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ABSTRACT

MICROWAVE AND THERMALLY CURED NATURAL FIBER EPOXY
COMPOSITES
By

Nikki Sgriccia

Lignocellulosic natural fibers such as henequen, flax, hemp,
and kenaf have many properties which make them an attractive
alternative to traditional reinforcement materials such as glass,
carbon, and aramid. In this study, research was performed in two
sections. The first phase utilized conventional oven curing and
single mode heating for microwave processing and untreated fibers
for composite reinforcement material. Using this heating method, the
size of the composites was restricted to very small samples. The
second phase used variable frequency mode switching to cure larger
samples with microwave heating. Fibers treated with alkali and
silane were used in addition to untreated fibers. Modeling of the
epoxy curing process was also conducted.

Single mode heating was used first to make small composite
samples. These composites were examined using differential
scanning calorimetry, dielectric testing, and thermogravimetric
analysis. Untreated flax, henequen, hemp, and kenaf were used in

this section of the study. Additionally, epoxy compatible glass was



used for comparison. Equivalent composites were also made with
oven curing.

Variable frequency microwave heating utilizes complementary
heating modes to cure larger composites. In this section, alkali and
silane treatments were applied to kenaf and hemp fibers. The fibers
and composites were examined using FTIR, XPS, water absorption
testing, ESEM, and flexural testing. Following are some important
findings from this research. Alkali treatment removes hemicellulose
and lignin from fiber surfaces. Alkali treated hemp and kenaf
composites absorb more water than other treated fiber composites.
The silane treatment is effective in increasing the adhesion between
the fiber and matrix.

Microwave processing of natural fiber composites has not been
previously examined in literature. Natural fiber reinforced epoxy
composites can be cured 75 minutes faster in the microwave than in
the oven. The dielectric properties of natural fibers were studied and
compared to the dielectric properties of glass fibers. It was found
that the dielectric loss factors of all the fibers were similar, so all
the fiber composites examined should interact with microwaves in a
similar manner. This was confirmed with the DSC experiments.
More work needs to be done on applying pressure to the natural and
glass fiber reinforced composites to produce composites of higher

quality using microwave curing.
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CHAPTER 1: Introduction
1.1 Problem Statement

Glass and carbon fibers have proven to be the mainstay for
many polymer composite reinforcements. Applications are many,
including military and commercially significant applications such as
fiberglass, carbon composite airframe structures, etc. Natural fibers
are emerging as an attractive alternative to glass fibers in reinforced
composites. Incentives for switching to natural fibers are their low
cost, low density, acceptable specific mechanical properties, and
biodegradability. Yet producing a viable composite material is not
merely a question of mixing a little of this and a little of that into a
polymer binder. There are important challenges that require
scientific study. The main challenges of using natural fibers are low
compatibility with matrix materials, low degradation temperatures,
water absorption, and variation in mechanical properties. Often,
these problems arise from the natural variability in the fiber stock
used in the manufacture of the composite. There are economic and
environmental reasons to move away from glass fiber reinforced
petroleum based polymer composites to fully biodegradable natural
fiber reinforced biopolymers such as cellulosic plastics, polylactides
(PLA), starch plastics, and soy-based plastics. Today, bioplastics
are not currently economically competitive with petroleum-based
plastics. New materials made of natural fiber reinforced synthetic

polymers combine the monetary and environmental benefits of
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natural fibers with the economic advantages of traditional synthetic
polymers.

Typically, traditional convection ovens are used to process the
composite part. This has the advantage of being relatively low-cost
with the disadvantage of being relatively slow. Hence, although the
set-up cost may be low, the actual cost-to-manufacture can be high.
Microwaves have been studied as an alternative processing method
for composites due to their beneficial effects on processing time, as
well as mechanical and physical properties. Applications of this
technology have been limited by the difficulty of achieving even and
controlled heating, especially for relatively large samples.
Microwave heating is volumetric, rapid, and selective; however, the
non-uniform electromagnetic field strength in the microwave cavity
and the exothermic heat of reaction of some matrix materials make
temperature control challenging.

There is considerable interest in the field of natural fiber
composites in structural applications, but little research has been
done on microwave curing of these composites. The objective of this
work is to develop high quality natural fiber epoxy composites, as a
replacement for glass fiber composites, with reduced processing

times using microwaves.



1.2 Approach

In order to create natural fiber composites for testing, first the
fibers and polymer matrix were selected. Diglycidyl ether of
bisphenol-A (DGEBA) cured with diaminodiphenyl sulfone (DDS) was
chosen for the matrix. This epoxy was selected because it has been
studied previously and information is available on curing studies and
dielectric properties at different temperatures as well as on the
kinetic modeling. DGEBA/DDS can be used as pipes, electrical
insulation, adhesives, and protective coatings. Hemp, kenaf,
henequen, and flax were selected because they are all grown in the
United States. US auto makers are interested in these fibers
because they can avoid the cost of transporting them from overseas.
Glass fibers were selected for comparison because they are
commonly used as fiber reinforcement in composites. Composites
were produced using treated and untreated fibers. Silane and alkali
were used to treat the natural fibers because studies showed that
they increase fiber/matrix adhesion. Composites were processed
using microwave and conventional thermal curing.

Creating high quality natural fiber composites requires several
steps, each building upon the previous work. First, curing studies
are performed with four types of natural fiber (kenaf, flax, hemp, and
henequen) reinforced composites. The microwave cured natural fiber
composites are compared to conventional thermally cured

composites. Comparisons are also made to glass fiber reinforced
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composites since these are commonly used in industry. These
studies determine the effects of microwave processing on
processing time and extent of cure. Differential scanning calorimetry
(DSC) is used to determine the extent of cure. This step combined
with additional tests to determine thermal stability and fiber/matrix
adhesion is used to narrow the scope of this project to two types of
natural fibers which are best suited to microwave processing. The
curing reaction is modeled using a phenomenological model. The
kinetic parameters are then determined using this model.

Since mechanical properties of composites are related to the
compatibility of the fibers and matrix, modifiers are added to
improve the fiber matrix interface. Alkali and silanes are used as
modifiers since other research has been successful at improving
composite properties with these modifiers by making the surface
more rough and by bonding the fibers to the matrix.

The microstructure, thermal properties, and mechanical
properties are characterized after each step to evaluate the
progress of the experiments. Thermogravimetric analysis (TGA) is
conducted to determine degradation temperatures. The dielectric
constant and loss factor of the natural fibers are determined using
dielectric tests. Experiments are also conducted to determine the
water absorption and flexural strength. Environmental Scanning
Electron Microscopy (ESEM) is used to examine the interfacial

adhesion, morphology, and fracture dynamics of the composites. X-
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ray Photoelectron Spectroscopy (XPS) is used to characterize the

elemental composition of the fiber surfaces.



CHAPTER 2: Background

The following literature review covers natural and glass fibers,
fiber treatments, epoxy and natural fiber composites, epoxy
crosslinking and conventional curing, polymer/microwave

interactions, microwave curing, and material characterization.

2.1 Fibers

The following section covers natural and glass fibers and
various methods of fiber modification. The natural fiber treatments,
alkali and silane, used in this research were selected based on their
ability to improve the fiber/matrix adhesion indicated by this review
and on their low price and ready availability.

Lignocellulosic natural fibers such as hemp, henequen, flax,
sisal, coir, banana fibers, jute, ramie, pineapple leaf (PALF), and
kenaf have the potential to be used as a replacement for glass or
other traditional reinforcement materials in composites. Cellulose,
the main component of these fibers, is a polysaccharide made of

anhydroglucose rings joined by a B-1,4 glycoside bond (Figure 1).
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Figure 1: Structure of cellulose.

There are three hydroxyl groups per anhydroglucose ring which
make the fibers hydrophilic. Moisture content of the fibers can be up
to 12.6 wt% [1]. Natural fibers also contain lignin, hemicellulose,

pectin, fats and waxes, water soluble components, and pigments [2].

See Figure 2 for the structure lignin.
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Figure 2: Structural model of lignin.



See Table 1 for the composition of some natural fibers [1, 2].
Complete information on pectin, ash, fats, and waxes was not
available for all fibers. Composition varies among the different types

of fibers. This is due to origin age and retting [1].

Table 1: Composition of natural fibers [3].

Fiber Type Cellulose % Lignin % Hemicellulose % Pectin % Ash %

Fiber Flax 71 2.2 18.6 - 20.6 23

Kenaf 31-57 15-19 21.5-23 2-5
Hemp 57-77 3.7-13 14-22.4 0.9

Henequen 77.6 13.1 4-8

The natural fibers consist of cellulose fibrils cemented
together by the middle lamella. The middle lamella consists of
hemicelluloses, pectin, and waxes. Waxes can also be present on
the fiber surface.

Natural fibers have many properties which make them an
attractive alternative to traditional materials. They have high
specific properties such as stiffness [4], impact resistance [5],
flexibility [6], and modulus [7]. In addition, they are available in
large amounts [8] and are renewable and biodegradable. Other
desirable properties are low cost, low density, less equipment
abrasion [6, 9], less skin and respiratory irritation [10], vibration

damping [4, 5], and enhanced energy recovery [1, 10].



The hydrophilicity of natural fibers results in undesirably high
moisture absorption and weak adhesion to hydrophobic matrices.
Additionally, most natural fibers have low degradation temperatures
(7200 °C) which make them incompatible with thermosets that have
high curing temperatures. There are several other drawbacks to
natural fibers such as variation in mechanical properties [5, 7], lower
ultimate strength [9], lower elongation [9], problems with nozzle flow
in injection molding machines [9], bubbles in the product [9], and
poor resistance to weathering [11].

Hemp, kenaf, henequen, and flax were selected because they
are all grown in the United States. US auto makers are interested in
these fibers because they can avoid the cost of transporting them
from overseas.

Glass fibers are commonly used as composite reinforcing
material. The composition of E-Glass fibers is shown in Table 2

below [12].

Table 2: Composition of E-Glass

Composition %
Silicon dioxide 52 - 56
Calcium oxide 16 - 25
Aluminum oxide 12-16
Boron oxide 8-13
Sodium and potassium oxides 0-1
Magnesium oxide 0-6



The structure of glass is a tetrahedron arrangement of silicon and
oxygen where oxygen is often replaced by calcium, aluminum, or
sodium [12]. Glass is selected as a reinforcement due to its
desirable properties (see Table 3) and its low cost relative to aramid

or carbon fibers [12, 13].

Table 3: E-Glass Fiber Properties

Properties E-Glass
Specific gravity (g/cm3) 2.54
Tensile strength at 72 F (psi) 500,000
Yield strength at 1000 F (psi) 120,000
Modulus of elasticity 72 F (psi) 10,500,000
Elongation at 72 °F (%) 4.8
Coefficient of expansion (in/in/°F) 2.80E-06
Specific heat at 75 °F 0.192
Softening point (°F) 1555
Strain point (°F) 945
Annealing point (°F) 1215
Dielectric constant 72 °F

Index of refraction 1.547

Other benefits of using glass fibers for composite reinforcement are
consistent properties [1], ease of handling and molding [12], and low
moisture absorption [12]. Glass fibers improve the impact properties,
mechanical strength, dimensional stability, and range of useable
temperatures over the matrix material [12]. Disadvantages of glass
fibers include disposal at the end of the product life cycle [1], non-

renewable resources required for production, high energy
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consumption during production, abrasion of composite forming
machines, and health hazards [13].

Glass fiber reinforced composites are commonly used in
aircraft parts [12-17], sporting goods [13], filtration fabrics [12, 14,
15], rubber reinforcement [12, 16, 17], dental appliances [18-22],

automotive parts [23-26], and other structural components [27].

2.2 Fiber Treatments

Attempts to improve the bonding between natural fibers and
matrix materials fall into two categories: increasing the physical
linking and chemical bonding. Defatting and bleaching are used to
increase physical linking while cyanoethylation, benzoylation,
acetylation, coupling agents with isocyanate functional groups, and
graft copolymerization are used to form bonds between the matrix
and fibers. The effect of each treatment on the composite properties
depended on the fiber matrix system used.

Most research has focused on fiber modification though some
matrix modification was also attempted [9, 10]. Solution modification
of fiber includes such treatments as defatting [28-34],
~cyanoethylation [1, 30, 31, 35], bleaching [31, 35], benzoylation [6],
acetylation [32, 35, 36], silanization [8, 29, 33], coupling agents with
isocyanate functional groups [29, 37], plasma and graft

copolymerization [28-30, 35, 38]. Treatments are often used in
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combination [35]. The results of these treatments varied with the
matrix and reinforcement materials.

Defatting, or dewaxing, is sometimes the first step in fiber
modification. One dewaxing process involves soaking the fibers in
ethanol and benzene for several hours. Mishra et a/. determined that
defatting decreased the tensile strength of pineapple leaf fiber and
polyester composites compared to untreated fiber composites [30].
This treatment was shown to increase the flexural strength and
marginally increase the impact strength [30]. Mercerization, or
NaOH treatment, was also used by several groups for dewaxing,
often with other treatments [28-31, 35]. Fibers are treated with
NaOH to remove lignin, pectin, waxy substances, and natural oils
covering the surface of the fiber cell wall. This makes the surface of
the fiber rough by revealing the fibrils [7]. Alkalization also changes
the structure of cellulose from cellulose | to cellulose Il [7].
Cellulose | and |l are both crystalline with parallel and anti-parallel
conformations in the unit cell [7]. Gulati and Sain studied the acid-
base characteristics of hemp fibers [32]). They found that untreated
hemp fibers were basic and alkali treated hemp fibers were more
acidic. They also found that the alkali treatment improved the
mechanical properties of the composites. Rodriguez et al
investigated the mechanical properties of alkali treated jute fibers in
an epoxy vinyl ester resin [39]. They found that the alkali removed

significant amounts of lignin and hemicellulose and possibly
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damaged the cell walls. This reduced the strength of the fibers
causing a reduction in tensile strength and modulus. Pickering et a/.
studied alkali treated hemp fiber reinforced polypropylene and found
that mechanical properties increased with the treatment [40]. They
attributed this to an increase in packing density brought on by the
removal of cellulose and lignin. Alkali treated ramie fibers showed a
two to three fold increase in fracture strain over untreated fibers
[41].

