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Abstract: Three different types of additives, thiokol, epoxidized natural rubber (ENR) and epoxidized linseed oil (ELO),
were dispersed in an epoxy matrix before being used in glass fiber (GF) composites, and their effects on the mechanical
and dielectric properties of epoxy resin and glass fiber reinforced epoxy composites (GF/EP) were examined. The addi-
tion of each of 7 phr ENR, 9 phr ELO and 5 phr thiokol into the epoxy resin increased the fracture toughness significantly
by 56.9, 43.1, and 80.0%, respectively, compared to the unmodified resin. The mode I interlaminar fracture toughness
of the GF/EP at propagation was also improved by 26.9, 18.3 and 32.7% when each of 7 phr ENR, 9 phr ELO, and 5 phr
thiokol, respectively, was dispersed in the epoxy matrix. Scanning electron microscopy showed that the additives reduced
crack growth in the GF/EP, whereas their dielectric measurements showed that all these additives had no additional effect

on the real permittivity and loss factor of the GF/EP.

Keywords: glass fiber, epoxy resin, fracture toughness, dielectric property.

Introduction

Fiber reinforced composites are used widely in the fields of
space, aircraft, automobile and sports industries because of
their high strength and stiffness to weight ratios. On the other
hand, it is essential to examine the resistance against delam-
ination propagation, which is useful in the design and analysis
of composite structures because one of the limitations of these
materials is their poor ability to resist impact and delamination.'

The strength propetties of glass fiber reinforced epoxy com-
posites (GF/EP) are sensitive to the failure modes, such as
transverse cracking, longitudinal cracking and delamination
between the adjacent layers, due to the intrinsic brittleness of
the epoxy matrix. Recent studies showed that most failure

"To whom correspondence should be addressed.
E-mail: vumanhcuong309@gmail.com; hjchoi@inha.ac.kr

726

modes of GF/EP could be controlled gradually. Epoxies are
used widely as a polymer matrix for high performance lam-
inated composites because of their good mechanical perfor-
mance, processability, and compatibility to most fibers with
chemical resistance, wear resistance and low cost. These mate-
rials, however, are relatively brittle after curing, which is det-
rimental to the interlaminar properties. Therefore, substantial
efforts have been made towards improving the fracture tough-
ness by toughening the matrix material. Their mechanical per-
formance would be enhanced dramatically by incorporating a
small amount of nano-materials, such as carbon nanotube,
nano-clay, nano-cellulose, and nano-thermoplastic fibers or
micro-fillers to the epoxy matrix,” whereas it has been reported
that epoxy with smaller size fillers has better fracture per-
formance than that with larger-size fillers.””

The toughening effect of nano-filler on the GF/EP was also
examined.”'® Recently, Liu ef al." carried out a systematic



Effect of Additive-added Epoxy on Mechanical and Dielectric Characteristics of GF/EP 727

study on the toughening of bulk epoxy using nano-silica, nano-
rubber and nano-silica/nano-rubber particles. Compared to the
nano-silica particles, nano-rubber was found to have a more
significant effect on the toughness. The Mode I fracture tough-
ness of the rubber-modified epoxy increased with increasing
particle loading up to 15 wt%, but the Young’s modulus of the
composite reduced to 78% of the neat epoxy. The fracture
toughness of the hybrid nano-silica and nano-rubber particles
in the epoxy had no synergistic effect other than the sum of the
toughness value due to each nano-particle."

Liquid rubber, such as carboxyl-terminated butadiene acry-
lonitrile (CTBN) rubber, has potential as a modifier for GF/EP
without changing the viscosity.'** When this system is cured,
the epoxy polymerizes and CTBN reacts with the epoxy to
form a copolymer. With increasing molecular weight, the sol-
uble reactive liquid CTBN rubber phase separates from the
epoxy because of the decrease in rubber/epoxy compatibility.
The elastomeric phase forms small discrete particles, typically
in the micrometer range, which are dispersed in and bonded to
the epoxy matrix. Although the morphology of rubber in
toughened epoxy systems is mostly spherical, the mean par-
ticle size and distribution can vary considerably, depending on
the curing reactions, cure cycle and concentration of rubber in
the epoxy system.'*'” Abadyan et al.'* examined the rubber
modification of hoop filament wound epoxy composites using
amine-terminated butadiene acrylonitrile (ATBN) and CTBN
oligomers for two different hybrid modified epoxies. In one
system, the epoxy was modified by ATBN and hollow glass
spheres as fine and coarse modifiers, respectively. The other
hybrid epoxy was modified by a combination of ATBN and
recycled tire particles. The measured fracture toughness of the
blends revealed synergistic toughening for both hybrid systems
in some formulations."

