Highly Processable Ternary Systems Based on
Benzoxazine, Epoxy, and Phenolic Resins
for Carbon Fiber Composite Processing

Sarawut Rimdusit,' Passarin Jongvisuttisun,' Chanchira Jubsilp," Wiwut Tanthapanichakoon®

'Polymer Engineering Laboratory, Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn

University, Pathumwan, Bangkok 10330, Thailand

’Nationa Nanotechnology Center, 111 Thailand Science Park, Klong Luang, Pathumthani 12120, Thailand

Received 22 November 2007; accepted 8 July 2008
DOI 10.1002/app.29085

Published online 22 October 2008 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Effects of resin compositions in ternary sys-
tems of benzoxazine, epoxy, and phenolic novolac resins
on processability, and thermomechanical properties of
their carbon fiber-reinforced composites are investigated.
At suitable range of resin mass ratios, the ternary mixtures
can provide a relatively wide processing window ranging
from 50 to 200°C by maintaining their low A-stage viscos-
ity for a relatively long time which is crucial in the fiber
preimpregnating process. Furthermore, relatively long
shelf-life of the ternary mixtures stored at room tempera-

ture (~ 30°C) up to 270 days is obtained with minimal
effect on their processability. The optimum mass ratio of
B : E : P was determined to be 3 : 6 : 2, i.e., BEP362 resin.
Finally, the carbon fiber composite based on BEP362 was
found to exhibit substantial enhancement in its mechanical
properties. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 111:
1225-1234, 2009
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INTRODUCTION

Advanced composites such as fiber-reinforced poly-
mer composites have been extensively used in many
high performance applications that require excellent
mechanical properties especially in structural utiliza-
tions because of their outstanding specific modulus
and specific strength."® One important group of
polymeric composites is based on carbon fiber rein-
forcing systems which is often used in weight reduc-
tion and high specific strength requirement, i.e.,
aerospace, ballistic armor, or extreme sport applica-
tions. In the production of carbon fiber-reinforced
composites, the materials are typically preformed as
prepregs for easy handling and processing.'®™"®
Good prepreg characteristics include not only spe-
cific end-properties but also processability of the
materials such as shelf life of the matrices, pot life of
the systems at various temperatures, and suitable
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curing condition.""™"® At present, there are two
major prepregging methods used industrially, i.e.,
solution impregnation and hot melt impregnation
methods. Each method is depending on the process-
ability of matrix resins to provide an appropriate
resin viscosity to coat the reinforcing fiber. Since the
composite quality is partly controlled by (1) resin-
fiber interfacial wetting and (2) uniform resin con-
tent, the low viscosity resins are typically required.
In addition, at the prepregging temperature, the ma-
trix resins are recommended to retain their low vis-
cosity which is usually in a range of 1-3 Pas to
provide desirable end-products.'’"* However, a time
period for “B-staging” step of the resins should also
be minimized, i.e., 1-15 min at temperatures of 90—
200°C."3!* The various currently used matrices, how-
ever, contain some shortcomings such as narrow
processing window, short storage life, need of cur-
ing agent, required refrigeration for storage, as well
as complicated processing methods. These make
their utilization less user-friendly. In the past de-
cades, epoxy resins have been widely used in fiber-
reinforced polymer composites which required ther-
mosetting characteristics”®'> because the resins pos-
sess relatively high modulus and strength values,
high thermal stability, and outstanding adhesive
properties to various types of surfaces. In addition,
the resins also show good corrosion resistance
with relatively low water absorption. However, most
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curing agents of epoxy resins, including amines and
anhydrides, have some drawbacks such as high tox-
icity or low storage stability. Therefore, the develop-
ment of user-friendly, highly processable, and more
stable matrices is still necessary in the composite
industries.

