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a b s t r a c t

Effects of cashew nut shell liquid (CNSL) on properties of a bifunctional benzoxazine resin (BA-a) have
been investigated. The CNSL remarkably decreases the liquefying temperature, gel time and curing tem-
perature of the neat benzoxazine resin. The Kissinger and Ozawa methods are used to calculate the curing
kinetic parameters of BA-a/CNSL systems. The activation energy values obtained from both models show
fairly consistent results i.e. the activation energy values decrease with increasing the CNSL content. It
eywords:
ashew nut shell liquid
enzoxazine resin
elation
uring kinetics

was found that optimal CNSL content from solvent extraction experiment should not exceed 20 wt% to
avoid the presence of unreacted CNSL in the alloy network. Properties of bamboo fiber-reinforced BA-
a/CNSL alloys are also investigated in this work. The filled BA-a/CNSL at 65 wt% of bamboo fiber shows a
substantial increase in storage modulus and Tg of the composites. BA-a/CNSL alloy shows great potential
as high performance lignocellulosic adhesive for wood composite applications.
ood composite

. Introduction

Benzoxazine resins are new members of phenolic based adhe-
ives. These novel types of phenolic resins have been reported to
rovide some outstanding characteristics such as excellent thermal
roperties and flame retardance, molecular design flexibility, low
oisture absorption, near zero shrinkage upon polymerization, low
elt viscosities, and low dielectric constant [1–4]. Therefore, poly-

enzoxazines are widely applied in various fields such as structural
aterials and adhesives especially when high strength properties

re desired.
Recently, the development of the benzoxazine-based on renew-

ble organic material has attracted significant attention. Especially,
novel cardanol-based benzoxazine monomer contains an oxazine

ing in its structure. The ring can react with carbon atoms on ben-
ene ring of cardanol which is the main component of cashew
ut shell liquid (CNSL) [5]. CNSL is a blend of naturally occurring
henol-based monomer and is traditionally obtained as by-product
uring the process of removing the cashew kernel from the nut.
he production of CNSL is nearly 25% of the total nut weight.
he main producers of cashew nut are in Asia, Africa and South

merica. The major components of CNSL are anacardic acid, car-
anol and trace of cardol and 1-methylcardol. The CNSL has various
pplications in different industries such as friction linings, paints

∗ Corresponding author. Tel.: +66 2 218 6862; fax: +66 2 218 6877.
E-mail address: sarawut.r@chula.ac.th (S. Rimdusit).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.03.020
© 2011 Elsevier B.V. All rights reserved.

and varnishes, laminating resins, rubber compounding resin, ure-
thane based polymer, surfactant, epoxy resin, modifier agent of
phenol–formaldehyde resin for plywood production and interme-
diate for chemical industries. It also has potential and opportunities
for development of other tailor-made polymers. This makes CNSL
and their components become important for new value-added
materials with possible industrial uses [6–8]. Consequently, CNSL
is an excellent candidate material to modify properties of benzox-
azine resin and a potential of reducing a material cost.

Currently there is no information on properties of BA-a/CNSL
alloys. Therefore, effects of the benzoxazine resin modified with
cashew nut shell liquid oil on the resulting processing ability and
kinetic parameters of the curing process will be investigated in
this research. Furthermore, the thermal properties and the adhe-
sion performance of these alloys in wood composite will also be
examined.

2. Experimental

2.1. Materials

Benzoxazine resin is based on bisphenol-A, aniline and
formaldehyde. The bisphenol-A (polycarbonate grade) was sup-
plied by Thai Polycarbonate Co., Ltd. (TPCC). Para-formaldehyde (AR

grade) and aniline (AR grade) were purchased from Merck Ltd. and
Panreac Quimica S.A. The CNSL was contributed by Maboonkrong
Sirichai 25 Ltd. Bamboo fiber (Dendrocalamus asper) was supplied
by Forest Products Division, Royal Forest Department, Thailand.

dx.doi.org/10.1016/j.tca.2011.03.020
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:sarawut.r@chula.ac.th
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Fig. 1. Viscosity of BA-a/CNSL resin at various compositions: (�) BA-a/CNSL 100/0,
(�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL
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BA-a/CNSL), 59 ◦C (80/20 BA-a/CNSL), 50 ◦C (70/30 BA-a/CNSL) and
◦

0/40.

.2. Preparation of benzoxazine–cashew nut oil matrix

Benzoxazine monomer used was synthesized from bisphenol
, aniline and formaldehyde at a molecular ratio of 1:2:4. The
onomer synthesis was based on the patented solventless synthe-

is technique [9]. The reactants were physically mixed and heated
o their melting point temperature thereafter maintained at a tem-
erature sufficient to complete the interaction of the reactants to
roduce the benzoxazine monomer [10]. The BA-a blended with
NSL was used as a composite matrix and was prepared at temper-
ture of 80 ◦C.

