thermal heating at 200°C on
composites of 4wt% SiC,, content. (e) 0 min, (m) 30 min,
(#) 60 min, (A) 90 min, (o) 120 min, (o) 150 min.
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Figure 5.3: Effect of microwave heating on benzoxazine resin: (o) BA-a
monomer, (m) BA-a monomer after cured with high

microwave power at 1000 W for-15 min.
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Figure 5.4: DSC thermograms of microwave treated 4 wt% SiC,,-filled
polybenzoxazine molding compound at irradiation time
of 15 min: (e) 150 W, (m) 180.W, (¢) 210 W, (A) 240 W,
(o) 270 W, (o) 300 W, (0) 330 W.
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Figure 5.5: The conversion-time curve of 4 wt% SiC,-filled
polybenzoxazine = composite: (m) microwave-cured
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Table 5.1: Comparative energy consumption for curing 4 wt% SiC,,/PBZ
composite to over 97% conversion by conventional thermal

cure and by microwave processing.

Equipment Power Time Energy Cost*
for Cure (W) (min) | Consumption (J/g) | (Baht/10 g)
Hot-pressed (200°C) 1,000-1,500 | 120 7.2-10.8 x 10° 7.25-10.9
Microwave Oven 270 20 0.32 x 10° 0.36

* based on small business at working day between 9.00 am. to 10.00 pm.

(www.pea.co.th).
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Figure 5.6: The theoretical and actual density of SiC,-filled
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Figure 5.7. FT-IR. Spectra_ of compounds: (a) benzoxazine monomer,
(b) silicon carbide whisker (SiC,,), (c) polybenzoxazine
(PBZ), (d) SiC,-filled ‘PBZ composite at 4 wt% of SiC,,
cured by thermal heating, and (e) SiC,,-filled PBZ composite

at 4 wt% of SiC,, cured by microwave heating.
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Figure 5.8: Relation between SiC whisker content and glass transition
temperature of polybenzoxazine composite:

() thermal-cured, (m) microwave-cured.



47

100

80 |-
E’\i -
é% 60 |
S |
= "o
© e
s 0
) s
@ - 5
a4 | §

20 |- &

O_IIII|IIII|IIII|IIII|IIII|IIII|III

0O 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5.9: The TGA thermograms of composites: (e) polybenzoxazine
cured-by heat, (m) 2 wt% SIC,, cured by heat, (¢) 4 wt%
SiC,, cured by heat, (A) 6 wt% SiC,, cured by heat, (V) 4

wt% SiC,, cured by microwave radiation.
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Table 5.2: The conversion at different position of SiC,-filled

polybenzoxazine composite with microwave-cured.

Distance from Center (cm) Conversion (%)
-2 98.78
-1 98.25
0 100.00
1 98.50
2 97.74
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Figure 5.10: Relation between SiC ‘whisker content and the flexural
modulus of polybenzoxazine composites:

(e) thermal-cured, (o) microwave-cured.
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strength of polybenzoxazine composites:
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Figure 5.12: The stress-strain curve under axial compression: (e) neat
polybenzoxazine, (m) 2% SiC,-filled PBZ cured by
thermal, (¢) 4% SiC,,-filled PBZ cured by thermal, (A) 6%
SiC,-filled PBZ cured by thermal, (o) 4% SiC,-filled PBZ

cured by microwave.



