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ABSTRACT: Epoxidized soybean oil was incorporated as a co-matrix into an epoxy resin, and the hybrid resin system was used for pre-
paring glass fiber-reinforced composites. Effect of addition of poly(vinyl chloride) plastisol and selected particulate fillers (fly ash and
wood flour) to epoxy/epoxidized soybean oil matrix on mechanical and water uptake properties of glass fiber-reinforced composites
were studied. Fourier transform infrared spectroscopy was used to reveal the curing state of these composites. It was observed that
tensile strengths and moduli decreased with the inclusion of all additives. However, addition of poly(vinyl chloride) plastisol, fly ash,
and wood flour particulate fillers showed significant increase in impact strengths compared with neat epoxy composite in a synergistic
manner. Water uptake results of the composites were found to be in good agreement with —OH peak intensities obtained from Fou-
rier transform infrared spectroscopy. Finally, acousto-ultrasonic nondestructive technique was successfully used to assess damage states
and to relate stress wave factors with tensile strength properties of modified epoxy-based glass fiber composites. © 2014 Wiley Periodi-
cals, Inc. J. Appl. Polym. Sci. 2014, 131, 40586.
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INTRODUCTION

Glass fiber-reinforced thermosetting composite materials have a
large number of applications by virtue of their lower density,
high strength and stiffness to weight ratio, excellent corrosion
resistance, dimensional stability, and low assembly costs.'™ The
thermosetting resins are characterized by a cross-linking reac-
tion or curing, which converts them into a three-dimensional
network form. However, the main drawback associated with the
application of highly cross-linked thermosetting polymers, such
as epoxy resin, is related to their low toughness owing to inher-
ent brittleness and notch sensitivity that increases with cross-
link density. For load-bearing applications, this means that the
product may lead to a catastrophic failure. The low toughness
property also affects the mechanical durability of the epoxy
composites, such as impact resistance, fatigue behavior, and
damage tolerance. Enhanced toughness can be achieved through
different ways: (1) reduction of the cross-linking density, (2)
use of plasticizers that lead to increased plastic deformation,
and (3) addition of a second phase in the form of particles.
Depending on the second phase used, epoxy toughening can be
grouped into four types: liquid rubber toughening, core-shell
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particle toughening, thermoplastic toughening and rigid particle
toughening.” As reported by Lian et al,® by increasing the
toughness of the matrix, low-velocity impact resistance (desira-
ble for structural applications) of a particulate- or fiber-
reinforced composite can be improved to a greater extent. With
rubber toughening, the presence of the rubber phase increases
the tendency of water absorption with an accompanying loss of
properties, whereas thermoplastic toughened epoxy shows
higher toughness values without sacrificing much of the
mechanical properties. With rigid particle toughening, incorpo-
ration of rigid fillers improve crack resistance of an epoxy
resin.”® In addition to performance limitations, use of thermo-
setting polymers for commercial applications is also sometimes
limited by high cost of the product, which can be brought
down by the use of low-cost easily available particulate fillers.

Currently, there is growing interest in thermosetting polymeric
materials prepared from renewable natural resources owing to
their biodegradability, low cost, and easy availability. Growing
awareness of environmental issues, waste disposal, and the
depletion of nonrenewable resources have also driven the
search for alternative renewable resources based thermosetting
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polymers. Plant-based natural oils are examples of such promis-
ing renewable resources. Soybean oil, for example, is an inex-
pensive, readily available, renewable natural oil with multiple
sites of reactivity, including ester and olefinic sites, which pro-
vide an excellent platform for functionalization. As a biodegrad-
able and renewable raw material, functionalized soybean oil is
widely used for the modification (e.g., as plasticizers or stabil-
izers) and preparation of different polymers (mostly polyesters
and polyurethanes).

