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Preface

Microwave science and technologies is one of the most important subjects of science. It has its roots in the extensively
used technique of telecommunications. Microwaves, as the name clearly reveals is a wave with frequencies between
300 MHz and 300 GHz, including both UHF and EHF. The prefix of ‘micro’ essentially means that these waves are
smaller, as compared to the waves which are used in typical radio broadcasting.

Microwave is considered important because of its narrower bandwidth of beams than radio waves. Microwaves
are used frequently and effectively in spacecraft communication, TV among others. Even tele-communications are
transmitted to longer distances using microwave between distant ground stations and satellites. Microwaves are
also used in microwave ovens for heating purposes and in radar technologies by military operations and flight
control. The term microwave has a technical definition when the term is used with respect to electromagnetism
and circuit theories. Microwave science has grown into a vast area of scientific research due to its various uses in
areas such as communication radar, radio astronomy navigation, heating and power application, spectroscopy etc.
The current emphasis of engineers and scientists working in this field is on developing tools, which can further
create effective applications using microwave science.

However, one must also keep in mind that microwaves can have a detrimental impact too, if excessive exposure
happens. Unnatural microwave radiation interferes with all the bodily processes, which can prove to be hazardous
for health. Thus, research is being conducted in this area as well.

This book is a combined effort of authors from all over the world, who're experts in this field. Without their hard
work, support and timely submissions, this book would not have been possible. I also wish to extend my gratefulness
to the team at the publishing house, for their constant support at each and every step. Lastly, I'd like to my family
for their constant important support all through my life.

Editor
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Fracture Toughness of Vinyl Ester Composites Reinforced with
Sawdust and Postcured in Microwaves
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A commercial vinyl ester resin supplied by Hetron Chemical Pty. was reinforced with varying percentages by weight of sawdust.
The sawdust particles were sieved into 3 different sizes, which were <300 ym, 300-425 ym, and 425-1180 um, respectively, with a
view to increase its fracture toughness for civil and structural applications. The sawdust used varied from 0% w/t to 15% w/t in
step of 5% w/t. For higher w/t% of sawdust, the mixture would be too sticky to be mixed and cast, The cast composites were cured
in ambient conditions and then postcured in microwave irradiation. They were then tested for fracture toughness using short
bar tests. The values of fracture toughness of the composites increased with increasing particulate size, and this is due to the size
distribution of the filler. It was found that the optimum amount of sawdust (425-1180 ym) was 15% w/t, with which the increase
in fracture toughness was 126% as compared to neat resin and the reduction in cost was 15%. Furthermore, the optimum amount
of sawdust (300-425 ym) was also 15% w/t, with which the increase in fracture toughness was 28.3% as compared to neat resin

and the reduction in cost was again 15%.

1. Introduction

The most commonly used thermosets as composite matrices
are unsaturated polyesters, epoxies, and vinyl esters. Unsat-
urated polyesters dominate the market, whereas epoxies
are preferred in high-performance applications. Unsaturated
polyesters offer an attractive combination of low price,
reasonably good properties, and simple processing. However,
basic unsaturated polyester formulations have drawbacks
in terms of poor temperature and ultraviolet tolerance.
Additives may significantly reduce these disadvantages to
suit most applications. Where mechanical properties and
temperature tolerance of unsaturated polyesters no longer
suffice, the epoxy is often used due to their significant
superiority in these respects. These improved properties
come at a higher price, and epoxies are most commonly used
in areas where cost tolerance is the highest [1]. Epoxy vinyl
ester range of resins (vinyl ester resins) was developed in
the 1960s [2]. Vinyl esters (VE), as they are usually called,
are closely chemically related to both unsaturated polyesters

and epoxies and in most respects represent a compromise
between the two. They were developed in an attempt to
combine the fast and simple crosslinking of unsaturated
polyesters with the mechanical and thermal properties of
epoxies [1]. The pure vinyl ester resin is brittle and one
approach to increase the performance and minimize the cost
of the resin is to reinforce it with fillers. As the structural
products are cast to shape, the best option to reinforce the
vinyl ester resin is to mix it with particulate fillers.