52

800 -
700 £
E 600 F
5 -
> 500 |
3] -
CIC) B
S 400 £
= n
S S0F &
L -
200 £
100:|||||||||||||||
0 2 4 6

SiCW content (%wt)
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Figure 5.15: The DMA thermograms of storage modulus: (e) neat
polybenzoxazine (PBZ) cured by thermal, (m) 2% SiC,-
filled PBZ cured by thermal, (#) 4% SiC,,-filled PBZ cured
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(V) 4% SiC,,-filled PBZ cured by microwave.
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Figure 5.16: The DMA thermograms of loss modulus: (e) neat
polybenzoxazine (PBZ) cured by thermal, (m) 2% SiC,-
filled PBZ cured by thermal, (¢) 4% SiC,-filled PBZ
cured by thermal, (A) 6% SiC,-filled PBZ cured by
thermal, (V) 4% SiC,,-filled PBZ cured by microwave.
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Figure 5.17: The DMA thermograms of loss tangent: (e) neat
polybenzoxazine (PBZ) cured by thermal, (m) 2% SiC,,-
filled PBZ cured by thermal, (¢) 4% SiC,-filled PBZ
cured by thermal, (A) 6% SiC,-filled PBZ cured by
thermal, (V) 4% SiC,-filled PBZ cured by microwave.
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Top side

Bottom side

Figure 5.18: EDX mapping along fracture surface with the thickness of 3
mm at 50 times magnification of 6 wt% SiC,-filled

polybenzoxazine composite.
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Figure 5.19: SEM micrographs of fracture surface of SiC,-filled
polybenzoxazine composites cured by thermal heating:
(a) neat polybenzoxazine (PBZ), (b) 2 wt% SiC,-filled
PBZ, (c) 4 wt% SiC,-filled PBZ, (d) 6 wt% SiC,-filled
PBZ.
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Figure 5.20: SEM micrographs of SiC,-filled polybenzoxazine

composites: (a) hole, (b) protruding SiC,,.



CHAPTER VI

CONCLUSIONS

The influences of curing methods by conventional thermal cure and
microwave cure together with the effect of SiC,, contents on the thermal, mechanical
properties and energy consumption were investigated. Like most polymers,
benzoxazine resin could not be cured by microwave oven same with most polymer.
However, with a low content of SiC,, of only 4% by weight, the benzoxazine resin
was found to have cured quite well. The optimum processing condition of SiC,-filled
polybenzoxazine composites for thermal curing was 200 °C for 2 hours and for
microwave curing was 270 W for 20 minutes. Moreover, curing by microwave

requires less energy than traditional thermal curing method by 22 to 33 times.

The mechanical and thermal properties of SiCy-filled polybenzoxazine
composites cured by thermal heating and microwave heating were not significantly
different when SiC,, was used up to 6% by weight. However, these properties tended
to increase with increasing SiC,, content. The actual density of composites was in the
range of 1.19 — 1.25 g/cm®; they were close to the theoretical one. The glass
transition temperature of the composites increased slightly from 156 °C for neat
polybenzoxazine to 157-160 °C for the SiCy-filled polybenzoxazine composites. The
degradation temperature of all the SiC,,-filled polybenzoxazine composites increased
by about 10 °C from 341 °C of the pure polybenzoxazine. The amount of SiC,,
contents'in composites could be checked by TGA thermograms and the results had the
same trend with residual weight. The polybenzoxazine reinforced with 2 to 6 by
weight of SiC,, was found to improve in the flexural properties and energy absorption
as the SiC,, content was raised. However, from DMA thermograms, the effects of
both the curing methods did not enhance the T4 of polybenzoxazine composite and the
SiC,, content showed slightly increase as the same trend with obtained by DSC
thermograms. The SEM micrographs and EDX mapping revealed the good

distribution of SiC,, in the composite. The fracture surface of the composites was
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rougher than that of the neat polybenzoxazine. Moreover, the evidences of resin
matrix deformation and minimal bare fiber in the SEM micrographs of SiC,-filled
polybenzoxazine composites indicated good adhesion between SiC,, and

polybenzoxazine matrix.

In summary, SiC,, was found to effectively assist the microwave absorption.
The microwave cure SiCy-filled polybenzoxazine composite could reduce the curing
time and energy-consumption when compared with conventional thermal cure method
while the microwave-cured composite still maintained the thermal and mechanical

properties.