Composites Containing Natural Oil Resin

Functionalized natural oils such as epoxidized soybean oil
(ESBO) have been at the research focus to replace or augment
the traditional petroleum-based polymers and resin.” Although
abundant and inexpensive, ESBO alone as a material does not
offer satisfactory mechanical performance properties, such as
strength and rigidity, which limits their use in the marketplace.
A common approach is to use ESBO as co-matrix to make
blends/composites of ESBO and other synthetic resins to pro-
duce materials of competitive performance and a low overall
cost with improved processability.'™"" Generally, epoxy resins
offer very good miscibility with ESBO, and the typical hardener
used for epoxy resin can also be used for the resin blend.'' Liu
et al.'? prepared soybean oil-based composites by the solid free
forming fabrication method, and composites were formed by
glass and carbon fiber reinforcements. Karger-Kocsis et al.'’
studied the effects of incorporation of ESBO in a standard
bisphenol A-type epoxy resin cured by anhydride hardener.
Wang and Schuman'® reported the use of glycidyl esters of
epoxidized fatty acids derived from soybean oil. The results
showed that the dilution of epoxy resin (diglycidyl ether of
bisphenol A [DGEBA]) with ESBO was accompanied with
marked changes in the curing behavior, intermolecular cross-
linking, and glass-transition temperature. The use of ESBO in
epoxy resin and the resultant mechanical properties have also
been studied by Zhu et al."” and Parzuchowski et al.'® Chlori-
nated soy epoxy resin has also been used as a co-resin with glass
fiber reinforcements using m-phenylene diamine as the curing
agent.'” The study investigated the mechanical properties such
as tensile strength (248-299 MPa) and tensile modulus (2.4-3.4
GPa) of the fabricated composites and concluded that the incor-
poration of up to 15%—-20% of soy-based epoxy resin led to a
decrease in mechanical and thermal properties. However, all
these studies reported that although the epoxidized vegetable
oils based thermosetting materials are promising, they tend to
suffer from shortcomings in terms of poor mechanical proper-
ties and high degree of water uptake. The hydroxyl groups in
ESBO tend to attract water molecules, as they are polar in
nature. The water molecules absorbed in ESBO may exist as
bound water or unbounded cluster.

Acousto-Ultrasonic Nondestructive Technique

One major challenge in the bioresource-based composite tech-
nology is the use of an appropriate method to understand the
fiber breakage during compounding and its effect on mechani-
cal performance. Acousto-ultrasonic (AU) inspection technique
is of special interest in this respect. AU technique uses stochastic
wave propagation to detect and quantify defect states, damage
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conditions, and variations in mechanical properties in fiber-
reinforced composites. AU technique is more concerned with
characterization of damage state of the composite material
through evaluation of the integrated effect of diffuse popula-
tions of subcritical flaws than with overt flaw detection. It is
known that damages or defects like porosity, matrix crazing,
fiber bunching, fiber breaks, resin richness, poor curing, and
poor fiber—-matrix bonding also influence AU measurements.'®"’
Another important aspect of the AU study is to quantify AU
signals with variations in mechanical properties like tensile
strength.”® The measurements are made by means of a stress
wave factor (SWF). The SWF is described as a measure of the
efficiency of stress wave energy transmission.

Against this background, our work was aimed to use ESBO as a
co-matrix in the presence of two different categories of fillers
(organic and inorganic) and thermoplastic poly(vinyl chloride)
(PVC) polymer-based plastisol (a suspension of fine particles of
PVC). We report the effect of incorporation of ESBO along
with PVC plastisol, wood flour, and fly ash on the mechanical
behavior and water uptake of glass fiber epoxy composite lami-
nates. We expect that modified ESBO/DGEBA blend will yield
materials that are stronger than materials obtained from com-
mercially available unmodified ESBO. It is hypothesized that the
use of PVC plastisol/filler combination will enhance the tough-
ness and thereby the impact strength properties of the compos-
ite. We also expect that the plasticization effect of ESBO will
reduce the inherent brittleness of epoxy resin which in turn will
further enhance the impact toughness of composite laminates in
a synergistic manner. The effects of selected fillers on mechani-
cal and water uptake properties are discussed. Damage assess-
ment of composites was carried out by AU technique, and the
results were correlated with ultimate tensile strengths of the
composites.

EXPERIMENTAL

Materials

DGEBA with a density of 1.6 g cm™> was used as the synthetic
epoxy resin. Triethylenetetramine (TETA) was used as the cur-
ing agent. Chopped E-glass nonwoven mat was purchased from
Saint Gobain, India, having areal density of 479 g m ? and
40% glass fiber content (manufacturer data). Commercial ESBO
with density of 0.92 g cm™> was used. Commercial PVC plasti-
sol was used with 50% resin volume fraction. The epoxide
equivalent weight (EEW) of DGEBA was 185 and that of ESBO
was calculated to be 206. The average particle size of wood flour
was 150 pum and that of fly ash was 100 um. All chemicals were
procured from Kay Bee Polymers, Gurgaon, India.