.3. Preparation of wood-BA-a/CSNL alloy composites

Bamboo fiber was dried at temperature of 100 ◦C for 24 h to
et a constant weight. A fixed bamboo fiber content of 65 wt%
as compounded with BA-a/CSNL mixture in an aluminum con-

ainer at 80 ◦C for at least 30 min in order to ensure fiber wet-out
y the resin. Due to the relatively low viscosity of the matrix at
0 ◦C, the fiber can be impregnated by manual mixing follow-

ng the method in Refs. [32,33]. The viscosity of all matrices was
llustrated in Fig. 1. The compound was placed in a preheated
0 mm × 25 mm × 3 mm stainless steel mold and compressed in a
ydraulic press using a pressure of 15 MPa and at temperature of
10 ◦C for 0.5 h and 170 ◦C for 3.5 h. The cured specimens were

eft to cool down at room temperature in an open mold before
esting.

.4. Evaluation of chemorheological properties

Chemorheological properties of each alloy were examined using
rheometer (Haake Rheo Stress 600, Thermo Electron Coopera-

ion) equipped with 35 mm in diameter parallel plate geometry.
he measuring gap was set at 0.5 mm. The experiment was per-
ormed under an oscillatory shear mode at 1 rad s−1. The testing
emperature program was ramped from room temperature at a

eating rate of 2 ◦C min−1 to a temperature beyond the gel point
f each resin and the dynamic viscosity was recorded.
ca Acta 520 (2011) 84–92 85

2.5. Evaluation of curing reaction and kinetic parameters of
BA-a/CSNL matrices

The curing behavior and kinetic parameters were measured by a
differential scanning calorimeter (DSC) model 2910 from TA Instru-
ment. The heating rates were 1, 3, 5 and 10 ◦C min−1 from 30 to
300 ◦C under nitrogen gas purging.

2.6. Evaluation of curing behavior of BA-a/CNSL blends

Fourier transform infrared spectra of all samples under vari-
ous curing conditions were acquired by using a Spectrum GX FT-IR
spectrometer from Perkin Elmer. All spectra were taken as a func-
tion of time with 64 scans at a resolution of 4 cm−1 and a spectral
range of 4000–650 cm−1. The powder sample was mixed with KBr
powder. The mixed powder was pressed into pellet before mea-
surement.

2.7. Mechanical properties analysis

The dynamic mechanical analyzer (DMA) model DMA 242 from
NETZSCH was used to investigate the dynamic mechanical prop-
erties and relaxation behaviors of BA-a/CNSL polymer alloys. The
dimension of specimens was 10 mm × 50 mm × 2 mm. The test was
performed in a three-point-bending mode. In a temperature sweep
experiment, a frequency of 1 Hz and a strain value of 0.1% were
applied. The temperature was scanned from room temperature to
Tg of each specimen with a heating rate of 2 ◦C min−1 under nitrogen
atmosphere.

The flexural modulus and flexural strength of the wood compos-
ite specimens were determined according ASTM D790 employing
a Universal Testing Machine, Instron, Model 5567 equipped with a
1 kN load cell. The measurement was performed in a 3-point bend-
ing mode with a support span of 48 mm and at a crosshead speed
of 1.2 mm/min. A minimum of five samples with a dimension of
25 mm × 60 mm × 3 mm was tested and the averaged values were
determined.

3. Results and discussion

3.1. Chemorheological properties of BA-a/CNSL resin mixtures

The complex viscosity values of the BA-a, 90/10 BA-a/CNSL,
80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40 BA-a/CNSL as a
function of temperature are illustrated in Fig. 1. During heating,
these uncured monomers became softened and viscosity rapidly
decreased as temperature approached their softening points. The
next stage was the lowest viscosity range of the resin mixtures as all
compositions became liquid. This stage provided a processing win-
dow for the compounding process of each alloy. At the final stage,
the binary mixture underwent crosslinking reactions past their gel
points resulting in a sharp increase in their viscosities.

As seen from Fig. 1, the temperature of resin mixture was
ramped from 40 ◦C up to beyond the gel point of each sample
using a heating rate of 2 ◦C min−1 and a dynamic viscosity was
recorded. On the left hand side of Fig. 1, the liquefying temperature
of the binary mixture was indicated by the lowest temperature that
the viscosity rapidly approached its minimum value. For consis-
tency, the temperature at the viscosity value of 1000 Pa s was used
to determine liquefying temperature of each resin [11]. The lique-
fying temperature significantly decreased with increasing amount
of cashew nut shell liquid oil fraction i.e. 83 ◦C (BA-a), 68 ◦C (90/10
39 C (60/40 BA-a/CNSL). This may be due to the fact that the CNSL is
liquid while benzoxazine resin is solid at room temperature. There-
fore addition of liquid (CNSL) in the solid (BA-a resin) resulted in
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ig. 2. (a) Effect of gel temperature on the gel time of BA-a mixed with CNSL at com
ehavior of BA-a/CNSL revealing the gel time as a function of gel temperature at com
rrhenius plot of the gelation behavior of BA-a/CNSL at compositions: (�) BA-a/CN

ofter material at room temperature with lower liquefying point.
he lowest viscosity at room temperature was observed in a 40 wt%
NSL system. In practice, lowering the resin liquefying tempera-
ure obviously enables the use of lower processing temperature for
compounding process, which is desirable in various applications.