Polybenzoxazine, a novel class of phenolic resins,
has been developed with a wide range of mechanical
and physical properties that can be tailored to spe-
cific needs. Polybenzoxazine can be synthesized
using a patented solventless technology to yield a
relatively clean precursor, without the need of sol-
vent elimination or monomer purification. The poly-
mer can undergo ring-polymerization of its aromatic
oxazines upon heating without the aid of a curing
agent (strong acid and alkaline); therefore, no con-
densation by-products are released during a fabrica-
tion process as well as no corrosion of processing
equipments.’” The property balance of the material,
including good thermal, chemical, and electrical
properties, makes polybenzoxazine attractive as an
alternative candidate for existing applications.>
Moreover, polybenzoxazine possesses several out-
standing properties such as very low A-stage viscos-
ity, near-zero shrinkage, fast development of
mechanical properties as a function of curing con-
version, high thermal stability, and low water
absorption. Hence, polybenzoxazine was chosen as a
major component for the high performance and high
processability matrix of carbon fiber composites.

As aforementioned, high performance fiber-rein-
forced composites with the excellent mechanical
properties are normally required. Although polyben-
zoxazine shows many remarkable properties, one
shortcoming of this resin is its relatively high rigid-
ity, particularly in the basic-typed polybenzoxazine
such as bisphenol A-aniline species (namely BA-a).
In addition, some recent researches have also been
conducted to enhance an adhesion between carbon
fiber and polybenzoxazine including by fiber surface
modification, or incorporation of rubber interlayer to
yield improved mechanical properties of the result-
ing composites.”” An ability of benzoxazine resin to
form alloys with various other resins or polymers
has been reported to render novel classes of resin
systems with broader range of properties such as
with a monofunctional benzoxazine diluent (Ph-a),*
epoxy resins,>*” urethane resins,®®* and poly-
imide.*” Jubsilp et al.*® reported that the BA-a/Ph-a
mixtures are miscible in nature rendering the prop-
erties highly dependent on their compositions. The
viscosity of the BA-a resin can be reduced to one
third using only about 10% by weight the Ph-a di-
luent and the addition of the Ph-a resin into the BA-
a resin can also lower the liquefying temperature of
the resin mixtures whereas the gel point is margin-
ally decreased. Ishida and Allen®' demonstrated that
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alloying between benzoxazine resin (BA-a) and
bisphenol A-typed epoxy (EPONS825) greatly
increases the crosslinked density, thus raising their
glass transition temperature (141°C of neat polyben-
zoxazine to 155°C at 30% by weight of epoxy), flex-
ural stress, and flexural strain at break over those of
the BA-a homopolymer. Kimura et al.>** examined
the use of benzoxazine resin as a hardener of epoxy
resin and reported greater heat resistance, water re-
sistance, electrical insulation, and mechanical prop-
erties of the cured materials compared with the
epoxy resin cured by bisphenol-A type novolac.

Furthermore, toughness of polybenzoxazine
enhanced by alloying with flexible epoxy (EPO732)
has been reported by Rimdusit et al.*® The experi-
mental results from flexural testing and dynamic me-
chanical analysis reveal that the toughness of the
miscible alloys of the rigid polybenzoxazine and the
EPO732 systematically increases with the amount of
the epoxy toughener due to the addition of more flex-
ible molecular segments in the polymer hybrids. Ish-
ida and Ohba*! reported that the toughness and glass
transition temperature by incorporating epoxy into
maleimide functionality benzoxazine monomer were
found to improve when compared with those of the
neat maleimide-functionalized benzoxazine (MIB).

Rimdusit and Ishida®**™ have studied the ternary
systems based on benzoxazine (B), liquid epoxy (E),
and phenolic novolac (P) and concluded that epoxy
not only acted as a reactive diluent in the BEP
systems but also contributed to higher crosslinked
density and flexibility compared with the neat ben-
zoxazine resin. Moreover, the addition of small
amount of phenolic resin into the BE systems resulted
in a mixture to be cured at lower temperature when
compared with curing reaction of the BE systems.
Synergism in glass transition temperature was also
observed in these ternary mixtures with great variety
of resin properties, particularly their processing ability
and mechanical characteristics.

In this study, suitable compositions of the ternary
systems of benzoxazine, epoxy, and phenolic resins
for utilizing as a matrix of carbon fiber prepregs are
evaluated. The characteristics of the ternary resin sys-
tems such as viscosity, gelation time, shelf-life, and
curing properties as well as the mechanical and ther-
mal properties of their fully cured polymers and their
carbon fiber composites will also be investigated.