The effect of the alkali treatment, as well as other surface
treatments, depends on the fiber and matrix used. Rout et a/
reported that the alkali treatment was best for improving flexural
strength, but not tensile strength, of coir and a biodegradable
thermoplastic polyesteramide (trade name BAK) composite [31]. Coir
is a coconut shell fiber. However sisal/BAK composites treated with
sodium hydroxide had the highest tensile strength compared to other
treatments and untreated fiber composites [35]. This same group
showed the sisal/BAK composites to have a comparatively low
increase in flexural strength compared to the control [35]. For sisal
and low density polyethylene (LDPE), alkali was the least effective
treatment for improving the tensile strength [28]. This was also the
case for sisal and room temperature cured epoxy in terms of
compressive strength and flexural strength, which decreased
compared to the untreated composite [29]. For PALF/polyester

composites, alkali treatment was better for tensile strength than
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defatted and cyanoethylated fibers but was less effective than
cyanoethylated fibers for flexural and impact strength [30]. In the
cyanoethylation surface treatment, the fibers are refluxed with
acrylonitrile, acetone and pyridine then washed with acetic acid and
acetone. This treatment improves the mechanical properties of the
composites by chemically bonding the fiber to the polymer matrix
[1]. This treatment was the best for increasing tensile strength of
coirlBAK composites but was the worst for improving flexural
strength [31]. For PALF and polyester resin, cyanoethylation was
better than alkali treated or defatted fibers for improving flexural and
impact strength [30]. This treatment was not a good choice for
improving mechanical properties for sisal/BAK composites [35].

Fibérs were bleached in sodium chlorite solution and then
washed with sodium bisulfate. Bleached fiber coir/BAK and
sisal/BAK composites had less tensile strength than their unmodified
counterparts, due to loss of lignin [2, 31, 35]. Bleaching did improve
the flexural strength over the unmodified composites which is
attributed to the greater flexibility of the fibers after lignin is
removed [31, 35].

Benzoylated fibers were soaked in sodium hydroxide, agitated
in a benzoyl chloride and NaOH solution, and rinsed with ethanol.
The benzoyl chloride forms an ester linkage to the fiber, reducing its

hydrophilicity and making it more compatible with the matrix [6]. The
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benzoyl chloride reaction with the fiber’'s cellulosic hydroxyl group is

show below [3].

Fiber — OH + NaOH ———3> Fiber — O"Na* + H,0

Fiber — O'Na* + CI—H—@ —> Fiber— O _(ﬂ—@ +NaCl
o) o

Figure 3: Benzoyl chloride reaction

Benzoylation increased the tensile strength and modulus of
polystyrene/sisal composites [6].
In the acetylation treatment, the fibers are first treated with

NaOH, and then soaked in acetic acid followed by acetic anhydride

[3].

N=0

Fiber + CH;— C—0 CH; —> Fiber + CH;COOH
I |
OH OCHOCH,

Figure 4: Acetylation reaction.

Acetylation was the best for improving flexural strength of
sisal/BAK composites. This was most likely due to the activated

hydrogen atom on the acetyl carbon forming a bond with the BAK
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[35]. This treatment also improved the tensile strength of these
composites though other treatments were better [36].

In silane treatments, the silane in an organofunctional- or
alkoxy-silane reacts with water to form silanol which then bonds with
the hydroxyl groups on the fibers. The organofunctional groups can
react with the matrix while alkoxy groups have Van der Waals
interactions with the fiber. This was the most effective treatment for
improving the compressive strength of sisal/epoxy composites [29].
With birch sawdust and polystyrene composites there was no
significant improvement of mechanical properties, except for the
modulus, with silane treatment [8]. It was suggested that the Van der
Waals forces linking the fiber to the matrix were not strong enough
to improve the properties [8]. Abdelmouleh et a/. studied the effects
of three silanes (3-methacryloyloxypropyl)trimethoxysilane,
hexadecyltrimethoxysilane, and (3-mercaptoproyl)trimethoxysilane
on alfa fibers and bleached pine [42]. They found that the silane
treatments reduced water absorption by forming a dense linkage
between the fibers and matrix thereby reducing the ability of the
fibers to take up more water by expansion. Huda et a/. investigated
a silane-treated talc filler on recycled newspaper/polylactic acid
composites [43]. They found that the storage modulus and tan §
values were increased due to the better adhesion provided by the

silane treatment.
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The effectiveness of the coupling agents with isocyanate
functional groups depends on the specific coupling agent used.
Maldas et al/. tested spruce sawdust fibers and polystyrene
composites with three different isocyanates coupling agents:
poly[methylene(poly(phenyl isocyanate)] (PMPPI), toluene 2,4-
diisocyanate (TDI), and hexamethylene diisocyanate (HMDI). In all
the cases, the NCO group in the coupling agent reacts with the OH
group on the fiber constituents to form urethane bonds [8]. The

reaction is shown below [3].

R R

AN ANV

N=C=0 + Fiber — OH —>» N O — Fiber

Figure 5: Isocyanate reaction.

However the chemicals interact with the matrix in different
ways. The PMPPI and TDI have electrons which interact strongly
with polystyrene and PMPPI's polymeric nature ensures that the
linking is continuous which made it the best treatment for improving
mechanical properties [8]. The van der Waals forces which bind
HMDI to the matrix make it an unfavorable fiber treatment compared

to PMPPI and TDI [8, 37].
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Graft copolymerization is another method used to improve the
interaction between the matrix and the fibers. Maldas et a/. used the
xanthate method to graft styrene onto sawdust pulp [8]. A peroxide
ferrous-ion system was used to initiate the grafting process. When
completed, a soxhlet extraction was used to determine the grafting
percentage. It was found that the mechanical properties of the
grafted sawdust/polystyrene composite improved and were
comparable to the isocyanate treatment also used in the study [8].
Methyl methacrylate (MMA) and acrylonitrile (AN) have also been
grafted onto natural fibers to improve their compatibility [30, 31, 35].

The AN reaction is shown below [3].

Fiber — OH + CH=—=(CH—CC=N —» Fiber —O—CH;=CH—C(C==N

Figure 6: Acrylonitrile reaction.

In these cases aqueous Cu?* - |04 initiated the grafting. Rout
et al. tested both MMA and AN grafted coir/BAK fiber composites
and determined that both showed improvements in tensile and
flexural strength over the control with MMA showing more
improvement than AN [31]. These increases were attributed to
greater adhesion between the fibers and matrix. The elongation at
break was reduced due to increased brittleness of the fibers. The

revsults obtained by these studies depended on the percentage
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grafted. There is a maximum percentage that can be used without
reducing the effectiveness of the treatment.

In several experiments, matrix modification was also attempted
to increase the compatibility between the fibers and the matrix [9,
10]. Karnani et a/. used maleic anhydride treated polypropylene
along with silane-treated kenaf fibers. The maleic anhydride was
used in order to increase the polarity of the polypropylene. The
reaction of natural fibers with maleic anhydride polypropylene is

shown below [3].
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Figure 7: Reaction of maleated-polypropylene with fibers.

The result was increased tensile and flexural strength over the
untreated composites and the fiber treated composites [10].

Grafting and other surface treatments can also improve the
thermal stability and reduce moisture absorption of natural fibers.
TGA analysis was used to show that the degradation temperature
range shifted to higher temperatures with MMA and AN grafting, and

benzoylation [6, 44, 45]. In the case of benzoylation, this shift is
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attributed to the extraction of fiber components that degrade at
lower temperatures or the restriction of fiber mobility due to bulky
phenyl groups [6]. Surface treatments can reduce moisture
absorption by increasing the hydrophobicity of the fibers.
Sydenstricker et al. reported that moisture content in sisal fibers
decreases with increasing concentrations of NaOH or N-isopropyl
acrylamide with N-isopropyl acrylamide having the lowest content
[5].

Alkali and silane were chosen for treating the natural fibers
because they improved the adhesion between the fibers and matrix
and are inexpensive and readily available. A thermoset epoxy was
chosen because of the research group’s prior experience with this
material and availability of data.

Lee et al. studied the mechanical properties of untreated glass
fiber mat/polypropylene composites [25]. They found that tensile and
flexural modulus increased linearly with fiber content. The tensile
and flexural strength peaked at 15 - 20% fiber content due to poor
matrix-fiber adhesion and crack formation at fiber ends. Up to the
optimum point, 15 - 20%, increasing fiber content also increased
failure due to fiber pull-out, debonding, and plastic deformation.

Organofunctional silanes are commonly used to improve
adhesion between glass fibers and polymer matrices. Several
factors influence the effect of the silane treatment, including silane

concentration, the effectiveness of bonding between the
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organofunctional group and the silane, the effectiveness of bonding
between the silane and the glass, and the ability of the matrix
material to diffuse into the transition zone between the matrix and
the glass [46, 47]. The addition of 1 wt% silane coupling agent to
glass/epoxy composites increased the bending performance of
dental archwires [47]. Meric et al. studied the effect of [3-
(methacryloyloxy)propyl] trimethoxysilane and two sizing agents,
(linear poly(butyl methacrylate)) (PBMA) and crosslinking
poly(methyl methacrylate) (PMMA) on PMMA composites [48]. The
improved fiber/matrix adhesion was shown in SEM micrographs.
Jancar studied E-glass treated with aminopropyltriethoxy silane and
(3-methacryloyloxypropyl)trichloro silane in a polycarbonate
composite [49]. The (3-methacryloyloxypropyl)trichloro silane had
superior water absorption properties. Felix et al. studied
polypropylene composites reinforced with vinyltriethoxysilane
treated e-glass fibers [50]. The treated fibers increased fiber/matrix
adhesion. Lower viscosity composites had better mechanical
properties. Jensen et /. examined a hybrid sizing including two
silanes, n-propyltrimethoxysilane (PTMO) and 3-
glycidoxypropyltrimethoxysilane (GPS) and colloidal silica [51]. This
was compared to a compatible fiber sizing composed of 3-
glycidoxypropyltrimethoxysilane. The tensile strength of the hybrid
treated glass fiber composites was greater than the compatible glass

fiber treated composites. Pavlidou et a/. studied glass fiber

22



reinforced polyester composites with poly(dimethylsiloxane) added
to improve adhesion [562]. These composites were compared to
commercial silane treated glass fiber and untreated glass fiber
composites. The interlaminar shear strength was greatest in the
commercially treated glass fiber composites.

Other sizing agents such as a poly(vinyl acetate) film are also
used to modify the glass fiber surface. These sizing agents can be
used to protect the fiber surface from abrasion, minimize fiber
breakage, and insulate the fibers from humidity [53]. Sizing agents
and lubricants can reduce the effectiveness of coupling agents like
silanes [53]. Alkali resistant glass fibers were coated with (3-
aminopropyl)triethoxysilane, epoxy film former and multi-walled
carbon nanotubes and their mechanical properties were tested by
Gao et al. [54]. They saw a fiber strength increase of 70% with only
0.2 wt% nanotubes due to roughness, thickness and coating
modulus. Barazza et a/. created admicellar-coated glass fibers in a
EPON 815C matrix [55]. These composites had less water
absorption than the uncoated fibers. Tanoglu et a/. studied three
glass fiber types, unsized, epoxy-compatible sized, and epoxy
incompatible sized fibers [56]. The sizing contained the diglycidyl
ether of bisphenol-A, a surfactant (an ethylene oxide and propylene
oxide triblock copolymer) and silanes
(glycidoxypropyltrimethoxysilane and methacryloxy propyl trimethoxy

silane). The matrix was DGEBA (Shell Epon-828), cured with
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bis(4,4’-amino cyclohexyl) methane. The sizings were found to
increase bonding and shear strength.

Sizing agents protect the surface of the glass fibers and also
increase the adhesion between the glass fibers and the matrix

material.

2.3 Epoxy

The following sections cover epoxy crosslinking, natural fiber
composites and glass fiber composites. DGEBA/DDS was selected
as the epoxy for this study because it has been studied previously
and information is available on curing studies and dielectric
properties at different temperatures as well as on the kinetic

modeling.

2.3.1 Epoxy Crosslinking
Epoxies can be used as the matrix in natural fiber composites

(Figure 8).

o\f\O' o/\(\o’ ‘ ‘ o/\>0

OH

-n

Figure 8: Structure of DGEBA

24



Epoxy resins can be cross-linked with amines and anhydrides. The
epoxide groups form bonds with the amine. Hydroxyl groups can
also react with epoxides. The epoxide carbon which is attacked
depends on the reaction conditions. The reaction product also

contains hydroxyl groups, so the molecule can continue to react.

2.3.2 Natural Fiber Composites

There has been a great deal of work done in the field of
conventional processing of natural fiber composites. However, none
of the current literature focused on microwave processing of natural
fiber composites. Decreased curing time and volumetric curing are
some of the potential benefits of microwave curing. Silane and alkali
treatments were found to increase mechanical properties in some
natural fiber composites which are why they were chosen for these
experiments.

Since cellulose and lignin contain hydroxyl groups, natural
fibers should bond to epoxide groups and become part of the
network. O’Brien and Hartman used attenuated total reflectance
(ATR) infrared spectroscopy to show that bonding takes place
between reconstituted cellulose and epoxy [57]. The reaction is
shown by a change in band intensities of key functional groups. The
OH and C - O stretching bands of the cellulose, at 3350 and 1030 -
1055 cm™' respectively, decrease, while the symmetric and

antisymmetric C-O stretching band, at 915 and 1160 cm’,
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disappear. The authors believe that cellulose is reacting with the
unreacted epoxide groups in the system. Other groups also make
reference to the bonding between natural fibers and an epoxy matrix
[28, 58, 59]. Research on natural fiber and epoxy composites cured
with conventional thermal processing has been conducted previously
[28, 60, 61]. The work by Joseph and Rajulu was concerned with the
effect of fiber content on mechanical properties [28, 61]. Oskman
compared flax and glass fiber composites and found that glass and
epoxy composites had larger tensile strength but smaller specific
modulus [60].