The fracture toughness of resins modified with liquid rubber
increased with increasing CTBN content up to 17%. The max-
imum fracture toughness of the modified epoxy was approx-
imately 30 times that of the unmodified epoxy, whereas the
fracture toughness of vinylester resin modified with CTBN
was approximately four times that without modification. The
CTBN modifier also increased the ductility by almost 100% at
the expense of concomitant reductions in strength and mod-
ulus. Despite the large increase in fracture toughness of the
bulk resin, the same increase was not guaranteed when the
modified resin was used as an adhesive or as a matrix material
for fiber-reinforced composites up to 200% improvements in
interlaminar fracture toughness was reported for carbon fiber-

CTBN-modified epoxy matrix composites.”

On the other hand, to design unmanned aerial vehicles, there
is a demand for radio frequency transparency. Therefore, it is
essential to understand both mechanical properties and dielec-
tric properties of GF/EP. The dielectric properties of GF/EP in
the centimeter wave range (8.2-12.4 GHz) were measured
using the free-space method reported by Seo et al.?!

This study examined the production and characterization of
epoxidized natural rubber (ENR), epoxidized linseed oil
(ELO), and thiokol-modified glass fiber/epoxy laminated com-
posites. An epoxy system already optimized for toughness
through the incorporation of conventional modifiers was cho-
sen as the baseline material. The mechanical properties of the
modified epoxy resin containing different ENR, ELO, and
thiokol contents were compared with the unmodified epoxy
resin. Based on these results, GF/EP made of 7 phr ENR, 9 phr
ELO, and 5 phr thiokol modified epoxy resin were manu-
factured to determine the mechanical and dielectric properties,
including tensile strength, Mode I interlaminar fracture tough-
ness, and dielectric constant.

Experimental

Materials. The epoxy resin (EP) used in all experiments was
diglycidal ether of bisphenol A (DER 331, Dow Chemical
Co.), and dietylentriamine (DETA) (Dow Chemical Co.) was
used as a curing agent. The ENR of Figure 1 (epoxide per-
centage: 50%, M,=10000-20000 g/mol), supplied by the Viet-
namese Military Institute of Science and Technology, was
prepared by reacting the natural rubber latex (NR) of cis-1,4-
isoprene with performic acid (product of reaction between for-
mic acid and hydrogen peroxide), as shown in Figure 2. The
ELO (viscous liquid, light yellow color, epoxide percentage:
21.6%, iodine value: 2, 4 g of I,/g, acid value: 0.5 mg KOH/
g, density at 20 °C: 1-1.2 g/cm’ and boiling point is higher than
200 °C) was purchased from Akcros Chemicals (UK). Thiokol
was Thioplast G21 from Akazo Nobel. The woven roving E-
glass fiber with area weight of 300 g/m* (WRE300) was pur-
chased from Jiujiang Beihai Fiberglass Co., China.

Preparation of Samples. Solutions of each additive of
ENR (5-20 phr), ELO (5-20 phr) and thiokol (3-9 phr) with
different concentrations in the epoxy resin were first mixed
together using a mechanical stirrer, and heated for 1 h at
around 60 °C in a water bath to ensure proper dispersion of the
additive. The mixtures were cooled to room temperature, while
a curing agent was added prior to hand mixing for approx-
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imately 20 min. The products were degassed using a vacuum
pump. Next, the resin mixture was poured into a 4 mm-thick
mould that was coated with a release agent. The samples were
pre-cured at room temperature for 24 h and then post-cured at
80 °C for 3 h. At this stage the cured specimens were allowed
to cool slowly at room temperature. Once all formulations
were made, they were then reinforced with hand layup glass
fiber process to form composite sheets. They were finally
cured at the same temperature cycle which was used for resin
specimens. The glass fiber volume fraction was 50+2%.
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Figure 2. Epoxidation reaction of natural rubber.
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Resin Fracture Toughness Test. The single edge notch
bend (SENB) specimens (Figure 3) according to the ASTM
(D5045-99) were used to test the fracture toughness (critical
stress intensity factor, KIC). The notch tip was machined using
a rotating saw, and the pre-crack of specimens was then gen-
erated by tapping on a fresh razor blade placed in the notch.
The fracture toughness tests were conducted at a cross-head
speed of 10 mm/min. The KIC value reported represents the
average of at least five tests. The following eq. (1) was used to
calculate the KIC:

KIC= P_Ql ) Q)]

B

With
! P
)= 6x2[l.99—x(1—x)(2.15—3.9§3x+2.7x N
(1+2x)(1-x)°

where P, is a critical load for crack propagation (kN), B is the
specimen thickness (cm), ¥ is the specimen width (cm), f(x)
is the non-dimensional shape factor, a is the crack length (cm),
and x=a/W.

Tensile Test. The tensile test was performed using the
Instron 5582-100KN machine according to the ISO-527-1993.
The specimen gauge length was 5041 mm and the testing
speed was set to 2 mm/min. The specimen dimension was
250x25x2.5 mm. Glass fiber reinforced plastic/epoxy tabs
with a thickness of 1.5 mm were attached at both ends of the
specimen by an adhesive. The values were taken from a mean
of five specimens.

Mode-l Interlaminar Fracture Toughness Test. The
mode I double cantilever beam (DCB) tests were carried out
using the ASTM (D5528-01). The recommended specimen
size is at least 150 mm long and 20 mm wide with an initial
crack length (i.e. the length of the insert from the line) of
50 mm. Hinges of the same width as the specimen were
attached to allow the application of a load. The load and dis-
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Figure 3. Schematic diagram of the KIC specimen.
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Figure 4. Geometry of DCB specimen (all dimensions in mm).

placement were then related to the delamination length as mea-
sured with a ruler on the specimen edge (Figure 4). The mode-
I interlaminar fracture toughness GIC and GIP for each addi-
tive contents was calculated using the modified beam theory
(MBT) method as follows:

3P0 F

GIC=—"¢__°_ )]
2b(a+|A)N
3Ppd F
p=__2 -
G 2b(a+A)N )

where GIC is the fracture toughness at an initial crack stage
corresponding to the first peak load in the force-displacement
curves, GIP is the fracture toughness at the propagation stage
that is taken from the plateau region of the R-curves, Py is the
applied load, C is the compliance corresponding to each crack
length, a is the crack length, P, is the initial maximum load, b
is the specimen width, J'is a load point deflection, and A4 is an
effective delamination extension to correct rotation of the DCB
arms at the delamination front. In addition, N is the end-block
correction factor, and F is a large displacement correction fac-
tor.

Morphology Analysis. The morphology was examined by
both scanning electron microscopy (SEM) (Joel JSM 6360,
Japan) and field emission scanning electron microscopy (FE-
SEM) (S-4800, Hitachi), in which the fractured samples under
mechanical analysis were sputter-coated with gold prior to the
test.

Dielectric Measurement. The dielectric characteristics
were examined using the basic free space measurement system
consisting of a network analyzer (an Agilent PNA network
analyzer), a sample holder, and two horn antennas with Agilent
8362B software. Two horn antennas were used as a transmitter
and receiver, respectively, and the samples were placed
between these two, as shown in Figure 5. The measurements
were carried out in the frequency range of 4-8 GHz. The free-

Figure 5. Photograph of the free space measurement system (PNA
8362B -Agilent USA).

space reflection (S11) and transmission (S21) coefficients of
the planar samples were measured after fixing the sample sheet
at the reference plane. A mixture of the dielectric can also be
found from the S11 and S21 parameter measurements. Com-
plex permittivity, £¥ = &'— j&”", for each additive contents was
calculated with respect to the frequency® with dielectric per-
mittivity (&) and loss factor (&”).