Composite Fabrication

Different resin blend compositions (DGEBA/ESBO) for prepar-
ing the glass fiber epoxy composites are listed in Table I.
DGEBA and ESBO in specific proportions (Table I) were heated
and mixed well at a temperature of 70°C for 1 hour in a mag-
netic stirrer (RCT basic IKAMAG), which ensured reduced vis-
cosity and homogeneous mixing of resin blend. ESBO content
was kept low, as increase in ESBO might lead to phase separa-
tion, owing to lower cross-linking density of ESBO compared
with synthetic DGEBA which in turn would lead to poor
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Table I. Compositions of Different Types of Glass Composites (in Parts
Per Hundred Resin (phr) Based on 100 Parts of DGEBA)

Sample PVC Fly Wood
number DGEBA ESBO plastisol ash flour
1 100 - - - -

2 100 25 - - -

3 100 25 5 - -

4 100 20 - 30 -

5 100 20 - - 20

mechanical strength.'” The resin blends were found to be trans-
parent, indicating that the resin blends were not phase sepa-
rated. These findings are consistent with those of Miyagawa
et al.'®' and other researchers® who observed that at only
above 30 wt % of ESBO in synthetic epoxy resin the blend
became nontransparent, indicating possible phase separation.

To investigate the effect of incorporation of PVC plastisol, 5
parts per hundred resin (phr) PVC plastisol was added in a
blend consisting of 25 phr ESBO. The mixture was then
degassed under vacuum to remove entrapped air bubble before
adding TETA (curing agent). TETA (15% by weight of DGEBA)
was then added at 70°C and stirred for 5 min. The percentage
of TETA added to the mixture for hardening was kept at a con-
stant 15% for all compositions (stoichiometric 11.5%). The
hardener percentage of 15% was found to be appropriate to
ensure complete reaction, as higher amounts (>15%) resulted
in too brittle composites. Composite containing neat DGEBA
only was also prepared as a control for comparison. Because
addition of plasticizer and fillers affect resin curing,”” ESBO and
filler contents were adjusted to ensure proper curing of the glass
fiber-reinforced composite laminates. Thus, 30 phr fly ash and
20 phr wood flour were incorporated into glass fiber compo-
sites, with the matrix blend consisting of 20 phr ESBO. Wood
flour was dried at 110°C for 2 hours in an oven before adding
to the mixture. Composite samples of size 17 cm X 15 cm were
prepared using the hand lay-up technique, which were then
allowed to cure at room temperature for 24 hours. The cured
samples were found to be transparent, indicating nonseparation
of the epoxy/ESBO mixture. Specimens were then cut into the
specified dimensions for mechanical testing.

Fourier Transform Infrared Spectroscopy

Samples were analyzed by Fourier transform infrared spectros-
copy (FT-IR) using a Shimadzu IRPrestige-21 Spectrophotome-
ter to study the state of curing. Samples were studied in the
400-4000 cm ™' range for 16 scans. Potassium bromide powder
was used while scanning the reference spectrum, and all the
varying combinations were scanned with a mixture of finely
ground potassium bromide powder and the samples.

Water Absorption Tests

Three samples for each formulation were cut into dimensions of
50 mm X 15 mm X 4 mm and dried in an oven at 110°C for
2 hours. The dried samples were then weighed and immersed in
static distilled water bath maintained at a temperature of 25°C
and 25% relative humidity, with a water surface level 50 mm
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above the top surface of specimens. Water uptake values of the
samples were measured after every 24 hours by removing them
from water bath and wiping until the values showed saturation
in water absorption of the specimens.

Tensile Tests

Specimens for tensile tests were carefully cut into sizes of 170
mm X 15 mm X 4 mm. Tensile strength testing of rectangular
specimens of 100 mm gauge length was performed on a Unitek
94100 Electronic Universal Testing Machine (FIE, India) with a
constant cross head speed of 5 mm min~' as per ASTM
D638-03 standard. Load was measured using a load cell of 100
kN capacity. Five samples of each type were tested to account
for possible variations in results.