Natural fibers can potentially bond to some matrix materials.
However, it is not expected for their mechanical properties to match
those of glass fiber composites because the properties of the natural

fibers themselves are inferior to the glass fibers.

2.3.3 Glass Fiber Composites

Glass fiber reinforced epoxy composites have been extensively
researched. Patel studied the mechanical and electrical properties
of glass cloth reinforced DGEBA/phthalic anhydride [62]. The
dielectric constant was approximately 3. Flexural strength ranged
from 986 - 2447 kg cm'2. Tensile strength ranged from 895 - 1892 kg
cm? [62]. Kraynak et al. studied the effects of the application of
vacuum at resin exit ports, mold temperature, initial resin

temperature on the mechanical properties of glass fiber reinforced
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epoxy composite [63]. The highest tensile strength was achieved
with a mold temperature of 60°C (25, 40, 60, 80, 100, and 120°C
were tested), an initial temperature of 28°C (15 and 28°C were
tested), and with vacuum (0.03 bar) [63]. Composites made at
atmospheric pressure had significantly lower mechanical properties
[63]. Lee et al. modeled microwave curing of Fiberite S2/9134B
epoxy reinforced with glass [64]. Their model provided the
reflectance, transmittance, total absorbed energy, and absorbed
energy distribution in the composite. Dielectric properties were
tested and found to agree with their numerical model [64]. Abdel-
Magid et al. examined the effects of mechanical loading and
moisture conditioning on glass reinforced epoxy composites [65].
Composites gained strength at short durations and lost significant
strength at long durations with moisture conditioning [65].
Composites exposed to mechanical loading and moisture
conditioning simultaneously had a higher loss of strength [65].

Glass fiber reinforced epoxy composites have been researched
for both microwave and conventional thermal curing. Use of vacuum
during processing and lack of moisture during the usage phase

provides better composite properties.

2.4. Conventional Curing
Typically, conventional ovens are used to cure epoxy

composites. Conventional heating is a surface-driven, non-selective
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process. The heat transfer coefficient of the composite’s surface and
the thermal conductivity of the composite controls the heating
process. Heat is transferred from the surface of the composite to
the interior during this process. This can cause temperature
gradients in thick materials. Large temperature gradients cause
residual stresses which decrease the mechanical properties of the
composite. The curing cycle for poor thermal conductors, such as

polymers, is long.

2.5. Microwave Curing

Microwave heating shows promise for polymer and composites
processing. Thermosets and thermoplastics have been studied in
polymer processing. Microwave drying of thermoplastics has been
investigated [66]. Microwave curing of thermosets have also been
performed including polyesters [67], polyurethanes [68], polyimides
[69] and epoxies [70-72]. Pulsed and continuous microwave curing
of epoxies have been studied [72]. Batch [64] and continuous
processes [72] have been studied in composites processing. Some
results in microwave processing of polymers and composites include
increased polymerization rate [69], reduced drying time for
pelletized polycarbonate and polypropylene [66], increased Tg for
cured epoxy [73], enhanced fiber/matrix adhesion in carbon

composites [74], and increased mechanical strength of
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graphite/epoxy composite [72]. Adhesive bonding studies have also
been conducted [75, 76].

Microwave processing fundamentals can be more easily
studied in a single mode resonant applicator as opposed to a multi-
mode applicator. A single-mode applicator excites one mode at a
time while a multi-mode applicator supports several modes at once.
The electric field patterns inside the single mode applicator are
easier to control and predict. In addition, single mode applicators
are more efficient in coupling microwave energy into materials
compared with multi-mode applicators [64].

In a single-mode applicator, uniform heating of large size
materials can be achieved with mode-switching method. Fixed
frequency mode switching has been used to process V-shaped
polyester/glass composite parts [77]. In fixed frequency microwave
processing, the cavity length is adjusted to accomplish mode
switching. This process is slow and results in instability of
temperature and non-uniform temperature distribution. Using a
variable frequency microwave power source, polymers and
composites were processed with microwaves with a variable
frequency method [78]. This provided more uniform and stable
processing of composite parts compared with fixed frequency mode
switching.

In variable frequency curing, a numerical model is used to

select resonant frequencies to cure a sample with an existing
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microwave cavity or to design a microwave cavity to accomplish a
desired processing task. The numerical model should include
electromagnetic field distribution, microwave absorption, heat
transfer, and chemical reactions. Dielectric permittivity and curing
kinetics for polymers based on experimental data are required in the
numerical model. The numerical results can be used to determine
the temperature and curing profile in polymer sample, in addition to
the electromagnetic field distribution within the microwave cavity
[79]. The model can be used to develop control strategies to achieve
more even curing. The energy balance for the microwave curing

process within a volume of the material is shown below:

pcp%_f=P+v-(k(T)-VT)+ p%—?— —AH) 2.1)

where p(a) is density (kg/m?), P is the absorbed microwave power,
C, is heat capacity (J/kg/K), T is temperature (K), t is time (second),
k is the anisotropic thermal conductivity tensor (W/K/m), a is extent
of cure, and -AH, is reaction heat (J/kg) [79]. The first term on the

right accounts for EM heating while the second accounts for
conduction. A convection boundary condition can be applied to the

surface of the heated material.
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~(k-VT)-n=hT-T,) (2.2)

The heat transfer, h, has units of kJ/m2-s-°C. Typical values of h for
heating or cooling air are 0.2 - 10 kJ/m2-s-°C [79]. A simplified

equation for the reaction rate is:
42 _ (1 _ o) (k + k@) 23

where a is the extent of reaction, t is time, A1 = egK¢' and A2 = e02K1,

eo is the initial epoxide concentration, K, =A,e™®" and K,' = Ale B/RT)
are specific reaction rate constants for the catalytic and noncatalytic
reactions, respectively, R is the gas constant, T is the temperature,
A, and A¢' are constants, and E1 and E' are the activation energies

[71]. The absorbed microwave power, obtained from the Poynting’s

Theorem, is:
Py = [ 366 0[E] @V (2.4)

where €'’ is the dielectric loss factor, E is the electric field vector
inside the material (V/m), w is the frequency (rad/sec), and g is the
free space permittivity [79]. The electric field, E, is the solution to

the vector wave equation
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V—"‘@—kgg,E=0 (2.5)

where ko is the free space wavenumber, g (F/m) is the free space
permittivity, and u, (H/m) is the free space permeability [79]. The
propagation of electromagnetic fields happens on a much shorter
time scale than thermal or composition effects. This allows the
electromagnetic equations to be solved separately for power; this
power is then used as an input for the coupled thermal and
compositional equations. This model can be used to select the
electric field patterns that can exist in a cavity which will also cure
the desired sample. Mode switching may be required to cure large
samples. |

A simplified model is used to determine the curing mode used

to cure the larger samples used in this research (see section 3.10).

2.6. Material Characterization

.Several experimental methods were used to characterize the
natural and glass fiber composites and to evaluate the suitability of
different natural fibers for composite applications. Differential
scanning calorimetry was performed to determine the curing curve of
the composites. Dielectric tests were performed to determine the

dielectric properties of the fibers and the composites. Degradation
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temperatures of the fibers and composites were determined using
thermogravimetric analysis. Fourier transform infrared spectroscopy
provides the spectra of the surfaces of treated and untreated fibers.
X-ray photoelectron spectroscopy provides atomic concentrations on
the surfaces of treated and untreated fibers. Water absorption tests
determine the mass of water absorbed into composite samples over
time. Environmental scanning electron microscopy was used to
observe fiber surfaces and composite fracture surfaces. Flexural
testing was performed to determine the flexural modulus of the
natural fiber and glass fiber composites. The procedures used in

these experiments are described in Appendix A.

2.7. Summary

Hemp, kenaf, henequen, and flax were selected because they
are all grown in the United States. US auto makers are interested in
these fibers because they can avoid the cost of transporting them
from overseas. Alkali and silane were chosen for treating the natural
fibers because they improved the adhesion between the fibers and
matrix and they are inexpensive and readily available. Sizing agents
protect the surface of the glass fibers and also increase the
adhesion between the glass fibers and the matrix material.
DGEBA/DDS was chosen because of the research group’s prior
experience with this material and availability of data and it is widely

used in several applications. Microwave processing was selected
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because it offers speed and energy saving advantages over

conventional processing.
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CHAPTER 3.0: Experimental Methods and Results

Chapter 1 described the advantages and disadvantages of
using natural fibers for reinforcement of composite materials.
Chapter 2 reviewed the literature on natural fiber composites and
microwave heating fundamentals. This chapter applies single-mode
and mode switching for microwave curing natural fiber and glass
fiber composites. In single-mode curing, a single resonant frequency
is used to cure small composites. Larger samples are cured by
selecting two frequencies that have complimentary heating patterns
and alternating them to achieve even heating. Curing studies (on
both microwave and conventionally cured composites), dielectric
testing, thermogravimetric analysis, surface treatments, Fourier
transform infrared spectroscopy, x-ray photoelectron spectroscopy,
water absorption, environmental scanning electron microscopy,
curing modes, composite preparation, and flexural testing were

performed and their results are discussed.

3.1. Curing Studies

The natural fibers, kenaf, flax, industrial hemp, and henequen
supplied, were soaked in hot distilled water for one hour, dried for
48 hours in air at room temperature, and dried in the oven at 100°C
for 3 hours. The epoxy compatible chopped glass fibers were used

as received.
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Diglycidyl ether of bisphenol-A (DGEBA) cured with
diaminodiphenyl sulfone (DDS) was used to produce the epoxy. The
DGEBA was mixed with the DDS in the ratio of 2.79:1. Next 15
weight percent of fibers were mixed into the epoxy. The mixture was

degassed in a 100°C vacuum oven for 20 minutes.

The amplified power signal in the microwave apparatus ranges
from 0 to 200 Watts. Microwave frequency is adjustable from 2 GHz
to 4 GHz manually or automatically. A 3-port circulator is used to
prevent the reflected power from damaging the power source (see
Figure 9). The input and reflected microwave powers are decoupled
with 20db directional couplers (Narda 3043-20) and measured with
power meters (HP435B). A dummy load is used to absorb most of
the reflected power. A multi-channel LUXTRON fluoroptic
thermometer and a multi-channel Nortech NoEMI-TS fiberoptic
thermometer are used for sample temperature measurement. The
probes are electrically nonconductive so they do not perturb or be
perturbed by the microwave fields. The applicator was a Lambda
Technologies Vari-wave Model 1000. The interior dimensions are

10" wide, 12" deep, and 10" high.
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Figure 9: Circuit of the microwave curing system.

For the first phase, several grams of composite were placed in
a cylindrical silicone rubber mold, 0.5 cm in diameter, and capped
with a Teflon lid. In the second phase, a rectangular mold with holes
for 6 samples of dimensions 3mm x 10mm x 15mm was used. An
infrared temperature probe was inserted into the sample through the
hole in the center of the Teflon lid. A heating mode was determined
by frequency sweeping. A heating mode occurs when the reflected
power is zero and the temperature rises quickly. Other modes,
where the reflected power is zero, may be non-heating due to the
shape of the EM field in the cavity. The temperature was controlled
by changing the input power in the control program, LabView. The

samples were then heated to 145°C in approximately 3 minutes.
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Samples were held at the curing temperature for 20, 40, 60, 80, 100
and 120 minutes to develop an extent of cure vs. time curve (see
section A.1.). Samples were also cured at the same temperature for
the same durations in conventional oven for comparison.

The thermally cured samples are prepared from the same
batch of material as the microwave cured samples. Several grams of
composite were placed in a silicone rubber mold. The six samples
are placed in the oven, without Teflon lids after the oven has
reached 145°C. Samples were held at the curing temperature for 20,
40, 60, 80, 100 and 120 minutes to develop an extent of cure vs.
time curve.

The differential scanning calorimetry was carried out in a TA
Instruments DSC 2920. Ten samples, of 5-15 mg each, were tested
for each composite, taken randomly throughout the sample. The
sample was ramped to 350°C at 5°C/min then cooled with nitrogen to
40°C. Samples were cured in the single port microwave cavity and in
a conventional oven from 20 minutes to 120 minutes. Plots of extent
of cure vs. cure time show that there is more scatter present in the
samples that were cured in the microwave than in oven cured

samples (see Figures 10 and 11).
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Figure 10: Scatter results for single-mode microwave cured DGEBA/DDS

samples. The lines represent the average of the data points.
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Figure 11: Scatter results for oven cured samples. The lines represent the

average of the data points.

The scattering present in the microwave and oven cured

composites is due to the sampling technique. For oven samples the

curing is surface conduction limited so the center cures slower than

the surface. Since the samples used for the DSC testing were from

all throughout the composite, some samples will have a higher

40



extent of cure than others resulting in more scattering at short cure
times. At long cure times, curing is more uniform and scattering
decreases.

For the microwave curing, the mode pattern was center
heating; therefore the surface of the microwave cured samples took
longer to cure than the center. Consequently at shorter cure times,
the surface was easy to cut with a razor blade and the DSC samples
were all taken from there leading to less scattering. At long cure
times, the samples were too hard to cut, so they were smashed like
the oven samples. DSC samples were taken from all throughout the
composite which may not have been evenly cured leading to more
scattering at long cure times. The accuracy of the DSC machine
itself is 2-4% so it is not primarily responsible for the scattering.

The microwave cured composites took 75 minutes less to
reach the curing temperature (145°C). The figures are shown on the
same time scale for comparison. The following figure shows the
average extent of cure vs. time data for microwave and thermally
cured glass and kenaf fiber reinforced epoxy composites. The
natural and glass fiber composite curing curves were similar to each
other and to neat epoxy. All the curves had the typical shape of
autocatalytic reaction. This was expected from literature studies on

the DGEBA/DDS matrix [79, 80].
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Figure 12: Curing results for microwave and conventionally processed glass and

kenaf fiber reinforced composites, Data points represent the mean values.