Results and Discussion

Resin Fracture Toughness. Figure 6 shows the results of
resin fracture toughness for neat epoxy, 5-20 phr ENR, 5-20
phr ELO, and 3-9 phr thiokol. The KIC values of epoxy resin
improved significantly by adding each ENR, ELO, and
thiokol. The addition of ENR, ELO, and thiokol imparts an
increase in the KIC value up to an optimal content of 7, 9 and
S phr, respectively. At 7 phr ENR, the fracture toughness
improved by 56.9% from 0.65 to 1.02 MPa.m'’. At 9 phr
ELO, the fracture toughness increased by 43.1% from 0.65 to
0.93 MPa.m'?, whereas at 5 phr thiokol, the fracture toughness
increased by 80% from 0.65 to 1.17 MPa.m"?. No further
increase was observed upon further loading of the additives.
This may be attributed to the bigger size of rubber particles at
higher concentrations. As noted from SEM pictures there is an
increase in the size of particles for 15 phr ENR, 15 phr ELO
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Figure 6. Effect of ENR, ELO, and thiokol contents on KIC of the
epoxy resin.
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(b)
Figure 7. (a) ENR; (b) ELO aggregation in 15 phr blends.

blends (Figure 7). The large particles obtained at high additive
content would deteriorate impact toughness as this would
result in high stress intensity around the agglomerated rubber
particles. The improvement in toughness attributed to additive
particles that enhance the shear localization by acting as stress
concentrators, crack deflections and crack pinning processes at
obstacles, which was suggested to play an important role in
toughening."** To better understand the toughening mecha-
nism of the additives in the epoxy resin, the fractured surfaces
of the specimens at zone ahead of the crack tip were observed
by SEM. Figure 8(a) and (b) show that the fractured surface of
the neat epoxy was smooth and glassy, which was the typical
brittle fracture behavior of a thermosetting polymer. A smooth
mirror-like surface with micro-flow lines was observed.
On the other hand, the fractured surface of the modified
epoxy at 7 phr ENR, 9 phr ELO and 5 phr thiokol was rougher,
and jagged multi-plane patterns appeared so that more energy
was required. SEM of the ENR (Figure 8(c), (d)), ELO (Figure
8(e), (f)), and thiokol (Figure 8(g), (h))-modified systems
revealed the presence of additive particles (ENR, ELO, and
thiokol), which were dispersed throughout the epoxy matrix,
i.e. they showed the presence of a two-phase morphological
feature. The soft elastomeric phase in the case of ENR and
thiokol was phase-separated from the hard epoxy matrix dur-
ing the early stages of curing. The fractured surfaces of the
most of the elastomer-toughened epoxy systems had a rigid

Zan, #4384 A63, 20143

Figure 8. SEM images of the fractured surfaces of (a and b) neat
epoxy, (e and f) 9 phr ELO, (c, d) 7 phr ENR, (g, h) 5 phr thiokol.
The direction of crack propagation is from top to bottom.

continuous epoxy matrix with a dispersed rubbery phase as
isolated particles. Different mechanisms, such as crazing, shear
bonding and elastic deformation of the rubber particles have
been proposed, and these mechanisms were believed to act
alone or in the rubber particles, and these mechanisms were
thought to act alone or in rubber-modified epoxy.'>**
Tensile Strength. The effect of additive contents on the
large strain of the GF/EP was investigated up to their failure.

Table 1 shows the tensile strength and Young’s modulus for

Table 1. Tensile Strength and Young’s Modulus for GF/EP at
Different Contents of Additives

Tensile strength Young’s modulus

(MPa) (GPa)
Unmodified 187.94 6.792
7 phr ENR 185.60 6.708
9 phr ELO 182.34 6.625
5 phr thiokol 194.28 6.802
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the tensile testing specimens: (a) unmodified; (b) 5 phr thiokol; (c)
7 phr ENR; (d) 9 phr ELO.

GF/EP at different additive contents. For the modified com-
posite, the tensile strength decreased slightly with the addition
of 7 phr ENR and 9 phr ELO. These can be attributed to the
fact that the modulus of ENR and ELO is much lower than that
of the epoxy matrix as well as glass fiber. In addition, low
modulus ENR and ELO particles act as stress concentrators
and decrease the yield strength.” Although there is a tendency
to increase tensile strength for 5 phr thiokol modified GF/EP,
the increase was no significant.