EXPERIMENTAL
Materials

The 2,2'-(3-phenyl-4-dihydro-1,3,2-benzoxazine)pro-
pane designated as BA-a based on bisphenol-A,
formaldehyde, and aniline was synthesized by a
patented solvent-less method." Bisphenol-A was
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kindly supplied by Thai Polycarbonate Co., Ltd.
(TPCC). Para-formaldehyde (AR grade) and aniline
(AR grade) were purchased from Merck Ltd. and
Asia Pacific Specialty Chemicals Ltd., respectively.
The obtained benzoxazine monomer is clear-yellow-
ish solid at room temperature. Phenolic novolac
resin is prepared following the method explained in
Ref. * by reacting phenol, 37% by weight of aqueous
formaldehyde from Apec Chemical Co., Ltd. and ox-
alic acid (AR grade, from Suksapanpanit, Thailand).
Both resins can be ground into fine powder and kept
in a refrigerator for future-use. The DGEBA-based ep-
oxy resin (Epikote 828-EL) from East Asiatic (Thai-
land) Public Co., Ltd. was used as-received. The resin
is a clear viscous liquid at room temperature.

Carbon fiber plain fabric (KN #C100) in 3k-tows
with a fiber areal weight of 165 g/m? was purchased
from Asia Kangnam Co., Ltd. The fiber diameter
was 8 pum, with the density of 1.78 g/cm®. The ten-
sile strength and modulus of the fiber were 4.2 GPa
and 235 GPa, respectively. It was used as-received
without any additional surface modification.

Monomer preparation

The ternary systems based on benzoxazine, epoxy,
and phenolic novolac resins to be investigated are
BEP361, BEP362, BEP363, and BEP364. In the no-
menclature of the mixtures, B stands for the BA-a
type benzoxazine resin, E is an epoxy resin, and P is
the phenolic novolac resin, respectively. The num-
bers after letters are the mass ratio of the three
monomers in the respective order. Each resin was
first measured at the desirable mass fraction. The
resin mixture was then heated to about 90°C in an
aluminum container and was mixed thoroughly for
a few minutes to obtain a homogeneous and a trans-
parent resin mixture. All resin mixtures were kept in
a refrigerator for future-use.

Prepreg and composite manufacture

The prepreg material was made using a solvent
impregnation method. Carbon fiber plain fabric pre-
preg was prepared by brushing ternary mixture solu-
tion (50 wt % solution in THF). After brushing, the
prepreg was removed and cut to appropriate sizes fol-
lowed by conditioning at 45°C for 10 h in a vacuum
oven to ensure that no solvent remained. The compos-
ite laminates were cured at 180°C for 3 h in the hydrau-
lic press using a pressure of 10.0 MPa followed by
postcuring in an air-circulating oven at 200°C for 2 h.

Differential scanning calorimetry (DSC)

Curing temperature of each matrix resin was exam-
ined using a DSC (model 2910) from TA Instruments
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in a temperature range of 30-300°C. A 5-10 mg sam-
ple was placed in an aluminum pan with lid. The
experiment was performed at a heating rate of
10°C/min in a constant flow of nitrogen of 50 mL/
min.

Chemorheological characterization

Dynamic shear viscosity measurements of the ter-
nary mixtures were performed on a parallel plate
rheometer using HAAKE RheoStress model RS600.
Disposable aluminum plates with 60 mm in diame-
ter were preheated with the gap zeroed at the test-
ing temperature. The void-free monomer mixture,
which was liquefied at 80°C, was then poured onto
the lower plate and the gap was set to 0.5 mm. The
temperature was immediately equilibrated at the set
point for about 60 s and the test was then started.

Thermogravimetric analysis (TGA)

Degradation temperature (T;) and char yield of the
ternary systems and their composites were studied
using a TGA apparatus (model TGA/SDTA 851°,
Mettler-Toledo). Sample mass of 1520 mg was
heated using a linear heating rate of 20°C/mim from
room temperature to 800°C under dried nitrogen
atmosphere.