In summary, the curing curves for neat epoxy, natural fiber
composites, and glass fiber composites are similar. They have the
typical shape of én autocatalytic reaction. The composites and neat
epoxy reached an ultimate extent of cure of “90% at 120 minutes.
Microwave curing was 75 minutes faster overall than conventional

thermal curing.

3.2. Dielectric Testing

Experiments were performed to determine the dielectric
properties of the natural fibers, glass fibers, and composites
because the propagation of microwaves through the materials
depend on the dielectric properties (see section A.2). Fibers were
prepared by washing in hot water, drying in air for 48 hours, and
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oven drying for 3 hours. See Appendix A for the fiber preparation
procedure. The fibers were then placed in a small Teflon holder and
compressed. The compressed fibers were placed in an oven at
100°C until tested in the microwave cavity to ensure that the fibers
contained as little moisture as possible.

Figures 13 and 14 show the dielectric constant and loss factor
for natural and glass fibers and cured and uncured DGEBA/DDS.
Ten samples were averaged for each data point. The cavity method

dielectric properties are measured at 2.45 GHz.
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Figure 13: Dielectric constants of fibers and epoxy.
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Figure 14: Dielectric loss factors of fibers and epoxy.

The dielectric constant characterizes the response of the
material to the electric field. The dielectric constants were similar
for the natural fibers. The dielectric loss factor indicates the
material’s ability to store energy. Since the uncured epoxy has a
larger loss factor than the natural fibers, the microwaves will
primarily heat the epoxy as the curing begins. As curing continues
the dielectric loss factor of the epoxy decreases until it drops to a
smaller value than that of the fibers. At that point the microwaves
primarily heat the fibers. The natural and glass have similar loss
factors.

See section A.2 for more information on the cavity and method
procedure. See Figure B1 for variations in dielectric properties with
frequency. The dielectric testing was conducted at 2.45 GHz. The

natural and glass fibers had similar loss factors. The natural fibers
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have the similar dielectric constant and the dielectric constant of the

glass fibers is twice as large.

3.3. Thermogravimetric Analysis

The thermogravimetric analysis of hemp, henequen, kenaf, flax
and glass fibers and their composites was carried out in a TA
Instruments Hi-Res TGA 2950 that was fitted to a nitrogen purge gas
(see section A.3) to determine the degradation temperatures. The
sample was conducted from ambient temperature to 600°C at
25°C/min. Mass is recorded as a function of temperature over the
duration of the experiment. The initial weight loss at low
temperatures is attributed to loss of absorbed moisture on the
natural fibers. Degradation that does not result in a weight loss is
not accounted for by this experiment.

Degradation temperatures of natural fiber composites
(microwave and thermally cured) are lower than neat epoxy or glass
fiber composites (see Table 4). This was also seen in literature [81,

82].
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Table 4: Degradation Temperatures for Glass and Natural Fiber Composites

Composites T(C)5% T (°C) 256% T (°C)50% T (°C) 75%
Glass oven 400 N/A 402 539
Glass microwave 400 N/A 402 482
Hemp oven 348 384 392 472
Hemp microwave 352 390 393 474
Flax oven 364 389 393 474
Flax microwave 351 385 391 472
Kenaf oven 321 371 390 479
Kenaf microwave 336 382 392 479
Henequen oven 306 375 391 456
Henequen microwave 355 389 392 483
Neat Epoxy oven 397 N/A 398 490
Neat Epoxy microwave 403 N/A N/A 484

All of the DGEBA/DDS composites have less than 5% weight loss at

the curing temperature (145°C).

Table 5: Degradation temperatures for glass and natural fibers. Note: *
indicates the ultimate weight loss was 1.6%

Fibers T(C)5% T (°C) 25% T (°C)50% T (°C) 75%
Hemp 105 329 341 458
Flax 88 323 339 441
Kenaf 64 313 341 371
Henequen 61 301 337 392
Glass * 586

Hemp has the highest degradation temperature of the natural fibers.

Glass fibers do not degrade at the curing temperature.
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3.4 Surface Treatments

The alkali and silane treatments were selected because the
literature survey indicated that they improved fiber/matrix adhesion
and they are readily available and inexpensive (see section A.4).

Fibers were treated using 2.25 mol% solution of sodium
hydroxide [36]. The fibers were submerged in the sodium hydroxide
solution for one hour at room temperature, rinsed with tap water,
and then neutralized in a 2 vol% glacial acetic acid and tap water
solution. The fibers were then rinsed with deionized water and dried
at room temperature for 24 hours.

Fibers were treated using a one percent solution of (3-
glycidoxypropyl)trimethoxysilane (Z-6040 from DOW Corning) in
deionized water and ethanol in a 1:1 volume ratio [33]. This silane
was chosen because it has an epoxide group at one end that can
bond with the polymer matrix and alkoxy groups at the other end that
have van der Walls interactions with the fibers. The pH of this
solution was adjusted to 4 using 2% glacial acetic acid. The solution
was stirred for two hours before the fibers were added. The fibers
were washed with deionized water after the silane treatment. The
fibers were then dried for 12 hours in air and then cured in a
convection oven for five hours. After the fibers were treated, they
were used to reinforce the DGEBA/DDS composites and were tested

using FTIR, XPS, water absorption, ESEM, and flexural testing.
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3.5 Fourier Transform Infrared Spectroscopy

FTIR identifies the frequencies of vibrations of the bonds
between atoms in a molecule by recording the molecular absorbance
of infrared light. FTIR was preformed to gain information on the
effects of the alkali and silane treatment on the natural fibers.

Kenaf and hemp fibers were analyzed before and after alkali
and silane treatment using a Perkin Elmer Instruments Spectrum
One with the Attenuated Total Reflectance (ATR) technique (see
section A.5). The spectrum was shifted to set the absorbance equal

to zero at 3323 cm™' (see Figures 15 and 16).
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Figure 15: Spectrum of treated and untreated hemp fibers.
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Figure 16: Spectrum of treated and untreated kenaf fibers.

The effects of fiber treatment on the natural fiber surfaces
were also studied using FTIR. The peak 1730 cm™' is attributed to
the C-O stretching on hemicellulose [83, 84]. This peak is not
present in the alkali treated samples. The removal of hemicellulose
from the fiber surfaces causes this peak to disappear [84]. The peak
at 1239 cm™' in the kenaf fibers is much smaller for alkali treated
samples. This peak is a C-O stretch of the acetyl group of lignin and
is reduced because lignin is partially removed from the fiber surface
[84]. The peak at 1625 cm™' is reduced in hemp alkali treated fibers
and removed in kenaf alkali treated fibers. This peak represents the
C=0 bonds on hemicellulose and is further evidence that
hemicellulose is removed from fiber surfaces by the alkali treatment
[85]. FTIR does not show the presence of silane on the fibers. Peaks

should be present at 766 cm™' and 847 cm™' [86]. It is possible that
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the concentration of silane on the fiber surfaces is too small to
detect by FTIR.

The FTIR experiments indicated that hemicelluloses and lignin
are partially removed by the alkali treatment which is consistent with

the literature review.

3.6 X-Ray Photoelectron Spectroscopy

Untreated hemp, henequen, flax, and kenaf were tested using
XPS in addition to alkali and silane treated hemp and kenaf. This
was done to determine the elemental composition of the fiber
surfaces. This was important for studying the fiber matrix adhesion.

XPS was performed with Physical Electronics PHI 5400 ESCA
system, with a non-monochromatic Mg source operating at 300W
(see section A.6). The spot size of the analyzer was 250 pm? and
the operating pressure was approximately 3.386 x 10* Pa. The
samples were mounted onto a stainless steel stub using a Mo mask.
The take off angle was 45 degrees.

The spectra for all fibers (see Table 6) contained carbon and
oxygen, while nitrogen, calcium, silicon and aluminum were detected
in some samples. Cellulose, hemicellulose and pectin have an O/C
ratio of 0.83 while lignin has a ratio of 0.35. Since the O/C of treated
and untreated fibers in Table 6 is less than 0.83 the surface must
have a large proportion of lignin and waxes [87, 88]. Natural fibers

were dried at 100°C to reduce moisture prior to XPS testing. Out of
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the four types of untreated natural fibers, Kenaf had the highest O/C
ratio and flax had the lowest. The O/C ratio of treated kenaf fibers
was larger than their hemp counterparts.

XPS testing showed that the fiber surface has more lignin
(than cellulose), which helps bond the cellulose fibrils together, and
waxes, which can act as a barrier. The treated and untreated kenaf
fibers had more surface lignin and waxes than their hemp

counterparts.
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3.7 Water Absorption

Water absorption experiments were conducted because the
absorption of water can cause changes in the shape, debonding, or
loss of strength in products regularly exposed to moisture [88].
Composites reinforced with hemp, glass, flax, kenaf, and henequen
were tested. Also, alkali treated and silane treated kenaf and hemp
reinforced composites were tested. The epoxy used was
DGEBA/DDS. All composites were cured in the oven.

Composites with dimensions 25.4 mm x 38.1 mm x 3 mm were
immersed in distilled water (see section A.7). Before taking weight
measurements, the composite surfaces were blotted with paper
towels to remove surface water. Measurements were taken at 6, 24,
48, 72, and 144 h for untreated samples. The weight was then
measured weekly until the composites were saturated. The treated
samples were weighed at 5, 24, 48, 120, and 168 h and thereafter
weighed weekly until saturated.

Untreated henequen composites absorbed the most water (see
Figures 17 and 18). There were ten samples tested per data point

and the error bars represent the standard deviation.
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Figure 17: Water absorption of natural and glass fiber composites (untreated).
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Figure 18: Water absorption of natural and glass fiber composites (treated).
Glass composites absorbed the least amount of water.
Henequen composites absorbed water most quickly followed by
kenaf, hemp and flax, and glass composites in the short run. Over

the long term, flax, kenaf and hemp all have similar absorption
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rates. Henequen, flax, kenaf, and hemp composites reached
saturation at 816 h while glass composites reached saturation at 648
h. The henequen reinforced composites absorbed twice as much
water as the other natural fibers.

The alkali treated kenaf and hemp composites absorb more
water than the silane only or alkali and silane treated composites.
The alkali and silane treated composites absorbed the least amount
of water. Kenaf composites absorbed less water overall than their
hemp counterparts. The silane treated, alkali and silane treated, and
untreated composites had similar water absorption profiles.

These experiments show that the untreated and treated natural
fiber composites absorb significantly more water than the glass fiber
composites. This was expected as natural fiber composites absorb
water in the fibers and matrix and water also exists in the voids of
the composite. While in glass fiber composites, water is not
absorbed into the fibers. Olmos et a/. conducted experiments on
silane treated glass fiber composites (25 wt%) and obtained a
saturation mass gain of 4.21 - 5.22% depending on the treatment
[89]. The untreated natural fibers in our experiments had 4.6% mass
gain. The rate of water absorption in our samples is consistent with
those in the treated fiber experiments. Williams and Wool tested
composites made using plant oil based resins and flax fibers (30
wt%) [90]. The saturation weight for these composites ranged from

10.4 to 12.4%. Tserki et a/. made 30 wt% flax and polyester
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composites with a saturation mass gain of approximately 6.5% [88].
Our flax fiber and epoxy composites had a saturation mass gain of
17.2%. Tserki et a/. made 30 wt% hemp polyester composites with a
saturation mass gain of “6% [88]. The hemp epoxy samples in these
experiments reached 18.4% mass gain. Tajvidi et a/ conducted
experiments on 25 wt% kenaf polypropylene composites which had a
saturation mass gain of around 2% [91]. The kenaf epoxy samples in
these experiments reached 17.8% mass gain at saturation.
Differences between these results and literature results can be
attributed to different fiber loading and matrix composition and
possibly due to voids present in our composite samples. In Figure 19
and 26, it can be seen that the alkali treated composites absorb
more water than the untreated or silane treated composites. Fibers
are treated with NaOH to remove lignin, pectin, waxy substances,
and natural oils covering the surface of the fiber cell wall. This
makes the surface of the fiber rough by revealing the fibrils [85].
This change in fiber morphology may create more voids for water to
absorb into.

The alkali treatment was a good treatment for cleaning the
surface of the natural fibers but had a detrimental effect on water
absorption. The henequen fibers were not selected for fiber
treatment due to their poor performance in the water absorption

experiments.
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3.8. Environmental Scanning Electron Microscopy

Untreated and alkali and silane treated natural fibers and
glass fibers as well as treated and untreated fiber composites were
examined using ESEM to view the effects of the fiber treatments on
the fiber surfaces and composites. Adhesion of matrix material to
fibers at the fracture surface will be visible.

The samples were observed in Philips ElectroScan 2020 ESEM
(see section A.8). The sample chamber pressure was reduced to
approximately 4.4 Torr. The working distance ranged from 6 - 9 mm.
The focus, contrast, brightness and magnification were adjusted to
provide the best image. The ESEM images were taken of the
samples used for DSC analysis and flexural testing (see Figures 19 -

21).
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Figure 19: ESEM micrographs of fibers A) Kenaf B) Hemp C) Henequen D) Flax
E) Glass. Scale bar is 150 um.
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Natural fibers form circular or polygonal bundles of ultimates
bound together by the middle lamella. Glass fibers are cylindrical
and the bundles are relatively flat. Kenaf forms short, polygonal
fibers with a striated surface [92]. Hemp fibers are generally longer
than kenaf, polygonal, and have an irregular surface [92]. Henequen
fibers have a cross section that changes from beamlike to round
along the fiber length with a smooth, straight surface [92]. Flax fiber
surfaces are smooth. Flax fibers have a polygonal cross section and

are short and non-continuous [93].

The ESEM image in Figure 20 shows that the interfibrillar
material, hemicellulose and lignin, is etched away from the hemp
fiber surface by the alkali treatment. Kenaf (not shown) was similarly

affected.

Figure 20: Left: hemp. Right alkali treated hemp. Magnification 300x, scale bar
150 pm.
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The top image in Figure 21 shows a clean fiber pulled out at the
kenaf composite fracture surface. The middle image shows a silane
treated kenaf composite fracture surface. The fiber bundle shown is
coated in epoxy. The bottom figure shows the top of the fiber bundle
with the fibers exposed. These images show that the silane

treatment was effective in increasing the fiber/matrix adhesion.
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Figure 21: Top image: Untreated kenaf composite. Middle and bottom images:
Silane treated kenaf composite. Scale bar 150 pm. Magnification 350x.