The Young’s modulus, determined from the typical stress-
strain curve, showed little decrease for composites modified
with 7 phr ENR, and 9 phr ELO. The Young’s modulus with
addition of 5 phr thiokol slightly increased.

SEM clearly showed the broken fiber pull-out at the frac-
tured surface of the glass fiber as well as the fiber breakage for
both the unmodified composite and modified composite, as
shown in Figure 9(a), (b), (c) and (d). The most distinct feature
of the fractured surface with the addition of elastomers of
thiokol and ENR was the extensive matrix deformation
between the clean fiber and matrix. Although there was exten-
sive matrix deformation, the tensile strength of the GF/EP was
not strongly affected by the addition of the additives. The addi-
tion of additives which are characterized by large surface areas
per unit gram plays an important role in determining the
strength of the interface. The addition of additives leading to
the number of adhesively jointed points with glass fibers was
very low, which had no effect on tensile strength of the GF/EP.

Mode-l Interlaminar Fracture Toughness Test. The
delamination resistance curves (R-curves) are drawn between
the crack length (a) and the corresponding fracture toughness,
as shown in Figure 10. The GIC value corresponding to the
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Figure 10. Typical delamination resistance (R-curves) of the GF/EP
with various additive contents: (a) unmoditied; (b) 5 phr thiokol; (c)
7 phr ENR; (d) 9 phr ELO.

first crack initiation was determined from the load point at
which the initiation of delamination is observed at the micro-
scopic level on the specimen edge. The crack growth rate of
the unmodified GF/EP propagates smoothly in wide steps as a
result of the relatively low tenacity of the polymeric phase with
glass fibers. On the other hand, the crack of the GF/EP with
5 phr thiokol, 7 phr ENR and 9 phr ELO was deflected and
pinned gradually by the reinforcing obstacles so that more
energy was required, resulting in higher fracture toughness.
The delamination initiation (GIC) values were reported
throughout this investigation corresponding to first peak load
in the load-crack opening displacement curves, whereas the
delamination propagation (GIP) values were taken from the
plateau region of the R-curves.”

The mode-I interlaminar fracture toughness of the GF/EP
was determined using the DCB test, in which the curves of the

Polymer(Korea), Vol. 38, No. 6, 2014



732 Cuong Manh Vu, Liem Thanh Nguyen, Thai Viet Nguyen, and Hyoung Jin Choi

Tike fractiure sorfice

Figure 11. SEM images of the fractured surface of GF/EP for the
fracture toughness testing specimen: (a) unmodified; (b) 5 phr
thiokol; (c) 7 phr ENR; (d) 9 phr ELO.
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Figure 12. Typical force-displacement curves of the (a) unmoditfied;
(b) 5 phr thiokol; (c) 7 phr ENR; (d) 9 phr ELO.

applied load vs. displacement were recorded. Figure 11
showed that the force increased linearly until the maximum
force value was reached, then decreased gradually in the man-
ner of a zigzag shape (stick-slip) in the propagation stages.

For the modified composite, both the displacement and force
values in Figure 12 were higher than those of the unmodified
composite. The crack was suggested to propagate more stably
and gradually as a result of the relatively high tenaciousness of
the epoxy modified with the elastomer. Moreover, the mode-I
interlaminar fracture toughness values were calculated using
the MBT method, as shown in Figure 13.

A significantly increased in the mode-I interlaminar fracture
toughness with the modified epoxy resin additives was
observed. At 5 phr thiokol, 7 phr ENR and 9 phr ELO content,
the crack initiation (GIC) increased by 30.3, 26.9 and 17.6%,
respectively, and the GIP values also increased by 32.7, 26.9
and 18.3%, respectively, compared to the unmodified com-
posite. The presence of thiokol, ENR, and ELO in GF/EP
acted as an obstacle reinforcement that deflected, pinned and
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Figure 13. Initiation (GIC) and propagation (GIP) fracture tough-
ness in mode [ of the GF/EP composite with various contents of
additives.