Impact Tests

The impact energy absorption was measured by performing un-
notched Charpy impact tests on glass fiber-reinforced compo-
sites of different matrix compositions. In this investigation, an
impact testing machine (FIE, India), with the pendulum ham-
mer having a mass of 20 kg and a swing arm length of 820 mm
leading to a speed at impact of around 5 m s~ ' and a stored
energy of 300 J, was used. The specimen dimensions were 55
mm X 10 mm. Samples were held in simply supported manner
with a support span length of 40 mm.

Acousto-Ultrasonic Tests

The instrument used for AU nondestructive testing was Portable
Pocket AU System (Physical Acoustic Corp., Princeton Jct, NJ,
USA). The instrument consisted of a pocket personal computer
and an AU board with rolling sensor probes. Using a broad
band transducer of 250 kHz frequency, ultrasonic pulses were
injected by the pulser into the materials. Rolling sensor probes
were covered with silicon rubber pads, which acted as dry cou-
plant. The specimen surface was cleaned before starting the
scanning. The probe pocket was pressed firmly against the spec-
imen to avoid changes in pressure during the time the pulser
was activated. This reduced the chance of erroneous acoustic
signals emanating from the fixture itself or from friction noises
caused by the sensor sliding over the specimen. These experi-
ments were performed at a time of minimum noise interference.
The amplitude of the captured AU signal was extracted and
plotted on the corresponding position along the scanning line
by the AU software. The ultimate purpose of the AU approach
is to rate the relative efficiency of stress wave propagation in a
material. For many materials, better stress-waves energy transfer
means better transmission of dynamic strain and better load
distribution. Accordingly, the working hypothesis is that more
efficient stress (or strain) energy flow and distribution corre-
sponds to increased strength and fracture resistance in compo-
sites. This hypothesis is based on the “stress wave interaction”
concept, which holds that spontaneous stress waves at the onset
of fracture promote rapid catastrophic cracking unless their
energies are dissipated or absorbed. Prompt and efficient flow
of stress wave energy away from crack nucleation sites is desired
when the energy cannot be absorbed locally without crack for-
mation. It is for the purpose of precisely gauging the relative
efficiency or impedance of stress wave energy flow that the AU
approach was conceived. After the inspection was finished, the
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Figure 1. FT-IR spectra of glass fiber-reinforced composites with matrix
containing (a) neat DGEBA, (b) DGEBA/ESBO, (c) DGEBA/ESBO + PVC
plastisol, (d) DGEBA/ESBO + fly ash, and (e) DGEBA/ESBO + wood
flour.

C-scan data file was stored in the flash memory of the system
and retrieved later for analysis. The files were exported in ASCII
format and were analyzed for peak amplitudes using Microsoft
Excel.

RESULTS AND DISCUSSION

Fourier Transform Infrared Spectroscopy

Figure 1(a) shows the FT-IR spectra of the prepared composite
specimens. The peak at 3037 cm™' corresponds to the —CH
stretching of the terminal oxirane ring in DGEBA. The peak at
2875 cm™ ' is attributed to the aliphatic —CH stretching
whereas the peak at 2953 cm ™! arises due to the —CH stretch
of the aromatic phenyl ring. The presence of a peak at 1735
cm™! can be attributed to the ester groups that are present in
ESBO. At 1608 cm ™', a peak is observed as a result of the C=C
stretching of the aromatic ring. Similarly, 1508 cm ™'
peak for the C—C stretching of the phenyl ring. The peak at
1180 cm ™' is an indication of the Si—O—Si (siloxane) bond in
glass fiber. Peaks are also observed at 945 and 829 cm™', which
can be ascribed to the C—O and C—O—C stretching vibrations
of the oxirane group, respectively. The peak at 768 cm ™' is
from the rocking of the CH, group in the oxirane ring.

shows a

In Figure 1(b—e), the spectrum shows the presence of an epoxy
group at 827 cm™'. However, Lakshmi and Reddy,” reported
the disappearance of the epoxy group peak due to stretching at
830 cm ™! as a result of reaction with the amine group. This can
be clearly explained as due to the presence of ESBO, which is a
part of the cured matrix. The addition of fly ash as a filler along
with ESBO lead to the emergence of new peak in Figure 1(d) at
1051 cm™ ', which can be ascribed to Si—O stretching vibra-
tions. The replacement of fly ash by wood fiber as a filler in
sample [Figure 1(e)] showed a broad band of spectrum from
3500 to 3000 cm ™' that is attributed to the intermolecular
—OH stretching. The broader spectrum compared with the
—OH spectrum of fly ash can be attributed to a larger number
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of —OH groups that is present in the glucose units of the wood
cellulose polymers.***

FT-IR results also revealed the absence of overlapping amine
groups in the —OH stretching region (3000-3500 cm™ '), which
indicated the nonavailability of reactive amine groups (primary
and secondary amines), which in turn indicated the cured state
of the composites. The presence of fly ash further decreased the
intensity of the hydroxyl group because of its hydrophobic
nature, whereas addition of wood flour led to an increase in the
intensity of the —OH band owing to its hydrophilic nature.