A research centre in the University of Southern Queens-
land (USQ) manufactures a lot of composite structures for
civil engineering applications for local governments and
industries at a very competitive cost. A lot of researches
have been done in the centre in finding out the most
suitable combination of resin and reinforcer; up to date,
the reinforcers used include cenospheres (ceramic hollow
spheres or SLG), glass powder, calcium carbonate powder,
and aluminium powder. This research project is aimed at,
investigating the fracture toughness of a commercial resole
vinyl ester resin reinforced with sawdust with a view to its



applications in civil and structural engineering. The sample
is simply made by casting the mixture of the resin, initiator,
and the sawdust into the moulds.

2. Materials

The vinyl ester resin used is Hetron 922 PAS in summer and
Hetron 922 PAW in winter. The vinyl ester is dissolved in 50%
by weight of styrene. In this study, Hetron 922 PAW was used.
The resin hardener (methyl ethyl ketone peroxide, MEKP)
ratio used in this study was 98% resin by volume and 2%
hardener by volume [3].

The sawdust used was pine waste from sawmills. It has
a variety of practical uses, including fuel and manufacturing
of the particle board. Until the advent of refrigeration, it was
often used in icehouses to keep ice frozen during summer. In
terms of hazards, it is flammable when in contact with fire
[4]. It was sieved with three different sizes: <300 ym, 300-
425 ym, and 425-1180 ym. The sawdust particles reduce the
weight of the composites, lowering its cost and improving its
performance.

The sawdust content in the resin was varied from 5% w/t
to 15% w/t. Above this percentage, it became very difficult
to mix. The sawdust was mixed with the resin without any
treatment. MEKP (methyl ethyl ketone peroxide) was the
hardener used for curing. Before subjecting the samples for
short bar tests, they were cured under ambient conditions for
24 hours and then postcured in microwaves. The MTS 810
universal tensile testing machine was used for the testing.

3. Fracture Toughness

Fracture toughness is the maximum stress that a material
can withstand if it contains flaws of a certain size and
geometry; in other words, it measures the ability of a material
containing a flaw to withstand an applied load. A typical
fracture toughness test may be performed by applying a
tensile stress to a specimen prepared with a flaw of known
geometry and size as depicted in Figure 1. The stress applied
to the material is intensified at the flaw [5]. The stress
intensity factor is

K = fo+/ma, (1)

where f is a geometry factor for the specimen and flaw o is
the applied stress, and a is the flaw size.

If the specimen is assumed to have an “infinite” width
then f = 1.0; for “semi-infinite” width, f = 1.1 [6, 7].

The critical stress intensity factor is defined as fracture
toughness, K, which is the K required for a crack to
propagate and

K. = focy/ma. (2)

K, is a property that measures a material’s resistance to brittle
fracture when a crack is present and its unit is MPa./m. The
value K, for this thick-specimen situation is known as the
plane strain fracture toughness Kjc; furthermore, it is also
defined by Munz [8]:

ch = ,/-0'\/H (3)
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FiGuRE 1: Schematic drawing of fracture toughness specimens with
edge and internal flaws.

4. Short Bar Test and the Samples

Baker described the background, selection criteria, and spec-
imen geometry options for short rod and short bar meth-
ods [9]. The background, selection criteria, and specimen
geometry options for the samples were clearly explained,
which made the manufacture of the samples easier. Figure 2
shows the short rod and short bar specimens with straight
chevron slots. The load line is the line along which the
opening load is applied in the mouth of the specimen. The
specimen parameter, B, is the specimen diameter (for short
rod) or breath (for short bar). The other parameter, W, is the
length of the specimen. The relationship between the peak
load (to fracture the sample), the breath, and the length of
the specimen was given in (4). The equation for fracture
toughness in a short bar test can be derived from basic
fracture mechanics using the assumptions of linear elastic
fracture mechanics (LEFM). The requirements for LEFM
were used in this study [9]. The equation for the material
plane strain critical stress intensity factor, Kicsr [8] is

(FmaxY )

Ko = L8 B 4
ICSR B\/W ()

where Fmax = Peak load; B is the breath of the sample; W,
is the length of the sample; Y;* is the compliance calibration
according to ASMT E-399-78 and Y,,, = 15.7025, w = W/H =
1.90, Xy = (Xo/W = 031, o = (Xl/W =0.97.