delayed the crack propagations, so more energy was required.
The major energy absorption mechanism in the composite,
which are: crack deflection, debonding between the fiber and
resin, pull-out (extraction of the fibers from the resin), and
fiber-bridging mechanism."*?’ In general, a number of mech-
anisms contribute to the fracture toughness, and it is often very
difficult to determine the dominant mechanism. SEM of the
fractured surfaces of specimens revealed clear damage in the
interfacial region in the composite. For the unmodified com-
posite (Figure 11(a)), the fractured surfaces were mostly
smooth and glassy due to brittle failure. Therefore, the energy
required for the interlaminar delamination failure was low. In
contrast, the additives strongly affected the mode-I interlam-
inar fracture toughness, as shown in Figure 11(b), (c), and (d).
The fractured surface of the additive-modified composite had
a rougher surface and was tougher than those of the unmod-
ified composite. Therefore, more energy was required, result-
ing in higher fracture toughness.

The dielectric property, which is a measure of the polar-
izability of a material when subjected to an electric field, is an
important factor in defining the physical and chemical prop-
erties related to the storage and energy loss in various mate-
rials. The permittivity (&), which is also known as a material’s
dielectric constant, describes the interaction of a material with
an electric field. The dielectric constant is equivalent to the rel-
ative permittivity or the absolute permittivity (¢) relative to the
permittivity of free space. The real part of the permittivity (&)
is a measure of how much energy from an external electric
field is stored in a material. The imaginary part of the per-
mittivity (£”) is called the loss factor and is a measure of how
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Figure 14. Variations of the real permittivity (&') and loss factor (£”)
as a function of frequencys for GF/EP with unmodified (purple
line), 5 phr thiokol (red line), 9 phr ELO (blue line), and 7 phr ENR
(black line).

Table 2. Dielectric Properties of the Modified and Unmodified
GF/EP

Dielectric properties

Materials - -

& £
Unmodified 3.178 0.0240
5 phr thiokol 3.457 0.0239
7 phr ENR 3.791 0.0243
9 phr ELO 3.625 0.0235

the dissipative or loss of a material is to an external electric
field.

Figure 14 shows the measured permittivity of the specimens,
in which the ENR, ELO, and thiokol-modified GF/EP have a
similar real permittivity and loss factor line compared to the
unmodified GF/EP, indicating that the thiokol, ENR, and ELO-
modified GF/EP had no effect on the external electric field
compared to the unmodified GF/EP. The average results of the
dielectric properties measurements were calculated from
4 GHz until 8 GHz, and are presented in Table 2. The average
real part of the permittivity (&) of the unmodified GF/EP, and
GF/EP modified with 5 phr thiokol, 7 phr ENR, 9 phr ELO
were 3.178, 3.457, 3.791, and 3.625. The average real part of
the permittivity (&) with the addition of thiokol, ENR, and
ELO increased slightly. The small values of the real part of the
permittivity showed that there was no more external electric
field stored in the material, which agrees with the loss factor.
The loss factor of 5 phr thiokol, 7 phr ENR, 9 phr ELO mod-

ified and unmodified GF/EP were 0.0239, 0.0243, 0.0235, and
0.024, respectively, suggesting little external electric field loss
and confirming that thiokol, ENR, and ELO had no added
effect on the dielectric properties of the GF/EP.

Conclusions

By introducing a novel GF/EP modified with thiokol, ENR,
and ELO, we examined the effects of additives on the mechan-
ical and dielectric properties of GF/EP in this study. With the
addition of 5 phr thiokol, 7 phr ENR, and 9 phr ELO, the frac-
ture toughness of the epoxy resin increased by 80.0, 56.9 and
43.1%, respectively. The mode-I interlaminar fracture tough-
ness of GF/EP containing 5 phr thiokol, 7 phr ENR and 9 phr
ELO contents for the GIC increased by 30.3, 26.9 and 17.6%,
respectively, and for the crack propagation, the GIP values also
increased by 32.7, 26.9 and 18.3%, respectively, compared to
the unmodified composite. The dielectric properties obtained
from the free space method for frequencys 4-8 GHz at room
temperature of 28 °C showed that all these additives had no
added effect on the dielectric properties of the GF/EP.

The GF/EP modified with 5 phr thiokol showed the best
mechanical properties compared to the 7 phr ENR and 9 phr
ELO modified GF/EP.
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