The silane used in this case was (3-glycidoxypropyl)
trimethoxysilane (Z-6040 from DOW Corning) an organofunctional
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silane (Figure 22). This silane was chosen because its epoxide
groups will react with the curing agent (DDS) and become part of the

crosslinked network.

Figure 22: (3-glycidoxypropyl)trimethoxysilane[94]

In the silane treatment, the trimethoxysilyl part reacts with water to
form a silanetriol which then bonds with the hydroxyl groups on the

fibers (see Figure 23).
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Figure 23: Silanization reaction. [94]

The organofunctional groups can react with the matrix.
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3.9 Fiber Selection

In the second phase of this research, larger composites were
cured using glass fibers as well as treated and untreated natural
fibers. Kenaf and hemp were selected for the fiber treatments (see
Table 7). On Table 7, green indicates good properties, yellow

indicates neutral properties, and red indicates poor properties.

Table 7: Fiber down selection table.

Curing Curve/ Degredation
Similar to Neat Temperature Loss Factor | % Mass Gain at
Epoxy (°C) (5%) ESEM (g") Saturation
Kenaf 1
Hemp 16
Flax 88 16
|Henequen

Hemp was selected because it had higher degradation
temperatures than other natural fibers. Henequen was ruled out due
to high moisture absorption. And Kenaf was selected over flax
because it showed better compatibility with the matrix material in
ESEM images. Hemp and kenaf fibers were then treated with alkali

and silane.

3.10 Microwave Curing Modes

Large samples were processed in a Lambda Technologies

Vari-wave Model 1000 (see section 3.1 for more details on the
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apparatus). The composites were cured in a silicone rubber mold
and capped with a Teflon lid. An infrared temperature probe was
inserted at two points in the mold.

Two modes were used to cure the samples used for flexural
testing. Each mode represents a specific electric field pattern within
the microwave cavity. The modes were selected because they have
minimal reflected power and can increase the temperature of the
sample rapidly to decrease heating time. The locations of the
temperature probes, T2 and T4, are shown in Figure 24. The curing
program is designed to switch between two frequencies, one that
primarily heats the center (T2) and one that primarily heats the edge
(T4). When the temperature at T2 drops 3°C below T4 the frequency
will switch to the one designed to heat T2 and vice versa. The goal

is uniform curing of all the composites in the mold.
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Figure 24: Schematic of mold for flexural testing showing the location of the
temperature probes.

To find the frequencies which will provide even heating across the
mold, the electric field strength was calculated at T2 and T4 using

the following rectangular cavity equations [95].

A, #0 for TM, modes
. k*+ox*>  oxy xz | A4,
E=Z§5’- yx  K+a? oz || 4, (3.1)
Ozx Ozy  k*+0z%| 4,

A, =sin(k,x)sin(k, y)cos(k,x)
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where E is the electric field vector, k is the wavenumber, and A is
the vector potential, The mode indices are m, n and p. The
dimensions of the rectangular cavity are a, b and ¢, where azb.
Once a specific electric field is calculated that is high at T2 and low
at T4 (or vice versa), its mode indices are then used to determine

the resonant frequency [95].

N CROER

The chosen mode for position T2 was TMas42 with a frequency of
3.4819 GHz and the chosen mode for position T4 was TMy34 with a
frequency of 3.5481 GHz. With these chosen frequencies the
temperature difference between positions T2 and T4 did not exceed

3°C during the curing process.
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3.11 Composite preparation for mechanical property testing

Fibers and epoxy were prepared as described earlier. The
composite material was placed into the silicon mold and compressed
using 156 psi of force in a Caver Press for 5 minutes. This was the
greatest pressure that could be applied without severely deforming
the mold. More materia»l was then added to the silicon mold and it
was compressed again with the same pressure at 100 °C for 15
minutes in the Carver Press. Pressure could not be applied during
microwave curing due to processing constraints; materials used to
mold or apply pressure must be microwave transparent. No pressure
was applied during oven curing for comparison. Samples were then
degassed in a vacuum oven for 20 minutes at 100 °C. Composites

were cured in the microwave cavity and the conventional oven for

120 minutes.

3.12 Flexural Testing

Composites were prepared using treated and untreated kenaf
and hemp fibers, glass fibers and a DGEBA/DDS matrix. A support
span to depth ratio of 16:1 was used in accordance with the ASTM D
790-03 standard (see section A.9). The composite is bent until it
breaks or 5% strain is reached. The crosshead speed used was 0.5
in/min, the span was 2.1 in and the loadcell used was 1000 |Ib (see
Figure 25). Flexural modulus was determined with these
experiments.
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Figure 25: Flexural Modulus for treated and untreated composites.



Figure 25 shows the flexural modulus for the treated and
untreated fiber reinforced composites. Glass fiber reinforced
composites cured in both the microwave and oven and silane treated
kenaf fiber reinforced composites had the highest flexural modulus.
Silane treated hemp fiber composites had the lowest flexural
modulus. Kenaf performed better in mechanical testing than hemp.
Variation in mechanical properties is one of the major drawbacks to
using natural fibers for composite reinforcement. The properties of
natural fibers depend on the source, nature, and storage of fibers.
This in turn affects the mechanical properties of the composites. The
hemp used in this study was grown in Canada and the kenaf was
grown in the United States. The age of the plant, the fiber’'s location
on the plant, and the method used to extract the fiber from the plant
can also affect the fiber properties [96]. Kenaf and hemp have
significantly different cellulose and lignin content. Kenaf has 31 -
39% cellulose and 15 - 19% lignin while hemp has 70.2 - 74.4%
cellulose and 3.7 - 5.7 % lignin [1]. Cellulose forms the main
structural component of the natural fiber’'s cell walls. Lignin is a
cementing agent that holds fiber ultimates together in bundles. The
kenaf stalk also contains a greater percentage of bast fibers (40%)
than the hemp stalk (25%) [97]. The single fiber tensile strength of
kenaf is 11.9 GPa while hemp is 9.0 [96]. This suggests that kenaf

may be better for fiber reinforcement.
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These results reinforce that variation in mechanical properties
is one of the major drawbacks to using natural fibers for composite

reinforcement.

3.13 IR Analysis of Kenaf and Hemp Composites
The infrared spectrum for untreated hemp and kenaf is shown
in Figure 26. This analysis was performed to explain why kenaf

performed better in the flexural testing than hemp.
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Several peaks are present in kenaf that are not present in hemp.
The peak at 1590 cm™' represents an aromatic bond present in lignin

[98].

OH

OH
OMe

Figure 27: Lignin monomeric unit.

The peak at 1501 cm™' is an aromatic C-H bond also found in lignin
[99, 100). The peak present at 1450 cm™' represents an

asymmetrical CH, deformation of cellulose [98].

CH20H

..é.-o """"'°"§"

N

HO OH

Figure 28: Cellulose monomeric unit.
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In addition, a peak present in hemp is not present in kenaf. At 2849
cm™ is an OCH; symmetric stretching bond present in waxes [98].
The peak present at 2915 cm™', C-H vibration in lignin and waxes,
has a greater relative intensity in hemp than kenaf. These peaks
indicate that hemp has more wax on the fiber surface than kenaf.
Also that kenaf has more surface cellulose and lignin than hemp.
The removal of wax increases adhesion between fibers and matrix
materials [34, 85].

Increasing lignin and cellulose, indicated by the IR analysis,
on the kenaf fiber surfaces provides more hydroxyl groups that can
react with the epoxide groups in the epoxy resin. This may account
for hemp’s poor performance in mechanical testing and kenaf's

relatively good performance.
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CHAPTER 4: Kinetic Modeling
4.1 Introduction

The following sections cover the background of kinetic
modeling of epoxies and the results of kinetic modeling on

DGEBA/DDS reinforced composites.

4.2 Background

Epoxy groups react with amine via a ring-opening mechanism.
The reaction is shown in Figure 29 [101]. In step 1, an epoxy group
reacts with a primary amine to form a secondary amine. In step 2,
another epoxy group reacts with the secondary amine to form a
tertiary amine. In step 3, etherification, a formed hydroxyl group and
an epoxy group react to form an ether crosslinking epoxy.

Etherification is insignificant for stoichiometric mixtures.
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Figure 29: Epoxy curing mechanism.

The hydroxide groups which are formed during the reaction
can act as catalysts so that the reaction is autocatalytic, which is
shown in Figure 30 [102]. The electron pair of the amine group
bonds to the chain terminating carbon in the epoxy group, causing a
bond breakage of the carbon-oxygen bond. The hydrogen atom

detaches itself from the amine group and attaches to the oxygen
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atom to form a hydroxide. The hydroxide group catalyzes further
epoxy/amine addition by providing a hydrogen bond to the epoxy

group.
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Figure 30: Uncatalyzed and autocatalyzed epoxy curing reaction mechanisms

There are two types of kinetic models for the curing process
[103]. One, mechanistic, is based on the reaction mechanisms while
the other, phenomenological, is empirical. Mechanistic models offer

better prediction and do not require curing experiments for each new
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variable in the cure system. Phenomenological models offer more
simple expressions with fewer kinetic parameters. Mechanistic
models can often be difficult or impossible to derive due to the
complex nature of the cure reaction. Therefore, phenomenological
models have been used in most studies of epoxy cure kinetics.
Following is a summary of phenomenological models for cure
reactions and a summary of the DGEBA/DDS curing reactions.

The simplest phenomenological model is the n'" order reaction

kinetic model [104, 105], which expresses the kinetics as:

da

E=k(T)f(a) (4.1)

where a is the extent of cure, t is the time, the function f(a) is

expressed as (1-a)", and k(T) is the overall reaction rate constant

which obeys the Arrhenius relation:

E
k(T)= Aexp(- ﬁ) (4.2)

The n'™ order reaction kinetics are simple to evaluate.
According to this model, the maximum reaction rate should occur at
the beginning of the reaction. However, in real cases, a=0.3 - 0.4 at

maximum reaction rate, which is better explained by the
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autocatalyzed reaction mechanism [106, 107]. The reactions
between amines and epoxy are autocatalyzed by the hydroxide
groups formed in the reactions. The initial cure rate should be slow
due to lack of catalytic hydroxide groups. The kinetic expression of

autocatalyzed reaction for a stoichiometric reactant mixture is given

by:

da
— (ky + k™)1~ )" (4.3)

where ki is the non-catalytic polymerization reaction rate constant,
k2 is the autocatalytic polymerization reaction rate constant, m is the
autocatalyzed polymerization reaction order, and n is the non-
catalyzed polymerization reaction order. This model has been used
to represent the cure kinetics of epoxy and unsaturated polyester
cure systems [106, 108].

Thermal cure kinetic models have been used in modeling the
reaction kinetics of microwave cured epoxy resins [71, 109]. It was
demonstrated that the microwave cure kinetics of epoxy resin
systems could be described by the autocatalytic kinetic model up to
vitrification [71]. In the study of continuous-power and pulsed-power
microwave curing of epoxy resins [109], a semi-empirical kinetic

model was used:
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% = (ky +kya" ), —a)"

(4.4)
where a is the extent of cure, ki and k; are rate constants, m and n
are constants, and a, is the ultimate extent of cure. This model is
similar to the preceding model except that the ultimate extent of
cure a is included in the equation. This is due to the ultimate extent

of cure is less than 100% due to gellation. This model was selected

for this research.

4.3 Kinetic Modeling Results

Curing experiments were performed on neat DGEBA/DDS and
hemp, kenaf, flax, henequen, and glass fiber composites at 145°C
for both microwave and conventional curing methods. Differential
scanning calorimetry was used to determine the extent of cure as a
function of time. The average extent of cure was used in data
regression to determine the kinetic parameters. The extent of cure
vs. time data for microwave and conventional curing was obtained in
the DSC experiments. See section A.1 for the procedure. In the
regression, the data was fit to a 3" order polynomial equation. The
derivative of this equation was evaluated as a function of time.
Kinetic parameters were then assigned initial values and the least
square method was used to minimize the difference between the

experimental data and the calculated data by solving for the kinetic
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parameters. The experimental and calculated values are shown in

Figures 31 - 42.
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Figure 31: Curing curve for microwave cured hemp fiber composites.
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Figure 32: Curing curve for oven cured hemp fiber composites.
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Figure 33: Curing curve for microwave cured kenaf fiber composites.
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Figure 34: Curing curve for oven cured kenaf fiber composites.
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Figure 35: Curing curve for microwave cured glass fiber composites.
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Figure 36: Curing curve for oven cured glass fiber composites.
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Figure 37: Curing curve for microwave cured flax fiber composites.
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Figure 38: Curing curve for oven cured flax fiber composites.
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Figure 39: Curing curve for microwave cured henequen fiber composites.
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Figure 40: Curing curve for oven cured henequen fiber composites.



0.9
0.8
0.7
0.6

0.5
04 * ——Model

Extent of Cure
*

02 * Data
02
01 .

0 20 40 60 80 100 120

Temperature (min)

Figure 41: Curing curve for microwave cured neat epoxy.
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Figure 42: Curing curve for oven cured neat epoxy.
It can be seen from the figures that the curing curves have the
typical shape of an autocatalytic reaction. The reactions between

amines and epoxide are autocatalyzed by the hydroxide group

formed in the reactions. Lack of catalytic hydroxide groups slows the
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initial reaction. As the reaction proceeds and the maximum curing
rate occurred at the extent of cure of around 0.3 to 0.4.
The values for the reaction order constants and the kinetic rate

constants are shown in Table 8.
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The autocatalytic rate constant k; is greater than non-catalytic rate
constant kq for both microwave and thermal composites and for neat
epoxy. This shows that the epoxy curing reaction is mainly an
autocatalytic reaction. The non-catalytic rate constant is larger for
microwave curing than for oven curing. This indicates that
microwaves increase the activity of epoxide and amine groups,
accelerating the non-catalytic reaction. The rate constant k4 is larger
for microwave and thermally cured natural fiber composites than for
glass fiber composites. The hydroxide groups present in the natural
fibers may be responsible for this increase in the non-catalytic
reaction. Kinetic constants in this work are similar to previous work

except for the constant m [79] [80].
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CHAPTER 5: Discussion of Results

There is considerable interest in the field of natural fiber
epoxy composites in structural applications, but no research has
been done on microwave curing of these composites. The objective
of these experiments was to develop high quality natural fiber epoxy
composites, as a replacement for glass fiber composites, with
reduced processing times using microwaves.