Water Absorption Tests

The water uptake capacities of different glass fiber composites
are shown in Figure 2. Water uptake of these samples at time ¢
is calculated using eq. (1).

M,—M,
L0 %100 (1)
Mo

% Water uptake=

where M, is the mass of sample exposed to water absorption at
time t and M, is the mass of dry sample at the start of the
water absorption test. Glass fiber composite with neat DGEBA
showed water uptake capacity of 6.6%, and the sample with
25 phr ESBO showed a capacity of 12.1%. Figure 2 shows that
water uptake of all composites reach the saturation stage at
approximately 12 days, indicating that the water uptake of all
composites have achieved the equilibrium condition, in which
stage, all the microvoids in the three-dimensional cross-linked
network structure are filled with water molecules.”® Besides, the
incorporation of ESBO into the cross-linked structure of epoxy
resin resulted in reduction of cross-linking density.”” Conse-
quently, an increase in water uptake was observed as ESBO was
introduced into DGEBA matrix, and this can be attributed to
the presence of polar groups in ESBO, the difference in free vol-
ume,”® and reduced cross-linking density.”” On the other hand,
composites with 25 phr ESBO and 5 phr PVC plastisol showed
a reduced water uptake of 6.7%. This water uptake capacity is

20

18 A

% Water Uptake
=

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (days)

—&— Neat DGEBA glass fibre composite

—*— DGEBA/ESBO glass fibre composite

—&— DGEBA/ESBO + PVC plastisol glass fibre composite
—o— DGEBA/ESBO + fly ash glass fibre composite

—4&— DGEBA/ESBO + wood flour glass fibre composite

Figure 2. Water uptake values of various glass fiber composites.
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Figure 3. Ultimate tensile strengths of different types of glass fiber
composites.

comparable with composites with neat DGEBA. This can be
attributed to good intermolecular adhesion properties of hydro-
phobic PVC plastisol (fine dispersion of PVC particles) in the
matrix, making it more compact. The addition of wood flour
and fly ash particulates to the glass fiber composites with ESBO
yielded varying results. The addition of wood fiber markedly
increased the water uptake content to 16.9% compared with
12.1% without filler, whereas the addition of fly ash reduced
this to 9.3%. The former result can be attributed to the highly
hydrophilic nature of wood fiber, whereas the latter can be
ascribed to the hydrophobic nature of fly ash. The water uptake
results were in good agreement with the trend observed in
—OH peak intensities from FT-IR results: composites with
higher —OH peak intensities registered higher water uptake val-
ues. The variation in moisture absorption among the different
samples of the same formulation, indicated by error bars in Fig-
ure 2, might be due to the microcracks introduced into the
samples during the machining of the samples.”