Bending test

The flexural behaviors of the cured copolymers were
determined using a universal testing machine (Ins-
tron Instrument, model 5567) at room temperature.
The samples were tested according to ASTM
D790M-93 (Method I) with a support span of 32 mm
at the crosshead speed of 0.85 mm/min. Three sam-
ples from each copolymer composition were tested
and the average values were reported.

Dynamic mechanical analysis

Dynamic mechanical properties of the samples were
obtained using a dynamic viscoelastic analyzer
model DMA 242 C from Netzsch Inc. The test was
performed under a three-point bending mode. The
strain amplitude used is 30 pm at the frequency of
1 Hz. The sample was heated at a rate of 2°C/min
from 30 to 270°C. The sample dimension is 52 x 10
x 2.5 mm>. Glass transition temperature of each
sample was taken from the temperature at the maxi-
mum point on the loss modulus curve.

Scanning electron microscopy (SEM)

The fractured surface of a tested sample was investi-
gated using a scanning electron microscope (JEOL,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 DSC thermograms of BEP mixtures: (@) BEP361,
(M) BEP362, (&) BEP363, (A) BEP364.

model JSM-5800LV) at an acceleration voltage of 15
kV. Samples were coated with thin film of gold
using a ion sputtering device (Balzers, model
SCD040) for 4 min to obtain a thickness of approxi-
mately ~ 30 nm and the micrographs of the fracture
surfaces of each sample were taken.

RESULTS AND DISCUSSION
Processability of ternary resin mixtures

Processability of ternary mixtures based on benzo-
xazine, epoxy, and phenolic resins was evaluated
based on variation of their viscosity with tempera-
ture, i.e., the processing window as well as their cur-
ing temperature. Regarding the processability of
prepregs, the matrices must be capable of wetting
and penetrating into the bundle of reinforcing fibers.
The higher wettability can lead to the greater me-
chanical performance of the composites. Addition-
ally, resin proportions added to the fibers in the
prepregging will be readily controlled with low vis-
cosity and suitable processing window systems. Fig-
ure 1 illustrates the curing behaviors of the series of
ternary mixtures under this investigation. In this
case, the composition of benzoxazine and epoxy in
the ternary mixtures was fixed at 1 : 2 mass ratios
and the amount of phenolic novolac was systemati-
cally varied. The fixed 1 : 2 mass ratio was selected
as it provided the BEP resin mixtures with high
processability characteristics, i.e., melt viscosity as
low as 0.3 Pa.s at 100°C, with relatively low curing
’tempera’cure.42

As reported by Rimdusit and Ishida,** the recom-
mended fraction of epoxy resin in the ternary mix-
tures should be in the range of 30-60% by weight to
provide a suitable time window for mixing or com-
pounding due to the appropriate viscosity and che-
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morheological properties obtained. In this work, the
investigated ternary compositions are BEP361,
BEP362, BEP363, and BEP364. As evidently seen in
Figure 1, the increase in phenolic novolac content in
the BEP resin mixtures tends to lower the curing
exotherm peaks in DSC thermograms, i.e., from
240°C in BEP 361 to 225°C in BEP364. Moreover, we
can see that the curing reaction of the BEP363 and
BEP364 compositions can be initiated at relatively
lower temperature, i.e., as low as 100°C, with the
amount of the phenolic resin. The appearance of the
second peak in the thermograms was also observed
more clearly with the increasing mass fraction of the
phenolic novolac. From the thermograms, the peak
situated at 225-240°C was assigned to the interaction
between the benzoxazine resin and the epoxy
whereas the second peak at lower temperature was
attributed to the ring-opening reaction of the ben-
zoxazine resin catalyzed by the presence of the phe-
nolic novolac.