Natural fiber reinforced composites were proposed as an
environmentally friendly replacement for glass fiber reinforced epoxy
composites. Microwave processing was used as an alternative to
conventional processing for these composites. To this end, cure time
and extent of cure, thermal degradation, fiber and composite
morphologies, and electrical properties were determined and
compared with conventional thermal processing. Experiments were
conducted to characterize the surfaces of treated and untreated
fibers and to investigate the absorption of water in natural fiber
composites. XPS and FTIR were used to determine the chemical
composition of the fiber surfaces. ESEM images were taken to show
the effect of the silane. Water absorption tests were used to
determine the maximum water absorption mass of the natural fiber
composites. Flexural tests were performed to determine the flexural
modulus of the composites for comparison with glass fiber

composites.
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Natural and glass fiber composites have the same, relatively
low, dielectric loss. Therefore the natural and glass fibers should
interact in the same way with the microwaves. This was indicated by
the curing studies in which the natural and glass fiber composites
have similar curing curves. As curing begins, the epoxy is primarily
heated by microwaves. At the end of curing, the fibers are primarily
heated because the dielectric loss factor of the epoxy decreases as
the curing progresses. Natural fibers and their composites have
lower degradation temperatures than glass fibers and glass fiber
composites. This affected the type of epoxy and the curing
temperature for future natural fiber composites. However,
thermogravimetric analysis also indicated that the natural fibers
composites lost less than 5 wt% at 145°C so the curing temperature
was not changed. The ESEM images show that epoxy clung to the
surface of kenaf fibers pulled out of the composite fracture surface
indicating that the bond between the matrix and fibers was strong.
Epoxy did not adhere to the other fibers in the same manner. Alkali
treated fiber composites absorbed more water than silane treated or
untreated composites. This showed that the alkali treatment would
not be a good choice for future natural fiber surface treatments
because moisture absorption is already a challenge for natural fiber
composites.

The TGA, water absorption and ESEM experiments were used

to select which fibers would be selected for further testing. In the
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second phase, larger composites were cured using glass fibers as
well as treated and untreated natural fibers. Kenaf and hemp were
selected for the fiber treatments. Hemp fibers were selected
because it had higher degradation temperatures than other natural
fibers at 5% weight loss. Henequen fibers were ruled out due to high
moisture absorption. Kenaf fibers were selected over flax because
they showed better compatibility with the matrix material in ESEM
images. Modeling results show that the epoxy curing reaction is
mostly autocatalytic.

FTIR experiments were conducted to examine the bonds
present. Changes in the peaks in the FTIR spectrum at 1730, 1625
and 1239 cm’' showed that the alkali treatment partially removes
hemicellulose and lignin from natural fiber surfaces, as indicated by
the ESEM images. Electron microscopy also indicates the silane
treatment increased the adhesion between the kenaf and the epoxy.
XPS provided additional information on the composition of natural
fiber surfaces, showing that the fiber surfaces have a larger
proportion of lignin and waxes (than cellulose). Flexural modulus
experiments were performed to test the effectiveness of the surface
treatments. Silane-treated microwave-cured kenaf composites
showed an improvement in modulus of 27% bringing it up to a
similar modulus to glass fiber composites.

Kenaf and hemp fibers can replace glass fibers in reinforced

epoxy composites provided lower processing and usage temperature
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(less than 200°C), greater moisture absorption (4X greater than
glass), and variability in mechanical properties is acceptable.
Potential applications include automobile body parts [4, 26, 110],
structural materials [111], and particleboard [90]. They have
acceptable specific strengths and performed better in water
absorption tests than henequen. Kenaf showed an increase in
flexural modulus with silane treatment. Their low degradation
temperatures restrict their processing conditions and restrict the

choice of matrix materials to those with low curing temperatures.
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Microwave curing shows promise as a processing method for
natural fiber composites. There are advantages in curing time and
energy consumed. However, more work needs to be done to design
a microwave cavity that can cure larger composites and apply
pressure to the composites during the curing process before

microwave processing can produce better quality samples.
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CHAPTER 6: Energy and Economics

Ultimately kenaf proved to be the better reinforcement material
compared to hemp, henequen, and flax. Kenaf performed better in
mechanical testing than hemp, and henequen and flax were ruled
out prior to mechanical testing (see Section 3.9 for the discussion).
Kenaf and glass composites will be further compared in this chapter.

There are many steps involved in making kenaf fibers
available for use in natural fiber composites including growing,

harvesting, drying, retting, bailing, and processing (see Figure 43).

Raw Materials

Kenaf Wast
Energy —> Cultivation —> Waste

Energy -—)[ Harvesting ] —>» Waste

|

Processing — s Waste
Energy —> and bailing

|

Kenaf Fibers

Figure 43: Process flowchart for kenaf fiber production.
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Kenaf plants are grown annually from seeds. Plants can be
harvested by hand using a sickle or mechanically with special
harvesters that utilize high-tensile steel [2, 92]. The plants can then
.take up to 14 days to dry [92]. The retting process removes pectin
and lignin from the stalk to separate the bark from the core and the
fibers are separated from the bark fabric [2, 92]. Retting can be
performed by immersing the fibers in water, using dew or rain,
mechanically, and chemically using sodium hydroxide [2, 92]. The
fibers are then dried again and formed into round or rectangular
bales [92]. Processing consists of several steps: opening the bales,
elimination of impurities, metering the stalks, decortication of the
fibers, and cleaning and separation [92]. The bales can be opened
with three types of machines: guillotine, hopper feeder, and bale
cutter. These machines not only open the bales but they also cut the
fibers into sections. The hopper feeder can only handle rectangular
bales while the other two can handle both types [92]. Pieces of
metal and stones are detected and removed in the next step. The
metering processing step transforms the stalk bunches from the bale
into a continuous stream of stalks. Decortication separates the
fibers from the wood using one of three methods: breaking rollers
and swing-hammer mills with and without cleaning [92]. The cleaning
step removes small pieces of wood (shives) and dust from the fibers.
This cleaning process is done mechanically [92]. The short fibers

are then separated from the long fibers. The production of 1 kg of
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kenaf fibers requires 0.089 MJ of electricity [112]. Worldwide kenaf
production is 9.7x10° tonnes per year [110] at a cost of $60.5 per
tonne [113].

Glass manufacturing requires four steps: batch preparation,
melting and refining, forming, and post-forming (see Figure 44)

[114].

Raw materials

|

Batch preparation ) Waste
Energy —> and charging -

y
Melti fini —» Waste
Energy —> elting/refining

Energy —>( Forming —> Waste

|

Glass fibers

Figure 44: Process flowchart for glass fiber production.

During the batch preparation step, materials such as formers,
fluxes, stabilizers, and colorants are mixed to prepare them for the

melting process. Proper mixing is required to avoid a mixture that is
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not homogeneous. This can result in a melting time increase,
viscosity differences, and inferior product quality. This mixture is
then moved to a furnace. In the furnace, the batch experiences
melting, refining, homogenizing, and heat conditioning [114].
Refining removes gas bubbles from the glass. Mixing, time, and
temperature are some of the factors that can affect the homogeneity
of the molten glass. Thermal conditioning brings all the glass
material to the same temperature. Glass fibers can be made after
the molten glass cools to a suitable temperature or the glass can be
formed into marbles for melting again later [114]. E-glass fibers are
formed by pushing the melt through small holes. The resulting fibers
are coated with coupling agents or sizings and wound onto a
spindle. These fibers are finished in an oven to dry the coupling
agents or sizings. Then the sizings or coupling agents are cured,
also in an oven. Fibers may then be chopped, twisted, woven, and
finally packaged [114]. The total (electricity and fuel) energy
required to produce 1 kg of glass fibers is 9.71 MJ [112]. Over one
million tons of glass fibers are produced in the US per year [114].

Glass fibers cost $3.25 per kilogram [1].
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Figure 45: Flexural modulus comparison for kenaf.

Oven cured and microwave cured kenaf composites have
similar flexural modulus, showing both cure methods are equally
viable curing methods (Figure 46). However microwave processing
is superior due to the energy savings compared to conventional
ovens. Composites require 60 - 65 W to cure in the microwave where
oven cured composites require 1600 W. However, up to 12 sets of
samples can potentially be cured simultaneously in the oven so the
more conservative estimate is 432 KJ for microwave cure vs. 936
kW-h for oven curing (for one set of composites). This is still a

considerable energy savings. With microwave processing, the
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composites reach the cure temperature in approximately 20 minutes.
Oven processing required approximately 95 minutes.

Silane treated kenaf shows an improvement in modulus (27%).
This fundamental observation shows that the silane surface
treatment improves adhesion between the kenaf fibers and the
DGEBA/DDS matrix. This is also visible in the ESEM micrographs
(see Figure 21). Results for different fiber reinforced composites
examined in literature were dependant on the fiber and matrix
material used (see section 2.1). The fiber/matrix combination
researched in this work had not been previously studied.

Natural fibers have reduced production costs and greater

energy savings than glass.

Table 10: Energy and economics for kenaf and glass.*

Total Energy Total Cost Total Cost
Fuel (MJ/kg) Electricity Fuel ¢+ Total Cost of of Fuel +
(Mi/kg) Electricity Fuel ($/kg) Electricity Electricity
(M/kg) ($/%g) ($/%g)
Glass 48.13 9.7 57.84 1.63 0.201 183
Kenaf 0.96 0.089 1.049 0.03 0.002 0.03

* The fuel and electricity requirement were taken from a life

cycle analysis of kenaf and glass fibers [112].

The economics calculations assume a diesel cost of $4.35/gal
and an electricity cost of $0.0752/kW-h. There is a 98% saving in

energy and cost by producing kenaf fibers instead of glass fibers
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(see Table 10). There is a 95% savings in energy and energy cost by
switching from 30 vol% glass fibers to 30 vol% kenaf fibers in a

polypropylene composite (see Table 11).

Table 11: Economics for kenaf and glass composites.

30 vol % glass 30 vol % kenaf 45 vol % kenaf
volume of
volume of volume of PP volume of volume of kenaf volume of PP
gass(m’)  (m)  kenaf(m) PP(m) (m°)
0.3 0.7 0.3 0.7 0.45 0.55
Energy Cost
to Produce
($/m3) 4.644 0.254 0.013 0.254 0.019 0.200
Total Energy
Cost to
Produce
($/m3) $4.90 $0.27 $0.22

Energy can also be saved with natural fiber composites by
increasing the fiber content relative to glass fiber content. This
reduction in the volume of matrix (polypropylene) used reduces
energy consumption and energy costs for kenaf fiber reinforced
composites by 18%.

Natural fiber composites can also benefit society by reducing
pollution. For example, natural fiber composites are being
incorporated into cars which can reduce the vehicle’s weight,
increase its efficiency and reduce gas emissions [83]. Natural fiber
composites also cause less wear on process equipment which would

have to be disposed in landfills. If natural fibers are combined with a
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biopolymer matrix, the product can potentially be completely
recycled.

Natural fiber production can benefit farmers as a
complementary crop for cotton and soybeans (in the United States)
[113]. Using natural fibers for composite reinforcement can reduce
waste from fields if they are already being incorporated as
complementary crops [41]. Natural fiber production may also provide
employment and economic growth in rural areas [96]. Natural fibers
such as hemp and flax can clean metals from the soil [115]. Sisal
and henequen are drought resistant crops [115].

Using natural fiber composites may help meet government
legislation requirements. In the European Union, the End of Life
Vehicles Directive requires 85% of vehicles to be recycled by 2015.
The End-of-Life Vehicle Recycling law in Japan requires 95% to be
recycled by 2015. In the United States, the 2002 Farm Bill (Title IX)
supports increased use of biobased products with programs and
grants. It also requires federal agencies to purchase biobased
products in certain categories.

Switching to natural fibers from glass fibers for composite

reinforcement offers cost, time, and energy savings.
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CHAPTER 7: Conclusions

In this study, research on microwave processing of natural
fiber and glass fiber reinforced composites was conducted in two
phases. The first phase focused on untreated natural fibers and
glass fibers alone and on small composites with untreated natural
fibers or glass fibers. The second phase focused on untreated, alkali
treated, and silane treated natural fibers and on larger composites
with treated and untreated fibers.

In the first phase, differential scanning calorimetry, dielectric
testing, and thermogravimetric analysis were conducted on the
untreated fibers and composites. Small samples of kenaf, flax,
hemp, henequen, and glass composites were éured using microwave
and oven curing. The resin used was diglycidyl ether of bisphenol-A
with diaminodiphenyl sulfone used as a curing agent. Differential
scanning calorimetry was performed to determine the extent of cure
of the composites. Microwave cured composites faster than oven
cured composites. Microwaves increase the activity of epoxide and
amine groups which accelerates the non-catalytic reaction.
Dielectric tests were performed to determine the dielectric
properties of the fibers and the composites. Dielectric experiments
showed that the uncured epoxy is preferentially heated, relative to
the fibers, at the beginning of the curing cycle due to its relatively
large loss factor. However, the loss factor of the epoxy decreases

with cure, eventually dropping below the loss factor of the fibers. At
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this point the fibers will be preferentially heated. Dielectric
experiments also showed that the natural fibers all have the same
dielectric loss so they should cure at the same rate with
microwaves. Thermogravimetric analysis was conducted to
determine the degradation temperatures of the fibers and
composites. Natural fiber composites had Ilower degradation
temperatures than glass fiber composites. This was expected
because natural fibers have much lower degradation temperatures
than glass fibers (which did not degrade at the temperatures tested).
All composites had less than 5% weight loss at the curing
temperature.