Recommendation for Further Study

1. The mechanical properties of microwave-cured composite can be higher
than thermal-cured composite by increasing the thickness of the
composite.

2. The microwave absorption can be increased by using high dielectric
constant material.

3. The microwave processing for SiC-filled polybenzoxazine can be used in

complicate structure.
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APPENDIX A

Density Determination

Appendix A-1 Density of the distilled water at the give temperature (g/cm®).

69

T
(°C) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10 | 0.99973 | 0.99972 | 0.99971 | 0.9997 | 0.99969 | 0.99968 | 0.99967 | 0.99966 | 0.99965 | 0.99964
11 | 0.99963 | 0.99962 | 0.99961 | 0.9996 | 0.99959 | 0.99958 | 0.99957 | 0.99956 | 0.99955 | 0.99954
12 | 0.99953 | 0.99951 | 0.99950 | 0.99949 | 0.99948 | 0.99947 | 0.99946 | 0.99944 | 0.99943 | 0.99942
13 | 0.99941 | 0.99939 | 0.99938 | 0.99937 | 0.99935 | 0.99934 | 0.99933 | 0.99931 | 0.99930 | 0.99929
14 | 0.99927 | 0.99926 | 0.99924 | 0.99923 | 0.99922 | 0.99920 | 0.99919 | 0.99917 | 0.99916 | 0.99914
15 | 0.99913 | 0.99911 | 0.99910 | 0.99908 | 0.99907 | 0.99905 | 0.99904 | 0.99902 | 0.99900 | 0.99899
16 | 0.99897 | 0.99896 | 0.99894 | 0.99892 | 0.99891 | 0.99889 | 0.99887 | 0.99885 | 0.99884 | 0.99882
17 | 0.99880 | 0.99879 | 0.99877 | 0.99875 | 0.99873 | 0.99871 | 0.9987 | 0.99868 | 0.99866 | 0.99864
18 | 0.99862 | 0.99860 | 0.99859 | 0.99857 | 0.99855 | 0.99853 | 0.99851 | 0.99849 | 0.99847 | 0.99845
19 | 0.99843 | 0.99841 | 0.99839 | 0.99837 | 0.99835 | 0.99833 | 0.99831 | 0.99829 | 0.99827 | 0.99825
20 | 0.99823 | 0.99821 | 0.99819 | 0.99817 | 0.99815 | 0.99813 | 0.99811 | 0.99808 | 0.99806 | 0.99804
21 | 0.99802 | 0.99800 | 0.99798 | 0.99795 | 0.99793 | 0.99791 | 0.99789 | 0.99786 | 0.99784 | 0.99782
22 | 0.99780 | 0.99777 | 0.99775 | 0.99773 | 0.99771 | 0.99768 | 0.99766 | 0.99764 | 0.99761 | 0.99759
23 | 0.99756 | 0.99754 | 0.99752 | 0.99749 | 0.99747 | 0.99744 | 0.99742 | 0.99740 | 0.99737 | 0.99735
24 |1 0.99732 | 0.99730 | 0.99727 | 0.99725 | 0.99722 | 0.99720 | 0.99717 | 0.99715 | 0.99712 | 0.99710
25 | 0.99707 | 0.99704 | 0.99702 | 0.99699 | 0.99697 | 0.99694 | 0.99691 | 0.99689 | 0.99686 | 0.99684
26 | 0.99681 | 0.99678 | 0.99676 | 0.99673 | 0.99670 | 0.99668 | 0.99665 | 0.99662 | 0.99659 | 0.99657
27 | 0.99626 | 0.99623 | 0.9962 | 0.99617 | 0.99614 | 0.99612 | 0.99609 | 0.99606 | 0.99603 | 0.99600
28 | 0.99597 | 0.99594 | 0.99591 | 0.99588 | 0.99585 | 0.99582 | 0.99579 | 0.99576 | 0.99573 | 0.99570
29 | 0.99597 | 0.99594 | 0.99591 | 0.99588 | 0.99585 | 0.99582 | 0.99579 | 0.99576 | 0.99573 | 0.99570
30 | 0.99567 | 0.99564 | 0.99561 | 0.99558 | 0.99555 | 0.99552 | 0.99549 | 0.99546 | 0.99543 | 0.99540

Appendix A-2 Density of SiC whisker-filled polybenzoxazine composite.