All parameters like ag a;, W, and H are shown in
Figures 2 and 3, respectively. Also, B = 50 (by design) and
Fmax = 903N (average peak load of six samples of 10% w/t of
sawdust (300-425 ym) reinforced vinyl ester composites).
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Load Section A-A

line
Symbol Definition Value Tolerance
B Breadth B
w Length 1.5B +.010B
H Height .870B +.005B
ap Initial crack length .513B +.005B
6 Slot angle 55.2 +1/2

. See Table 3

t Slot thickness (of Barker, 1981)
S Grip groove depth .130B +.010B
T Grip groove width 313B +.005B
R Radius of slot cut See Figure 4 (of +2.5B

Barker, 1981)

F1GURE 2: Short bar specimen with Straight chevron slots. The load line is the line along which the opening load is applied in the mouth of

the specimen.

The fracture toughness for 10% w/t of sawdust (300—
425 um) was calculated as

ICSR B\/W

_ (903x15.7025)
a 50./75

Vinyl ester resin was reinforced with sawdust, and the
percentages by weight of sawdust, were varied from 0 wt% to
15wt% in step of 5wt% in the cured vinyl ester composite,
that is, VE/Sawdust (X%), where X is %w/t of the filler;
the 20 wt% of sawdust was tried but it was too viscous for
mixing, The resin was first mixed with the catalyst, after this,
the sawdust was added to the mixture, and they were then
mixed to give the uncured composite. As the raw materials
of the composites were liquid and sawdust particles, the
short bar specimens were cast to shape. Table 1 shows the
mass in grams of resin, catalyst, and sawdust required,
respectively, to make 1000 grams of uncured composite with
15wt% of sawdust (<300 ym). The mould was made from
PVC (polyvinyl chloride) sheets with six pieces of short bar

(5)
= 32.75 MPaym.

specimens each mould. This is depicted in Figure 4. The slots
were made by inserting plastic sheets of suitable thickness.
After preliminary curing, the samples were taken out of
the mould and postcured in a modified Sanyo microwave
oven (Figure 5). The samples were cured at 480 W for 10
minutes to bring the temperature to 100°C and then cooled
in the cavity to room temperature. One hundred °C was
the highest temperature of heating when the samples were
cured conventionally in an electric oven in air [10]. The
temperature was measured using an infrared thermometer.
These specimens were then subjected to short bar tests.
Figure 6 shows one of the VE/Sawdust (X%) short bar
specimens after test.

The number of samples for each percentage by weight
of sawdust of particular size range is six. An MTS 810
Material Testing System was used for the test. The rate
of extension was 1 mm per minute. The short bar tests
involved an opening load being applied near the mouth of
the specimen, causing a crack to initiate at the point of the
chevron slot. Ideally, the opening load should be less than
the load required to further advance the crack. A continually
increasing load must be applied until the crack length reaches
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FiGUrEk 3: Cross-section dimensions of short bar specimen showing
a.

Chevron slots

Bottom plate

Figure 4: The PVC short bar test mould.

the critical crack length, a.. Beyond a., the load should
decrease, as shown in Figure 7.

5. Results and Discussion

Figure 8 shows the fracture toughness of the composite
specimens filled with varying percentages by weight of
sawdust with diameters of <300 ym. It was found that the
fracture toughness of neat resin was 27.15MPa./m; the
value of fracture toughness increased to 33.31 MPa./m when
the sawdust was 5% w/t, which was the highest fracture
toughness value. The value then decreased again with
higher particulate loading. The fracture toughness values
for 10% w/t (26.82 MPa,/m) and 15% w/t (27.32 MPa/m)
of sawdust were more or less the same as that of neat resin
(27.15 MPa./m). Table 2 depicts the fracture toughness of
VE/Sawdust (<300 ym) with varying percentage by weight of
filler with standard deviation in bracket. As the values of the
standard deviations were low, it can be argued that the values
of fracture toughness were reliable.

The value of fracture toughness of the same filler
reinforced phenolic resin (Hexion Cellobond ]J2027L) was
the lowest with the neat resin and was 8.43 MPa./m. Its value
then increased slowly from 11.39 MPa,/m to 11.50 MPa./m
as the percentage by weight of sawdust increased from 5% w/t
to 10% w/t. After this, it increased rapidly to 19.16 MPa./m as
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FiGURE 6: The short bar specimens after testing.

the sawdust increased from 10% w/t to 20% w/t, which was
127.3% higher than that of neat resin [4].