In the second phase, alkali and silane treatments were applied
to kenaf and hemp fibers. Hemp was selected because it had a
higher degradation temperature than the other natural fibers.
Henequen was ruled out due to higher water absorption. Kenaf was
chosen over flax because it had better adhesion to the DGEBA/DDS
matrix (seen in ESEM images). The fibers and composites were
analyzed using Fourier transform infrared spectroscopy, X-Ray
photoelectron spectroscopy, water absorption testing, environmental
scanning electron microscopy, and flexural testing. The Fourier
transform infrared spectroscopy provides the spectra of the surfaces
of treated and untreated fibers. FTIR experiments show that the
alkali treatment removes hemicellulose and lignin from fiber

surfaces. X-ray photoelectron spectroscopy provides atomic
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concentrations on the surfaces of treated and untreated fibers. XPS
experiments show that fiber surfaces have greater proportions of
lignin and waxes than of cellulose, hemicellulose, and pectin. Water
absorption tests determine the mass of water absorbed into
composite samples over time. The untreated henequen composites
absorbed the most water while glass fiber composites absorbed the
least. Alkali treated hemp and kenaf composites absorb more water
than other treated fiber composites. Environmental scanning
electron microscopy was used to observe fiber surfaces and
composite fracture surfaces. ESEM experiments show that
interfibrillar material is removed by the alkali treatment. The
experiments also show that the silane treatment is effective in
increasing the adhesion between the fiber and matrix. Flexural
testing was performed to determine the flexural modulus of the
natural fiber and glass fiber composites. Glass fiber composites had
a greater flexural modulus than untreated and treated most natural
fiber composites with the exception of silane treated kenaf. The
silane treated kenaf showed an increase in flexural modulus of 27%.
Oven processing required approximately two times the energy to
cure one set of composites as microwave processing.

Microwave processing of natural fiber composites has not been
previously examined in literature. Epoxy composites reinforced with
chopped kenaf, hemp, flax, or henequen fibers can be cured 75

minutes faster in the microwave than in the oven. The dielectric
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properties of natural fibers were studied and compared to glass
fibers. It was found that the dielectric loss factor of all the fibers
were similar, so all the fiber composites examined should interact
with microwaves in a similar manner. This was confirmed with the
DSC experiments since all the DSC curves were similar.

Silane treated kenaf fiber reinforced DGEBA/DDS composites
can replace glass fiber reinforced composites provided that the
curing and use temperatures are kept relatively low (<145°C), that
the composite is used in a low moisture environment, and consistent

mechanical properties is not critical.
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CHAPTER 8: Future Work

This work focused on producing natural fiber composites
produced by microwave processing as a replacement for glass fiber
composites. Several problems arose during these experiments that
have not yet been resolved. Applying pressure to the composites
during the microwave curing process would improve the mechanical
properties considerably. Some researchers have used a vacuum bag
or autoclave system to apply pressure during curing [116-118].
Using a vacuum bag will reduce the void fraction and apply pressure
to the composite. The pressure used is limited by the partial
pressures of the components in the resin [117]. Resin will be
removed if the pressure is too low. The viscosity of the resin system
is also a limiting factor in the use of vacuum bagging. Resin will be
removed from the composite if the viscosity is too low and voids will
not be removed if the viscosity is too high [117]. Note that during the
cure, the viscosity of the resin system will change. During the
autoclave process, the applied pressure removes voids by dissolving
them in the resin material. The pressure required for this dissolution
to occur increases as the viscosity increases. The autoclave method
can be used in conjunction with vacuum bagging [117].

The variability in mechanical properties introduced by the
natural fibers should be also addressed. Chemical composition, fiber
surface properties, strength, crystallinity, and stiffness can vary

among fibers of the same type [119]. Some of the variability in fiber
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properties can be mitigated by choosing fibers from the same source
and of the same age. Dew retting is commonly used to extract
natural fibers from their plants and this method introduces
significant variation in fiber properties because it is dependent on
the weather. Using glycophosphate or enzyme treatments during the
retting process is being studied to make the fiber properties more
consistent from season to season. When glycophosphates are added
during dew retting the yield and quality were similar to water or dew
retting without glycophosphates [92]. However, the addition of
glycophosphates increases the time required for retting which would
impact future crop cycles. The enzyme pectinase is necessary for
retting to take place. Adding additional pectinases to water or dew
retting processes increases the fiber yield and the fibers have
comparable qualities to the untreated fibers [92]. The fibers require
added processing to remove or denature the enzyme after retting is
complete [92]). The impurities, such as wood-like core material, left
over from the pre-processing to extract the fibers should be removed
before composites are produced. These impurities can initiate
cracks in the composites [120].

The effect of fiber inclusion fraction on composite curing and
mechanical properties should also be studied. Arib et a/. studied the
effect of increasing pineapple leaf fiber volume fraction on the
mechanical properties polypropylene composites [121]. Tensile

modulus and strength were found to increase with increasing fiber

110



fraction up to 16.7% where it decreases. They attribute this
decrease to higher void content, fibers acting like flaws instead of
reinforcement at high fiber volume fraction, poor fiber alignment,
and low interfacial shear strength. Luo et a/. examined varying the
fiber volume fraction of pineapple fiber reinforced PHBV composites
[122]. They determined that tensile strength and modulus decrease
in the transverse direction and increase in the longitudinal direction
as the fiber content increases. They observed that increasing fiber
volume fraction increases the void fraction. Increasing void content
leads to decreasing mechanical properties. Shaikh et a/. also found
that increasing natural fiber volume fraction increased the strength
of the composite [123].

Curing larger samples for testing with flexural testing revealed
another problem: uneven curing with microwave processing.
Developing a multiport microwave cavity, an alternative to variable
frequency processing, will enable curing of larger composites. A
multiport cavity utilizes mode switching, like the cavity used in this
work. However, in a multiport cavity the mode switching is done by
changing the power delivered to different ports as opposed to
changing the frequency in a single-port system. Previously, work has
been done on modeling a cylindrical multiport cavity [124]. The
cavity had two feed ports; one excited a TE mode and one a TM
mode. The ports were designed to minimize the power entering

through one port and exiting through the other and maximize the

111



power entering the desired sample. Modeling the multiport cavity
system requires a coupled electro-, thermo-, and kinetic model. This
model would be used for improving process control and selecting
matrix or reinforcing materials.

These future experiments will improve composite properties of
microwave cured samples by increasing the pressure during cure,
curing larger sample evenly, and by reducing the variability of

natural fiber properties.
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Appendix A: Material Characterization Methods
A.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry is used to study thermal
transitions in polymers such as glass transition, crystallization and
melting [125]. This method uses a sample pan and a reference pan
heated at the same rate and records the difference in heat flow
between the two pans. This is plotted against temperature to

determine the thermal transitions (Figure A1).

Exo
T,
heat N €
flow :
Endo

temperature ——»

Figure A1: A sample DSC plot of thermal transitions.

The glass transition temperature is the first temperature shown in
the above figure. This indicates a change in the polymers heat
capacity and properties. Polymers are more brittle below their Tg.
The crystallization (T.) and melting temperatures (Tn) are shown

next on the figure. These peaks appear for polymers with crystalline
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regions. The heat of reaction, Q, is the area under the crystallization
curve. The extent of reaction calculation, a, for a sample cured 20

minutes is shown below.

'_—on A.1
Q (A.1)

uncured

a=1-

Procedure

e Place 5 - 10 mg of the composite in a solid sample pan

e Crimp the pan closed

e Place the sample pan and the reference pan in the DSC
sample chamber

e Ramp the temperature from room temperature to 180 °C at 5
°C/min

e Cool the sample chamber back to room temperature and
remove the samples

e Plot temperature vs. time

o Calculate a

e Plot a vs. time

A.2 Dielectric Tests
The perturbation method will be used to determine the

dielectric properties of the natural fibers and composites [80].
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Procedure

Set Start on the oscillator to 2.44 GHz and Stop to 2.46 GHz.
Set the sweep time to 0.01.

Turn the RF output on.

Turn the Microwave switch to Auto (bottom position).

Load the program in Labview (automated_test5.vi)

Follow the instructions in the program with regards to
disconnecting the switch from the cavity.

Lower the empty sample holder to the bottom of the cavity.
Move the sample holder up until the oscilloscope shows the
largest frequency shift (to the left). The sample will be
centered.

Center the null at 2.45 GHz by changing the cavity length.
Record this cavity length.

Adjust the probe depth to get the lowest SWR possible. Cavity
length may need to be readjusted.

Click Save Data to get the frequencies that cross SWR = 2
(DFc). Enter the filename.

Remove the sample holder form the cavity, prepare the
sample.

Load the sample into the holder, and lower the sample holder

to the bottom of the cavity.
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Re-center (use CF) the sample and adjust the probe depth if
necessary. Do not adjust the cavity length.

Push Save Data to record the new null frequency (Fs) and the
frequencies that cross SWR = 2 (DFs).

Turn the RF power output off.

The resonant frequency shift (SFs) is (Fc - Fs) x 1000.
Remove the sample from the cavity.

Use the program Microwave Processing and Dielectric
Diagnostic System (Windows Explorer/diane) to calculate the
dielectric properties.

Press spacebar then 3 for “Swept Frequency Dielectric
Measurement Program”. Press 2 for “Absolute dielectric
measurement for liquid/powder materials.”

Input the radius of the cavity (Rc), the radius of the sample
holder (Rs), the sample weight, and the sample density. Press
Enter several times to move the cursor to the next row.

Input the cavity length, the initial frequency (Fc) and the initial
half-power bandwidth (DFc). Press Enter several times to
move the cursor to the next row.

Input the new resonant frequency (Fs), the new half-power
bandwidth (DFs) and the resonant frequency shift (SFs). Press
enter several times until the dielectric constant and loss factor

appear.
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e Press Enter a few more times to save the results. Enter a file

name and press Enter again.

e Press ESC to return to the previous menu.

A.3 Thermogravimetric Analysis (TGA)

In thermogravimetric analysis, a sample is placed in an inert-
gas temperature controlled environment [125]. The weight loss or
gain is recorded as a function of time and temperature. The
temperature can be increased linearly or held isothermal in the
furnace. This method can determine the decomposition temperatures
of the fiber reinforcement materials and matrix of the composites. A

TA Instruments Hi-Res TGA 2950 was used.

Procedure
e Check the gas levels.
o Fill out the sample information in the program.
e Put an empty DSC pan (bottom) into the basket.
e Push TARE on the machine.
e Put the sample in the pan (10 - 30 mg).
e Push LOAD on the machine.

e Wait for the sample weight to read a steady value (# means

unstable).

¢ Push FURNACE on the machine
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e Push START in the program or on the machine to run the
program (when it says complete)
e Wait until the temperature is below 30 degrees before pushing

TARE for the next sample.

A.4 Surface Treatments
Surface treatments are used to increase the adhesion between

the natural fibers and the epoxy.

Silane Procedure [36]
e Make 1% solution of silane Z2-6040 with DI water & ethanol
(1:1). Keep pH=4 with glacial acetic acid. Mix solution in

plastic container.
e Close lid and use magnetic stirrer under hood for 2 hours.
e Soak fibers in solution for 1 hour.
e Dry fibers in hood for 12 hours.

e Dry fibers in oven at 100 °C for 5 hours.

Alkali Procedure [33]

e Make solution of 5% NaOH in DI water using magnetic

stirrer.

e Immerse fibers in NaOH solution for 1 hour.
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o Make solution of tap water and glacial acetic acid (2%) (pH
= 6).

e Wash fibers with tap water until all foam and alkali is gone.

e Neutralize fibers in acid solution for about 20 minutes.

e Wash fibers with DI water.

e Dry fibers for 24 hours in the hood.

A.5 Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated total reflectance FTIR was used to obtain the
spectra of the treated and untreated natural fibers. These spectra
can be used to identify functional groups on the fiber surface. A
Perkin Elmer Instruments Spectrum One with the Attenuated Total

Reflectance (ATR) technique was used [126].

Procedure
o Select ‘Background’ (only done for the first sample)
e Check the top plate, click ‘OK’
e Change the directory to your own
o Select ‘Setup’, ‘Options’, and the ‘File’ tab
e Select ‘Monitor’ from the toolbar at the top
e Select ‘Monitor Sample’
e Select ‘Absorbance’

e Select ‘Toolbox’ from the toolbar in the menu box
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Load the sample over the diamond and clamp it down. The arm
should be as far to the left as it can go. Force should be
around 40 (the maximum force you can use is 100). You may
need to press ‘Auto Y’ at the side of the menu box to keep the
entire spectrum on the display.

Select ‘Stop’

Name the sample and click ‘apply’

Select the ‘Scan’ tab

Change ‘Units’ to ‘A’ and select ‘Apply’ (Range - Start: 4000,
End: 650, Scan Type: Sample, Scan #: 4)

Scan the sample again

To adjust for penetration depth, select ‘Process’, ‘ATR
Correction’ and set ‘Contact’ = 0. The new curve is the
corrected data. Delete the old curve.

Click ‘Peaks’ or ‘Setup’, ‘Options’, ‘Peak’, and set ‘ABS’ =
0.001 to label the peaks. The peaks can also be labeled
manually by selecting ‘Cursor’ and dragging the line to the
desired peak then selecting ‘Label’

To change the samples, select ‘Monitor’ and take the sample
off

Clean the top plate with acetone well. Only rub the surface in

one direction or you will reapply the contaminants
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A.6 X-ray Photoelectron Spectroscopy (XPS)

XPS will be used to investigate the elemental composition of
the treated and untreated fiber surfaces [127]. The characteristic
energies of secondary electrons released from the surface of the
samples, bombarded with x-rays, are recorded and analyzed. XPS
was performed by Per Askeland. An Electronics PHI 5400 ESCA

system was used.

A.7 Water Absorption

Water absorption tests are conducted due to the affects this
absorption has on composite properties such as stiffness and
strength. There are two types of absorption tests. Tests conducted
for a set amount of time are called fixed conditioning. Those
conducted until the sample reaches equilibrium with its environment
are equilibrium conditioning. Surface area, temperature, fiber
content, thickness, and relative humidity are all factors in the rate of
moisture absorption into a composite. The absorption tests were
conducted according to the guidelines in ASTM D5229 (for

equilibrium conditioning).