In the prepregging process such as a hot melt
method, low and fairly constant viscosity is required
as the low melt viscosity provides better resin wet-
ting prepregs as well as void-free final product
while constant viscosity renders enough time for
prepregs processing.’® The viscosity of the four dif-
ferent ternary mixture compositions compared with
that of neat BA-a and neat epoxy resins is presented
in Figure 2. The measurement was performed under
shear rate sweep mode at 100°C within the shear
rate range of 0.001-1000 s~ and experimental time
of 600 s. From the curves, almost all resin mixtures
show constant viscosity in a shear rate range men-
tioned. This implies Newtonian flow behavior of the
resin mixtures as they can maintain their low-molec-
ular weight nature in the investigated period of
time. From the figure, the melt viscosity values of
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Figure 2 Viscosity of ternary systems measured at 100°C:
(®) Epikote828-EL, (M) Polybenzoxazine, () BEP361, (A)
BEP362, (¥) BEP363, (O) BEP364.
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the ternary mixtures increase with increasing the
amount of phenolic novolac. The viscosity values are
ranging from 0.4 Pa.s of BEP361, 1.3 Pa.s of BEP362,
and 3.8 Pa.s of BEP363 compared with about 3.8 Pa.s
of the BA-a resin and 0.06 Pa.s of the liquid epoxy.
Additionally, the viscosity of BEP364 was found to
significantly increase with the shear rate because the
curing reaction of BEP364 can proceed even at the
relatively low testing temperature, i.e.,, 100°C. This
behavior also confirmed the DSC experiment of the
same resin mixture described previously. However,
those viscosity values remain low enough for the
preimpregnation process.

In the fabrication process of prepregs or compo-
sites, it is also important to identify the temperature
limit or window for product processing where the
resin should be molten and impregnated with fiber
or fully cured to final composite products. The effect
of the phenolic novolac on chemorheology of the
BEP resin mixtures compared with that of the BA-a
resin is shown in Figure 3. In this figure, the proc-
essing window of each ternary system was deter-
mined under an oscillatory shear mode. The
evaluating waveform was obtained by the superpo-
sition of mechanical waves with four different fre-
quencies, ie., 1 rad/s, 3 rad/s, 10 rad/s, and 31
rad/s. The testing strain amplitude was kept con-
stant at 2.5% for each frequency. The temperature of
the resin mixtures was ramped from about 30°C up
to the temperature beyond the gel point of each
sample using a heating rate of 2°C/min and the
dynamic viscosity was recorded. In this experiment,
the uncured resin mixture characteristics at room
temperature are varied from semisolid in BEP361 to
solid in BEP363. BEP364 was not evaluated in this
experiment due to its rather reactive nature with
heat. On the left hand side of Figure 3, we can see
that the liquefying temperature of the resin mixtures
as indicated by the lowest temperature that the vis-
cosity rapidly approaches its minimum value signifi-
cantly decreases with increasing the mass fraction of
the phenolic novolac. For consistency, the tempera-
ture at the viscosity value of 1,000 Pa.s was used as
a liquefying temperature of each resin. Based on this
convention, the liquefying temperatures of BEP361,
BEP362, and BEP363 mixtures were determined to
be 56°C, 60°C, and 67°C, respectively. However, the
liquefying temperatures of these ternary mixtures
are still lower than that of the unmodified BA-a
resin which possesses the liquefying temperature of
about 73°C as determined using the same conven-
tion. These liquefying behaviors are attributed to the
presence of the epoxy diluent, which is a liquid at
room temperature, while benzoxazine resin and phe-
nolic novolac resin are solids at room temperature.
In practice, lowering the resin liquefying tempera-
ture obviously enables the use of lower processing
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Figure 3 Processing window of ternary mixtures at heat-
ing rate of 2°C/min: (@) BA-a resin, (M) BEP361, (@)
BEP362, (A) BEP363.

temperature and less energy for a compounding pro-
cess which is desirable in general composite
applications.

On the contrary, the gel point of these ternary
mixtures tends to decrease with increasing the
amount of the phenolic novolac resin. In this case,
the maximum temperature at which the viscosity
was rapidly raised above 1000 Pa.s was used as gel
temperature of each resin. From the graph, the BA-a
resin shows gel point at a temperature of 215°C
while those of BEP361, BEP362, and BEP363 are
218°C, 177°C, and 163°C, respectively. This charac-
teristic corresponds to the DSC results that phenolic
novolac resin can substantially reduce the curing
temperature of the resin mixtures between benzoxa-
zine and epoxy resins. As a result, BEP363 exhibits
the narrowest processing window among the three
ternary systems due to the most phenolic novolac
mass fraction in the systems.