The fracture toughness of neat vinyl ester resin
(27.15MPa,/m) is expected to be much higher than its
counterpart (8.43 MPa./m) because the former is a higher
class resin with higher cost. However, the trends of the
curves were not the same; the fracture toughness values of
vinyl ester composites peaked at 5% w/t of sawdust and its
fracture toughness was 22.7% higher than that of neat resin
(Figure 8). For other percentages by weight of sawdust, the
fracture toughness values were within 5 percent markers of
that of the neat resin as depicted in Figure 8. On the other
hand, the fracture toughness values of sawdust reinforced
phenolic composites increased with increasing particulate
loading. The fracture toughness of composite with 15% w/t
of sawdust (<300 um) was 127% higher than that of neat
(phenolic) resin [4].

Figure 9 illustrates the fracture toughness of the spec-
imens filled with varying percentage by weight of saw-
dust with diameters of 300425 ym. The values and their
standard deviations of the fracture toughness were also
given in Table 2. As the values of the standard deviations
were low, it can be argued that the values of fracture
toughness were reliable. It was found that the values of
fracture toughness of 5% w/t and 10% w/t by weight of
sawdust were 31.14 MPa./m and 32.75 MPa./m, respectively;
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TaBLE 1: Weight of materials required to make 1000 g of VE/Sawdust (15%).

Parameters Materials Resin (R) Hardener (H) R+H Sawdust Composite
Percentage by weight 40 1 - — —
Percentage by weight — - 17 3 —
Weight of materials in 1000 g of PF/sawdust (15%) 809.5 (g) 40.5 (g) 850 (g) 150 (g) 1000 (g)
TasLE 2: Fracture toughness of VE/sawdust with varying particle sizes and percentage by weight.
w/t%
0% 5% 10% 15%
Fracture toughness (MPa /m), sawdust (<300 microns) 27.15 (1.53)% 33.31 (4.10) 26.82 (2.36) 27.32 (3.67)
Fracture toughness (MPa ,/m), sawdust (300-425 microns) 27.15 (1.53) 31.14 (2.75) 29.86 (3.99) 34.83 (3.96)
Fracture toughness (MPa /m), sawdust (425-1180 microns) 27.15(1.53) 38.45 (4.12) 50.65 (3.30) 61.79 (1.90)
" Standard deviation.
Crack 40
surface 2
-E ‘;\ 35 ,,,,, a . 4 S e n A e a b sie e~
Point of .%DC’E { o
chevron 8 30" L .
= : -
slot 25 A A
g T e T R T I T T T
43
20 T T T
0 5 10 15

Uncracked
ligament

Load

v

Crack length

FIGURE 7: Variation of load versus crack length [8].

both, values were within 5 percent markers of that of neat
resin (27.15 MPa./m). The fracture toughness of 15% w/t of
sawdust was 34.83 MPa/m which was 28.3% higher than
that of neat resin. The fracture toughness of the (300-
425 ym) composites increased with increasing particulate
loading.

On the other hand, the values of fracture toughness
of the sawdust reinforced phenolic resin increased slowly
to 14.46 MPa,/m when the sawdust was 10% w/t, and to
16.90 MPa./m when the sawdust was 20% w/t, which was

Percentage by weight of sawdust (<300 ym)

4 Fracture toughness

FiGure 8: Fracture toughness of vinyl ester composites reinforced
with sawdust with diameters of <300 um.

45

Fracture toughness
(MPam?5)

25 T v

0 5 10 15
Percentage by weight of sawdust (300-425 microns)

—— Fracture toughness

Figure 9: Fracture toughness of vinyl ester composites reinforced
with sawdust with diameters of 300—425 ym.

100.5% higher than that of the neat resin. The trend of the
curve was increasing with increasing particulate loading as
shown in Figure 10. With sawdust particles of 300—425 ym
in diameter, the situations were the same as in the case of
sawdust with 300 yum in diameter; the fracture toughness of
phenolic resin increased drastically with increasing reinforce-
ment, while that of vinyl ester resin increased moderately
with particulate loading rather than remained stable as in the
previous case (Figure 8).