Procedure

e The natural fibers flax, kenaf, hemp, and henequen were

soaked for 1 hour in hot RO water around 80°C.
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The fibers were then allowed to dry on metal foil at room
temperature for 48 hours.

The fibers were further dried in an oven at 100°C for 4 hours
and then placed in airtight plastic bags to keep out moisture.
A stoichiometric amount of diglycidyl-ether-of-bisphenol-
A(DER) epoxy resin and 3,3-diamino-diphenyl-Sulfone(DDS)
curing agent were pre-weighted along with the amount fiber cut
to % inch lengths that would produce samples with 15wt% fiber
content.

In addition to the four natural fibers mentioned previously,
glass fibers cut to % inch strands were also used.

After heating the DER to ease mixing, the DDS was added to
the DER and mixed with a magnetic stirring bar until the
solution became transparent with a yellow tint.

The appropriate fibers were then added to the solution and
mixed with a spatula until the fibers were uniformly wetted and
coated with the epoxy resin solution.

The mixture was then pressed by a spatula into a 4.0cm by
2.7cm by 3.0mm mold coated with a mold release agent.

The mold was then placed in an oven with metal blocks placed
on top of the mold to provide compression.

The samples were cured in the oven for 2 hours at 145°C.
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After curing, the samples were removed from the mold, and
fine sandpaper was used to file away any rough faces of the
samples.

Altogether, 10 samples of each fiber composite were made.
Preceding the water absorption test, all the samples were
dried in an oven for 1 hour at 50°C to remove any excess
moisture.

The samples were then cooled to room temperature in a
desiccator.

After their dry masses were recorded, they were immersed in
distilled water at room temperature.

At appointed time intervals each sample was removed from the
water and dried by paper towel until no more water readily left
the sample.

This was done to remove any water on the surface or pooled in
voids, air pockets, or uncoated sections of fiber.

The mass of the sample was recorded and then re-immersed in
distilled water.

The wet mass of the samples was recorded at 6, 24, 48, and
72 hours and then once a week until a maximum mass was
achieved.

The recorded masses were then used to calculate the percent

mass gained
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A.8 Environmental Scanning Electron Microscopy (ESEM)

ESEM will be used to observe the microstructure of the
samples. Unlike conventional SEM, ESEM can be operated with
relatively high pressures (up to 10 torr) in the sample chamber.
Water is used as the imaging gas and its vapor pressure can be
controlled with a vacuum pump. Electrons ejected from the sample,
secondary electrons, collide with the water molecules and are
detected by a gaseous secondary electron detector [128]. It is
sometimes necessary to gold coat the samples to avoid charging. A

Philips ElectroScan 2020 ESEM was used.

Procedure

Startup.

e Check to make sure the pressure in the gun is less than 10
torr (in the cabinet below the computers, on the right).

e Push the green button, Console On

o Hit ‘Return’ on the left keyboard when the computer asks for a
password

e Set ‘Beam kV’' to 15 kV (right mouse button makes it go faster)

e Go to ‘Gun’ then make sure the ‘setpoint’ is at 1.83 A and the
‘ramp time’ is 1200 sec

e Click ‘Heat Filament’ in the ‘Gun’ menu

e |n ‘Vacuum Control’ click ‘vent’
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e Load the sample and click ‘wet’ after you shut the door

Alignment:

e Click ‘Ghost’ then ‘Gun’.

e Click ‘Source’, drop magnification down to 40X

e Turn the brightness down and the contrast up to see the beam

e Turn the condenser down to 40% (if there is streaking, turn
down the contrast)

e Adjust the column (2 knobs) to the center of the scan mode
box.

e Adjust the gun (3 knobs on the top of that apparatus) to get the
beam in the center of the circle.

e Turn the condenser up to 43, 46, 50 and 53% repeating the
adjustments each time.

e Reduce the condense down to 50%

e Turn ‘Source’ off.

e Adjust to at least 7000x and focus.

e Click ‘Column’

e The x and y stigmation should be zero

e Click Wobble and adjust the column knobs until the movement

is reduced

e Click Wobble and return
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e Under ‘Image Disk’, select ‘1K’, and then click ‘burn’. This puts
the info at the bottom of the picture. From left to right: voltage,
maghnification, focal length, pressure.

e Vacuum Control should be between 2.5 and 4.5 torr

e Scan time should be around 0.48 sec

o |If there's sparking, turn down the contrast. If that doesn’t work,
surround the sample with aluminum foil.

e Click ‘Scan mode’ on the console to adjust the focus,
brightness, contrast and magnification in a smaller portion of
the picture. Click it again to return to the picture. The focal
length should be between 6 and 9 mm. Adjust the height (z) to
achieve this.

o Click ‘Acquire’ to take the picture (only once or the computer
will lock up).

e In the ‘Disk’ menu, type in the directory, file name (8
characters max, numbers should be at the end). Then click
Save and Return in the box. Click ‘Save’ under ‘Image Disk’ to
save the image. The following pictures will be numbered
consecutively.

e Click ‘Live’ to take more pictures.

Change samples:
e Under ‘Vacuum Control’ click ‘Stby’ and then ‘Vent’

e Insert new sample, shut the door and click ‘wet’
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e Adjust the height with the z switch until the sample appears to

be 0.5 cm from the top
Shutdown:

e Lower the stage as far as it will go

e Click '‘Stby’ then ‘Vent’

e Under ‘Gun’ click ‘Cool Filament’

e Remove the sample

e Shut the door, wait for the vacuum and then click ‘Stby’

e Wait for the filament to reach 0.0A (bottom left corner of the
screen)

e Reduce the voltage to zero

e Hit the red button on the console.

A.9 Flexural Tests
A three-point loading system will be used to determine the
fliexural modulus of the composite samples. This test can be used to
compare the effectiveness of the fiber treatments. An /nstron 8501-
C1002 was used.
e Measure length, width, and thickness of the composite
e Place sample into the testing apparatus
e A support span to depth ratio of 16:1 was used in accordance
with the ASTM D 790-03 standard

e The composite is bent until it breaks or 5% strain is reached.
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e The crosshead speed used was 0.5 in/min, the span was 2.1 in

and the loadcell used was 1000 |b
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Appendix B: Electromagnetic Theory

Microwaves range in frequency from 30 MHz to 30 GHz and in
wavelength from 1 m to 1 cm. The theory behind microwave
interactions with materials is explained in the following sections.

Note that vector quantities are shown in bold face type.

B.1 Continuity Equation

The continuity equation is an expression for conservation of

charge; charge is constant with time in a closed system.

<§J(r,t)-dS+ jépét—r’t)=0 (B.1)
s{t) v

J is the electric current density (A/m?) and p is the electric charge
density (C/m3). The above equation indicates that the current
leaving the bounding surface is balanced by the time rate of change
of charge density in a volume [129]. This equation can also be

written in point (derivative) form.

V-J(r,t)+apg’t) =0 (B.2)
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B.2 Maxwell’'s Equations
Maxwell’s equations are fundamental equations governing the
behavior of magnetic and electric fields. These equations, in

Minkowski form are [129].

_0B(r,?)

o
VxH(r,1)=J(r, z)+51)(r ) (8.3)

V-D(r,t)=p(r,1)
V-B(r,t)=0

VxE(r,t)=

where E is the electric field (V/m), B is the magnetic flux density
(Wb/m?), H is the magnetic field (A/m), D is the electric
displacement (C/m?). The above equations are also called Faraday’s
law, Ampere’s law, Gauss’s law and the magnetic Gauss’'s law
respectively. These equations apply at well-behaved or ordinary
points where the fields are continuously differentiable. The integral
or large-scale forms of Maxwell’'s equations do not have this

restriction [95].

B.3 Constitutive Relations
Maxwell’'s equations form an underdetermined system. The
additional required equations are called constitutive relations. These

equations relate the electromagnetic field quantities and depend on
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the properties of the material in which the fields exist. In free space,

the constitutive relations are [129]

D=¢E
gl (B.4)
Hy

where g( is the permittivity of free-space and po is the permeability
of free space. The form of these constitutive relations changes with

the type of material (isotropic, anisotropic, biisotropic, etc.).

B.4 Boundary Conditions
Boundary conditions are applied where the fields are not

continuously differentiable. For a thin, stationary source layer, the

boundary conditions are [129]

n2x(H,-H,)=J,
m2x(E,—E,)=-J,,
m2-(D,-D,)=p;

m2-(B,—B,) = Py (B.5)
-3, -4,)=-V,-J, _6§s
;;12 (Jml _sz) = _Vs 'Jms - ag;ns
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where Js and Jns are the electric and magnetic currents on the
surface. The numbers 1 and 2 represent the two sides of the
surface. The boundary conditions on a perfect electric conductor are

as follows.

nxH=J,
nxE=0

n°D=ps

- G
n.J=—Vs-JS—_é"tz
n-J,=0

For a perfect magnetic conductor, they are

nxH=0

;EXE=_Jms

n-D=0

S B (B.7)
;; Jm =_Vs 'Jms Q%t'ls—

n-J=0

B.5 TE and TM Modes in a Cylindrical Cavity

The fields in a cylindrical, homogeneous, source free cavity

are [95]
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E=0 H.=YZ .|,
Z Z z azz
k = w,\[eu (B.8)

where p, ¢, and z are the cylindrical coordinates, and k is the
wavenumber. These equations are an expansion of the following

equations.
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™
E=-zu,y +-1};V(V ‘uLy)

H=Vxu,y (B.9)
TE
E=-Vxu,y

H=—yuy +1V(V up)

For the derivation, see Harrington [95]. The modes, satisfying PEC

boundary conditions are determined by the following equations [95].

™ _ 1 | XnpP | qr
i =J [ ? J51n(n¢)cos(7zJ
n,q=0,12...

p=123...
(B.10)

wik =J, XopP ]ﬁn(ngé)sin(%z]

n=0,1,2,...
p,q=123...

Where a is the radius and d is the height of the cavity, xnp and Xnp’
are the zeros of the Bessel function, J,, and its derivative, J,’. n
indicates the radial periodicity, p is the number of half-wavelengths
in the circumferential direction and q is the number of circular
wavelengths along the longitudinal axis [78]. These are solutions to

the Helmholtz equation.
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lﬁ_[ 5'/’} Lza +‘ZZ—‘/’ Ky =0 (B.11)

pop\Pop

Y is a wave function that represents a component of the field.
Figures B1 and B2 show the relationship between the resonant
frequency and cavity length of TE and TM modes in an empty cavity

with a diameter of 17.78 cm.

a xR
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Figure B1: TE modes in an empty cavity with a diameter of 17.78 cm
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Figure B2: TM modes in an empty cavity with a diameter of 17.78 cm

B.6 Material Response to EM Fields

Materials react differently to electromagnetic fields. For highly
conductive materials, most waves will reflect off the surface. The
penetration depth of the waves into the material can be described by
[78] where w is the frequency, Ho is the permeability of free space, u
is the relative permeability and o is the conductivity.

There are four mechanisms for dielectric polarization: electron
(optical), atomic, orientational (dipolar), and interfacial (Figure B1)

[78].
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Figure B3: Polarization mechanisms for water. The solid line represents
the dielectric constant and the dashed line represents the dielectric loss

factor.

Polarization is the distortion of an atom’s electron cloud. The
time required for polarization to occur is the relaxation time.
Electron polarization occurs when the electron cloud of an atom

moves in response to an applied electric field. The relaxation time

for this mechanism is approximately 10°'° s [78]. When atoms within

a molecule move relative to each other in response to an electric

field it is called atomic polarization. This has a relaxation time of 10°

13

s [78]. In inhomogeneous materials, charges may accumulate at

phase boundaries. These charges can be polarized by an electric
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field leading to interfacial polarization. The relaxation time
associated with interfacial polarization is on the order of 102 s for a
lignocellulosic fiber reinforced epoxy composite [130]. In dipolar
polarization, permanent dipoles rotate to align themselves with the
electric field. The relaxation time for dipolar polarization is 10 s
[78]. This mechanism generates heat as friction losses. Since the
relaxation time is in the microwave frequency range, and the
relaxation time for the other types of polarization are not, dipolar
polarization is the mechanism most responsible for microwave

heating.

B.7 Complex Permittivity
The complex permittivity describes a material’s ability to

absorb and store energy.

e=¢g'-je" (B.12)

The dielectric constant, €', is a measure of energy storage. The

dielectric loss factor, €'', is a measure of a material’s ability to
convert stored energy into heat. Generally a high dielectric loss

factor, €'" is needed to heat materials efficiently with microwaves.
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B.8 Perturbation Method

The perturbation method uses changes in the cavity Q factor
and resonant frequency to calculate the dielectric constant and loss
factor of a material. The Q factor is the ratio of frequency multiplied
by stored energy to average dissipated power. For a cylindrical
cavity and a small cylindrical material the relevant equations are as

follows.

Aw . s
——w——(f; I)ABGI_/C_
1 1 y (B.13)
— = =2¢"ABG s
o 0, V.
2.405R. ,(2.405R Y
A=Jo[———Rc ]”'(—Rc ]
_ L. . (2%L
B—1+[2”Ls]sm[ I J (B.14)
2
_ )
G—O.2718[w0Rc]
Aw =, - o

Where € is the permittivity, € " is the loss factor, wo, Qo, Re, Le, Ve
are the unloaded cavity resonant frequency, quality factor, radius,
length and volume. The loaded cavity resonant frequency and

quality factors are ws and Qs [131]. Q is equal to the resonant
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frequency divided by the change in frequency at the half-power point

(Figure B2).

D

Figure B4: Absorbed power vs. frequency plot.

The swept-frequency method is used to determine the cavity length,
empty and loaded cavity resonant frequencies, and half-power
bandwidth necessary to calculate the dielectric properties. For these
equations to apply, the resonant frequency change must be small

Ao/ w, <1%) [131].
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