As aforementioned, gelation time of each resin
mixture which is in the B-staging step should be car-
ried out within 1-15 min in the prepreg processing.
Holly et al.** proposed the use of loss angle (3) to
determine gel point of the network forming materi-
als. The proposed criterion is that at the gel point,
tan 6 becomes frequency independent. Therefore, the
exact gel point is determined by the intersection of
the various curves in a plot of tan § versus time at
various frequencies. As an exemplification, Figure 4
exhibits the tan 6 crossover of BEP362 cured isother-
mally at 100°C and at different frequencies, i.e.,
1 rad/s, 3 rad/s, 10 rad/s, and 31 rad/s. A mini-
mum constant stress at 20 Pa is used for gel point
determination to ensure both linear viscoelastic rela-
tionship as well as minimum gel network rupturing.
From the plot, the values of tan § intersect at a time
of about 58.3 min corresponding to the gel time of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Gelation time of BEP362 at 120°C using fre-
quency independent of loss tangent to define a gel point.

BEP362 at that temperature. The conversion of the
BEP362 mixture at the gel point was determined to
be 35%. This result is in good agreement with other
resin systems, i.e., BEP121 = 34%,** and some epoxy
molding compound 22-35%.* Figure 5 illustrates
the effect of phenolic novolac mass fraction, which
was varied systematically from BEP360, BEP361 to
BEP364, on the gelation behavior of the ternary mix-
tures at 180°C. Gelation time of the ternary mixtures
is obtained from the point that tan § is frequency in-
dependent as explained previously. From the plot, a
systematic increase in phenolic novolac mass frac-
tion was found to lower the gelation time of the ter-
nary mixtures in an exponential decay manner. The
gelation time of the ternary mixtures is ranging from
more than 100 min in BEP360 (i.e., binary mixture
between B and E) to about 1 min in BEP364.
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Figure 5 Gelation time as a function of BEP compositions
at gel temperature of 180°C.
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Figure 6 Glass transition temperature from DSC of fully
cured BEP systems.

Properties of the fully cured ternary alloy systems

The effect of the presence of epoxy and phenolic
novolac resins on the glass transition temperature
(T,) of the ternary systems have been investigated in
Figure 6. From the figure, T,s of the ternary alloys
were found to strongly depend on the mixed com-
position of benzoxazine, epoxy, and phenolic novo-
lac resins. In addition, it is clearly seen that the
optimum in T, of the ternary alloys under this inves-
tigation is observed. BEP362 exhibits the highest T,
among the four ternary alloys evaluated with the
value of approximately 158°C. The slight increase in
T, of BEP362 compared with BEP361 is possibly due
to the more perfect network structure formed in
BEP362. The T, values were then found to decrease
with further increasing the phenolic novolac frac-
tions, i.e., in BEP363 and BEP364. The primary func-
tion of phenolic novolac resin is to lower the curing
temperature of the ternary mixtures but excessive
amount of the resin renders negative effect of their
T, due to its limited participation in the network
formation.

Normally, thermal degradation temperature (T,) is
one of the key parameters that need to be considered
for high temperature application of materials. The
TGA curve of the ternary alloys is presented in
Figure 7. From the figure, all alloys exhibit an
improvement in their thermal stability over the poly-
benzoxazine homopolymer. The decomposition tem-
perature at 5% weight loss of the ternary alloys is
approximately 372-382°C, as shown in an inset of
Figure 7, comparing with 334°C of the polybenzoxa-
zine (BA-a).®* Another interesting feature in the
TGA thermogram is the char yield of the alloys
reported at 800°C. The char yield of the ternary
alloys was found to systematically increase with
increasing the phenolic novolac mass fraction. This
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Figure 7 TGA thermograms of BEP alloys: (@) BEP361,
(M) BEP362, (&) BEP363, (A) BEP364.

is due to the fact that the phenolic novolac resin pos-
sesses the highest char yield (55%) among the three
resins used while both benzoxazine resin and epoxy
resin render lower char yield, ie., 30-35%2% and
15%,*® respectively.