Figure 11 shows the fracture toughness of the specimens
reinforced with varying percentage by weight of sawdust of
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Ficure 10: Fracture toughness of phenolic composites reinforced
with sawdust with diameters of 300425 ym.
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FiGure 11: Fracture toughness of vinyl ester composites reinforced
with sawdust with diameters of 425-1180 pm.

diameters of 425-1180 um. The values and their standard
deviations of the fracture toughness were also given in
Table 2. As the values of the standard deviations were low,
it can be argued that the values of fracture toughness were
reliable. The values of fracture toughness increased steadily
from 38.45 MPa./m at 5% w/t of reinforcer to 61.79 MPa./m
at 15% wi/t of filler.

The fracture toughness of phenolic resin reinforced with
sawdust of diameters of 425-1180 ym was 13.98 MPa./m at
5% w/t of filler; the value then dropped to 11.03 MPa,/m
at 10% w/t of sawdust loading; it then flattened around this
value until the sawdust loading was 20% w/t. If trend lines
were added, it can be found that the fracture toughness
increased slightly with increasing particulate loading.

With reference to Figures 8, 9, and 11, the fracture
toughness of the composites increased with increasing
diameters of the sawdust; for example, at 15% w/t of
sawdust, the values of fracture toughness of the composites
increased from 27.32 MPa/m (<300 ym) to 34.83 MPa./m
(300—425um) and to 61.79 MPa/m (425-1180um) with
increasing particulate size. From the above discussion, it can
be argued that size distribution of the reinforcement plays
an important part in increasing the fracture toughness of
the composites. In general, the higher the size distribution
of the reinforcement, the higher the fracture toughness
values. Hameed et al. carried out a study on the effect of
size distribution of the fibre on the flexural properties of
metallic fibre reinforced concrete (MFRC) and found that the
level of improvement in flexural properties of MFRC varied
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Ficure 12: The effect of rubber addition on the fracture toughness
of vinyl ester specimens, {adapted from [11]}.

with the size distribution of the fibres; fibres with larger
size distribution showed better efficiency in improving the
flexural properties of MFRC [12]. Though the mechanical
properties studied in the two cases were different, it can
be argued that the higher the size distribution of the
reinforcement, the higher the mechanical properties, flexural
properties, and fracture toughness.

In another study, a model was developed by Kim to
investigate the effects of size distribution of the fibre in
short fibre reinforced discontinuous composite materials.
The model was based on the theoretical development of
conventional shear lag theory developed by Cox. He found
that the effect of size distribution of the fibre is significant
to composite strengthening through load transfer from the
matrix to the fibre and the higher the size distribution of the
fibre, the stronger the composites [13].

Dreerman et al. [11] toughened regular vinyl ester and
endcapped vinyl ester resins with three types of rubbers:
VTBN-33, VTBN-43, and ETBN. VTBN-33 is vinyl termi-
nated rubber with acrylonitrile content of 17%; VTBN-
43 is vinyl terminated rubber with acrylonitrile content of
16%; ETBN is epoxy terminated rubber, containing 50% w/t
styrene. Figure 12 illustrates that the fracture toughness of
regular vinyl ester specimens toughened by three types of
rubber increased with rubber addition. The ETBN was found
as the most effective toughening agent: 5% w/t caused about
70% increase in fracture toughness, whereas the addition
of the same content of VTBN-33 or VTBN-43 resulted in
30% and 50% increases, respectively. Most of the fracture
toughness improvement was made by the addition of 2% w/t
rubber. The general trend of the addition of rubber to the
endcapped vinyl ester was the same as the regular vinyl ester:
fracture toughness increased with rubber loading; however,
gradual increase was found in this case. The ETBN was
again the most effective toughening agent, but it was not as
effective as in the case of regular vinyl ester: an addition of
10% w/t caused just a 50% increase in fracture toughness
[11]. The general trend of the fracture toughness of this
study is the same as that of Dreerman et al’s study, that
is, fracture toughness increases with increasing particulate
loading; this is particularly true with sawdust of larger
diameters [11]. Salemane et al. [14] discovered that the