Tensile Tests

Ultimate tensile strengths and tensile moduli of different glass
fiber epoxy composites are shown in Figures 3 and 4, respec-
tively. Ultimate tensile strength and tensile modulus for neat
DGEBA-based glass fiber-reinforced composite were found to be
170 and 2548 MPa, respectively. It was observed that with the
addition of 25 phr ESBO in the matrix, both ultimate tensile
strength and the tensile modulus of samples decreased to 86
and 1638 MPa, respectively. A decreasing trend in tensile
strength and modulus of composites with addition of ESBO in
DGEBA can be interpreted in terms of plasticization effect—the
addition of soft segments of ESBO into the epoxy resins reduc-
ing the rigidity of the epoxy network, thus resulting in decrease
in the tensile strength modulus of glass fiber composite.”
Another reason could emanate from the structure of ESBO,
which contains less cross-linking sites between the chains having
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less epoxy groups compared with DGEBA. This allows more
slipping of the chains, thereby increasing the ductility.** Similar
trends with decreasing tensile strength and modulus values were
also reported by other researchers.™'>'7?>?73132 However, it
was interesting to note that addition of 5 phr PVC plastisol to
the matrix consisting of 25 phr ESBO resulted in an increase in
both ultimate tensile strength and tensile modulus to 109 and
1835 MPa, respectively. This could be well attributed to the
improved interfacial adhesion between fiber and matrix and
better blend compatibility with incorporation of hydrophobic
PVC plastisol. When 30 phr fly ash was added to the matrix
containing ESBO, the tensile strength and moduli values were
found to be 124 and 2243 MPa, respectively. With incorporation
of wood flour to the ESBO/DGEBA matrix of the glass fiber
composite, ultimate tensile strength and tensile modulus of the
samples were found to be 43 and 488.5 MPa, respectively, which
was significantly less when compared with glass fiber-reinforced
composite consisting of neat DGEBA matrix, as was observed
also by previous researchers.”® Formation of agglomerates due
to strong polarity of hydroxyl groups of wood flour, possibly
led to increased fillerfiller interaction (through hydrogen
bonds), thereby resulting in increased number of defect sites
and poor interfacial interactions. This in turn, could lead to
inefficient stress transfer within the composite and could be
attributed to the decrease in mechanical properties of particu-
late filled composite.”®> Decrease in strength could also stem
from the inability of the irregularly shaped wood flour to with-
stand stresses transferred from the matrix. Zaini et al.** studied
the effect of wood flour on the mechanical properties of poly-
propylene/oil palm composites, which showed a similar trend.
Another reason for lower strength could be attributed to the
presence of high lignin content in wood flour. It was observed
in an earlier study by Klason et al.*® that lignin influences the
adhesion between fibers and matrix.
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DGEBA/ESBO glass composite
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Figure 4. Tensile moduli of glass fiber composites.
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Figure 5. Impact strengths for various glass fiber composites.

Impact Tests

Figure 5 shows the Charpy impact test results of glass fiber-
reinforced composites prepared with different matrix composi-
tions. Impact strength was expressed in terms of energy
absorbed per unit cross-sectional area (J m™?). The purpose of
carrying out impact test was to determine the effect of addi-
tion of ESBO, PVC plastisol, and fillers on impact toughness
of the glass fiber-reinforced composites. Impact strength for
glass fiber-reinforced composite with neat DGEBA was found

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

to be 89.4 k] m™ 2. Glass fiber composites prepared with addi-
tion of 25 phr ESBO to DEGBA matrix registered a value of
140.4 k] m~?, showing an increase of around 57% in impact
strength over neat DGEBA glass fiber composite. This could be
attributed to the introduction of the flexible aliphatic chain of
ESBO into the epoxy matrix, which led to a decrease in the
internal stress of the network.'”° Furthermore, reduced
cross-linking density or toughening agent in ESBO moieties,
acting as a plasticizer in the blends, could also be responsible
for improved impact strength properties of ESBO-modified
resin composites.’*”>

Addition of 5% PVC plastisol to the blend consisting of
25 phr ESBO further increased the impact strength to 193 KkJ
m % This increase may be attributed to “thermoplastic
toughening” effect where molecules of PVC plastisol in the
DGEBA/ESBO blend act as “soft points,” absorbing the impact
A further and
significant improvement in impact strength was observed
when 30 phr fly ash was added to the synthetic epoxy resin
matrix containing 20 phr ESBO. Impact strength was increased
by 184% compared with glass fiber-reinforced composite with
neat DGEBA, registering a value of 254.5 k] m™°. Such an
increase in impact strength could be attributed to the fine par-
ticle sizes of fly ash with large surface area, leading to an
increase in impact energy absorption of the glass fiber-
reinforced composite. Also, the presence of fly ash particle
could be responsible for resisting crack growth movement, as
growing crack front has to change numerous paths and hence
higher energy absorption before fracture.” Impact energy of
glass fiber-reinforced composite with 20 phr wood flour also
registered a high value of 228 kJ m™?, which was 150% more

and thus changing the mechanism of fracture.*®

Figure 6. Acousto-ultrasonic C-scan images of glass fiber-reinforced composites with matrix containing (a) neat DGEBA, (b) DGEBA/ESBO + fly ash,
(c) DGEBA/ESBO + PVC plastisol, (d) DGEBA/ESBO, and (e) DGEBA/ESBO + wood flour.
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Figure 7. Ultimate tensile strength versus stress wave factor for different
types of glass fiber composites.

than that of neat DGEBA glass fiber-reinforced composite.
Presence of wood flour in the matrix might have provided
good resistance to the fracture paths, owing to shear yielding
and crack pinning, leading to an increase in impact strength.
The variations in impact strength among samples of the same
composition might be due to the possible variation in impreg-
nation of the glass fibers with epoxy/ESBO blend because of
the hand lay-up process.