Flexural properties of the ternary alloys are also
depicted in Figure 8. The flexural strength of the ter-
nary alloys was observed to be in the range of 135
to 159 MPa. The results of these showed significantly
higher flexural strength value compared with that of
the polybenzoxazine (BA-a) reported to be 117
MPa,” while the epoxy possesses the strength of
about 110-145 MPa depending on the type of the
curing agent.*”*° Furthermore, the increase of the
epoxy resin fraction results in the slightly higher
flexural strain-at-break of the samples due to the
more flexibility in molecular structure of the epoxy
resin compared to the other two polymers. The

150

Flexural Stress (MPa)
=

50 F

Flexural Strain (%)

Figure 8 Flexural stress-strain curves of BEP alloys at
various compositions: (@) BEP361, (M) BEP362, (@)
BEP363, (A) BEP364.
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Figure 9 Glass transition temperature of BEP362 resin as
a function of aging time.

strain at break values are ranging from 3.2% in
BEP364 to 3.8% in BEP361. Whereas the flexural
modulus of the ternary alloy systems slightly
increases when the phenolic novolac mass fraction
increases, i.e., 3.8 GPa for BEP361, 4.2 GPa for
BEP362, 4.5 GPa for BEP363, and 5.0 GPa for
BEP364.

From these property evaluations, the ternary alloy
composition to be used for composite processing in
this work is BEP362 due to its relatively low curing
reaction temperature with wide range of processing
window 60-177°C, as well as its ultimate T,
obtained with good mechanical behaviors compara-
ble to the other ternary systems.

Reactivity and processability of the aged
BEP362 resins

Storing of resin for prolonged time at room tempera-
ture has an effect on its final curing characteristics
as a result of the so called “chemical aging.” The
chemical aging of the resin will lead to permanent
changes in its structure and poses some effects such
as an increase of viscosity, reduction of reactivity,
and more difficult processability. Thus, prepregs are
usually stored at low temperatures, often below
—20°C, to ensure that there is no loss in its ability to
react up to an appropriate degree of crosslinking.'®
In principle, the degree of crosslinking to ensure
processability of the prepregs should be well below
the value at its gel point, i.e., corresponding to about
35% conversion in BEP362 or 22-35% conversion in
epoxy resin.

The stability of room temperature storage of
BEP362 was examined by aging the resin at 30°C in
a desiccator for a prolonged time. The resin sample
was taken at different times and was analyzed using
DSC. Figure 9 illustrates the change in T, of BEP362
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Figure 10 Total heat of reaction of BEP362 as a function
of aging time.

with the aging time. At an early stage, the T, devel-
opment as a function of aging time was observed to
be relatively fast. After approximately 30 days, there
was only a slight change in T, of the resin up to 270
days. Figure 10 shows the residual heat of reaction
as a function of aging time of the same system in
Figure 9. From the figure, the heat of reaction of the
aged resin decreases significantly in the first 30 days
of the aging time and becomes almost unchanged af-
ter that. This phenomenon suggested that the cross-
linking reaction of this resin mixture can proceed
even at room temperature, i.e., 30°C. At this temper-
ature, some resin molecules particularly those of the
liquid epoxy may be mobile enough to cause chemi-
cal reaction. However, when T, of the resin mixture
was developed to be 15-20°C greater than its storage
temperature, the crosslinking reaction was found to
be effectively inhibited. The behavior is clearly in
agreement with the development of T, of the resin.
In other words, increasing degree of conversion of
the resin leads to an increase of T, from the network
formation in the resin. Consequently, T,s of the aged
samples were somewhat greater than that of the
unaged samples, i.e., 39°C versus 53°C of the 270-
day aged resin mixtures. The residual heat of reac-
tion of BEP362 after being aged up to 270 days is
about 174 ]J/g whereas that of the unaged resin is
232 J/g. This change corresponds to the conversion
degree of BEP362 of about 25% which is well below
the conversion degree of 35% at the gel point of this
ternary resin mixture. Therefore, it can be inferred at
this point that the prolonged time does not signifi-
cantly affect the processability of BEP362 even after
270 days of room temperature storage although
some changes in its T, and heat of reaction were
observed. As a consequence, the carbon fiber pre-
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pregs from this resin is highly attractive for compos-
ite fabrication if a long shelf-life of the material is of
crucial requirement.