SICy Actual density Theoretical density
Mass fraction (g/cm®) (g/cm®)
0 1.1882 + 0.0005 1.19
0.02 1.2033 + 0.0009 1.2051
0.04 1.2188 + 0.0003 1.2205
0.06 1.2346 + 0.0004 1.2363
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APPENDIX B

Comparison of Processing Condition between

Thermal Cured and Microwave Cured

Appendix B-1 Heat of reaction of thermal cured 4 wt% SiC,, in polybenzoxazine
composite at 200°C as a function of times.

Time (min) Heat of reaction (J/g)

0 326.4
5 325.7

30 47.4

60 23.2

90 2.7

120 14

150 1.8

Appendix B-2 Heat of reaction of microwave cured 4 wit% SiC,, in polybenzoxazine

composite at 270W as a function of times.

Time (min) Heat of reaction (J/g)
0 326.4
) 323.7
10 40.18
15 13.3
20 1.66




APPENDIX C

Characterization of SiC,-filled Polybenzoxazine Composites

Appendix C-1 Glass transition temperature of SiCy-filled PBZ composites.

Curing method

SiC,, content

Glass transition temperature (°C)

DSC DMA
Thermal heating 0 156 154
Thermal heating 2 157 149
Thermal heating 4 160 152
Thermal heating 6 159 156
Microwave heating 4 160 153

Appendix C-2 Degradation temperature of SiC,,-filled PBZ composites.
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Curing method

SiC,, content

Degradation temperature (°C)

5% weight loss

10% weight loss

Thermal heating 0 341 372
Thermal heating » 350 374
Thermal heating 4 350 374
Thermal heating 6 349 375
Microwave heating 4 352 373
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Appendix C-3 The residual weight of SiC,,-filled PBZ composites.

Curing method SiC,, content Residual weight (%)
TGA 600°C 12 hr in furnace
Thermal heating 0 0 0
Thermal heating 2 0.8 1.92
Thermal heating 4 2.5 3.94
Thermal heating 6 4.3 5.96
Microwave heating 4 25 4.00

Appendix C-4 Flexural properties of SiC,,-filled PBZ composites.

Flexural modulus Flexural strength
Curing method SiC,, content (GPa) (MPa)
Thermal heating 0 4.4 +0.38 101.79 + 32.61
Thermal heating 2 4.94 +0.85 109.54 + 16.33
Thermal heating 4 5.27 £0.48 118.93 + 28.18
Thermal heating 6 587 £1.31 115.29 +18.71
Microwave heating 4 5.74£0.24 117.93 £ 6.67

Appendix C-5 Fracture energy and specific energy absorption under compression
load of SiCy-filled PBZ composites.

Curing method SiC, content | Fracture energy . | Specific.energy absorption
(kJ/Im2) (kd/kg)
Thermal heating 0 294.37 + 24.56 24.87 £ 1.97
Thermal heating 2 349.44 + 32.33 25.89 +4.15
Thermal heating 4 465.65 + 64.63 36.68 £5.24
Thermal heating 6 598.98 + 96.78 49.35+7.84
Microwave heating 4 467.08 £ 32.31 37.73 £ 5.66




Appendix C-6 The storage modulus of SiC,,-filled PBZ composites.
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Curing method

SiC,, content

Storage modulus (GPa)

Thermal heating 0 5.50
Thermal heating 2 5.92
Thermal heating 4 6.10
Thermal heating 6 6.18
Microwave heating 4 6.79
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