Acousto-Ultrasonic Tests

Figure 6 shows C-scans of different glass fiber-reinforced com-
posites. C-scans are qualitative representation of the composite
in terms of defects, flaws, and weak interfacial bonds. Darker
areas in the images represent flaws in the specimen. Figure 6
shows the overall damage stage states of the composites, with
increasing damages revealed as we move from Figure 6a to 6e.
The qualitative information obtained from C-scan images was
then investigated to correlate with ultimate tensile strengths of
different composites. The quantitative correlation was made
through the determination of SWF values using peak ampli-
tudes obtained from AU measurements. Lower values of SWF
generally correspond to regions of higher attenuation. One of
the methods of defining SWF is as follows:

SWF = Vmax (2)

where V.« = maximum (peak-to-peak) voltage oscillation. This
SWF formulation assumes that the peak amplitude varies with
the defect state of the material being examined. Figure 7 shows
variation of ultimate tensile strengths of the composites against
corresponding values of the SWE. The results indicate that SWF
increases with increasing ultimate tensile strength of glass fiber-
reinforced composites and that peak amplitude method of
determining SWF could be succesfully used to assess composite
mechanical properties. The qualitative assessment from AU
measurement data, therefore, was supported by quantitative ten-
sile strength data.
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CONCLUSIONS

Glass fiber-reinforced composites with a modified matrix of
epoxy resin based on DGEBA and ESBO were prepared. To
investigate the effect of addition of PVC plastisol and fillers to
DGEBA/ESBO matrix, different glass fiber specimens were pre-
pared. FT-IR studies revealed the absence of any amine group
peak, which indicated the cured state of the composites. Also,
reduced hydroxyl group (—OH) stretching intensities were
observed for composites having plastisol and fly ash, whereas
samples with only DGEBA/ESBO and wood flour displayed
higher —OH stretching intensities. The observations were in
good agreement with the water absorption test results. Water
absorption tests indicated an increase in water uptake with
addition of ESBO to DGEBA matrix. The use of PVC plastisol
in DGEBA/ESBO matrix led to a decrease in water absorption
compared with the DGEBA/ESBO matrix composite. Compo-
sites with particulates showed a varying trend, with specimen
having fly ash showing less water uptake, which could be attrib-
uted to the hydrophobic nature of fly ash, whereas use of wood
flour showed an increase in water uptake because wood flour is
hydrophilic by nature. The tensile moduli and tensile strengths
of glass fiber-reinforced composites decreased with introduction
of ESBO into the DGEBA matrix. This could be attributed to
reduction in cross-linking density as a result of presence of
ESBO in the matrix. Addition of fly ash resulted in a decrease
in tensile modulus and tensile strength values compared with
neat DGEBA, whereas use of wood flour showed very low val-
ues, which may be ascribed to poor interfacial compatibility,
formation of agglomerates, and presence of lignin in wood
flour. Impact test results showed a reverse trend when compared
with tensile test results, as addition of ESBO led to an increase
in impact strength compared with neat DGEBA, which could
stem from the introduction of soft segments from larger-
molecular-weight ESBO into the epoxy resins. Incorporation of
PVC plastisol, fly ash, and wood flour to DGEBA/ESBO matrix
further increased the impact strength of glass fiber-reinforced
composites in a synergistic manner, owing to the possible plasti-
cization effect of ESBO, “thermoplastic toughening” of PVC
plastisol, and “particulate toughening” effects from particulates.
Nondestructive evaluations of all specimens were done using
AU technique to have a qualitative damage assessment of the
glass fiber-reinforced composites. C-scan images of the speci-
mens obtained after AU scanning depicted qualitatively the inte-
grated state of defects, which ultimately represented the
mechanical properties of those specimens. Specimens with
larger defect regions displayed lower tensile strengths. To quan-
titatively analyze the AU scans, peak amplitude method of SWF
was used, and the results indicated that peak amplitude method
could be succesfully used to assess tensile strength propeties of
the composites.
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