Mechanical properties of carbon
fiber-reinforced BEP362 composites

Dynamic mechanical properties of BEP362 alloy and
its carbon fiber-reinforced composites are shown in
Figure 11. The storage modulus (E’), and loss modu-
lus (E”) were plotted at varied temperature. Plain
type carbon fiber, grade KN #C100, was preimpreg-
nated with BEP362 resin and was compression-
molded to yield a fiber content of about 60% by vol-
ume. From the thermograms, the room temperature
modulus (E’) of carbon fiber-reinforced BEP362 com-
posite exhibits a relatively high modulus value of
57.7 GPa comparing with about 4.0 GPa of the neat
BEP362 alloy. Moreover, substantial enhancement in
the rubbery plateau modulus of the carbon fiber re-
inforced BEP362 composite was also observed.
Moreover, the peak positions of the loss moduli
were used to indicate the T, of the samples, and the
estimated T,, of BEP362 alloy was approximately
153°C which is similar to its carbon fiber composite
having the value of about 150°C. The substantial
enhancement in the modulus value is comparable to
the carbon fiber composite systems using high per-
formance polybenzoxazine based on biphenyl or
benzophenone as a matrix.’

Interfacial characterization

The surface morphology of the carbon fiber and the
fracture surface after bending test of the carbon fiber
plain-reinforced BEP362 composite was character-
ized by SEM as shown in Figure 12. From Figure
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Figure 11 Dynamic mechanical properties of BEP362
alloy (@) storage modulus, (O) E” loss modulus and car-
bon fiber-reinforced BEP362 composite (M) storage modu-
lus, (1) E” loss modulus.
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Figure 12 SEM micrographs (a) carbon fiber morphology
(b) Fractured surface of carbon fiber plain reinforced
BEP362 composite in weft region (c) Fractured surface of
carbon fiber plain-reinforced BEP362 composite in warp
region.

12(a), the SEM image indicates the relative smooth,
defect-frees fiber of the carbon fiber fabric without
the BEP362 resin coating and also the fibers had cy-
lindrical morphology with a diameter within the
range of 8 microns. In addition, the fracture surface
in the weft region and in the warp region of the car-
bon fiber plain-reinforced BEP362 composite was
presented in the Figure 12(b) and 12(c), respectively.
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In Figure 12(b), the fracture surface is extensively
embedded with the BEP362 copolymer. This sug-
gests that cohesive failure occurred in the BEP362
alloy matrix region due to the significant improve-
ment the interfacial adhesion strength between the
carbon fiber and the BEP362 matrix. Moreover, the
pull-out length of the carbon fiber is shorter than its
full length seen in Figure 12(c). This behavior con-
firmed that the carbon fibers were potentially adhered
by the BEP362 alloy matrix, as can be observed from
the pieces of matrix attached to the fiber.

CONCLUSIONS

The highly processable ternary systems based on
benzoxazine (B), epoxy (E), and phenolic novolac (P)
resins for carbon fiber composite fabrication was
developed. Phenolic novolac fraction in the ternary
mixtures was used to effectively lower the curing
temperature and control the processing window of
the resin mixtures. The mixtures were able to main-
tain their processing ability even after a prolonged
storing time at room temperature. The optimal com-
position of the ternary mixtures for carbon fiber
composite processing consisted of B:E:P at 3 : 6 : 2
mass ratio to yield mixture of very low melt viscos-
ity with ultimate T, in the fully cured polymer. The
carbon fiber-reinforced BEP362 alloy also showed
very high enhancement in its modulus value.

Bisphenol A is kindly supported by Thai Polycarbonate Co.
Ltd. (TPCC).
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