On the right hand side of Fig. 1, gel temperature of each resin
ixture can be evaluated. The temperature at which viscosity was

apidly raised above 1000 Pa s was used to indicate gel tempera-
ure of each resin [11]. The gel temperatures tended to decrease
ith increasing the CNSL content i.e. the gel temperatures of BA-a,

0/10 BA-a/CNSL, 80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40
A-a/CNSL were observed to be 184, 159, 152, 147 and 143 ◦C,
espectively. This result implied that CNSL can be not only a reac-
ive diluent for benzoxazine resin but also a good initiator to lower
he curing temperature or gel point of the benzoxazine resin.

.2. Evaluation of activation energy of BA-a/CNSL resin mixtures

Some of the important aspects of thermosetting polymer
nclude their gelation behavior, kinetic of gelation and the gel time.
ol–gel or gel point is one critical phenomenon that is crucial for

he material processing. The gel points of samples can be accu-
ately determined by dynamic rheological measurements which
re sensitive to degree of crosslinking. In principle, elastic modulus
nd viscous modulus present the same power-law variation with
ion 90:10 (�) 1.6 Hz, (�) 2.8 Hz, (�) 5.0 Hz, (�) 9.0 Hz and (�) 15.9 Hz. (b) Gelation
tions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10 and (�) BA-a/CNSL 70/30. (c) The
/0, (�) BA-a/CNSL 90/10 and (�) BA-a/CNSL 70/30.

respect to the frequency of oscillation at a gel point [12]. The cor-
responding expressions describing the dynamic moduli at the gel
point were as follow:

tan ı = G′′

G′ = tan
(

n�

2

)
(1)

where G′ is storage modulus, G′′ is loss modulus and n is the relax-
ation exponent which is network specific. The above expression
suggests frequency independent nature of tan ı at gel point. Exper-
imentally, this is the point where tan ı curves of various frequencies
crossover each other.

Fig. 2(a) shows the gel point of BA-a/CNSL at 90/10 mass ratio
which was cured isothermally at 140, 150, 160 and 170 ◦C and at dif-
ferent frequencies i.e. 1.6, 2.8, 5, 9 and 15.6 Hz as a function of time
(s). From the plot, the points that tan ı is frequency independent
were at time equal 35 min (140 ◦C), 25 min (150 ◦C), 13 min (160 ◦C)
and 7 min (170 ◦C) corresponding to the gel time at each temper-
ature. The gel times of the resin mixtures expectedly decreased
with increasing temperature. Gel times of other BA-a/CNSL systems
at different temperatures were also obtained from the tan ı plots
similar to the result in Fig. 2(a). Fig. 2(b) illustrates a relationship
between gel time and temperature of BA-a/CNSL systems at varied

compositions. All resin mixtures exhibited an exponential decay
behavior of the gel time with increasing temperature. This could be
due to the fact that raising the processing temperature increased
the rate of crosslinking of BA-a/CNSL systems. As a result, the higher
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ig. 3. (a) DSC thermograms of BA-a/CNSL resin at various compositions: (�) BA-
A-a/CNSL 60/40. (b) DSC thermograms of BA-a at various curing conditions: (�) u
ethod and (�) Ozawa method plots for averaged activation energy determination

uring temperature, the faster the resin systems can reach their gel
oint. Additionally, from the figure, the gel time tended to decrease
ith increasing the CNSL content comparing at the same tempera-

ure. For instance, at 140 ◦C the gel time BA-a = 108 min, BA-a/CNSL
0/10 = 35 min and BA-a/CNSL 70/30 = 14 min. This result also indi-
ated that the curing conversion of the BA-a/CNSL was raised with
ncreasing CNSL content.

According to Winter and Chambon, tan ı is independent of
requencies at the gel point of the polymer. The frequency indepen-
ence of the loss tangent in the vicinity of the gel point has been
idely used to determine the gel time (tgel) in either chemical or
hysical gels. Additionally, activation energy of gelation process
an be evaluated and calculated from the gel times at different
sothermal temperatures using Arrhenius model following Eq. (2)
r (3)

gel = A exp
(

�E

RT

)
(2)

r

n(tgel) = ln A +
(

�E

RT

)
(3)
here tgel is gel time, A is a pre-exponential factor, E is activation
nergy (kJ mol−1) and T is temperature (K).

Fig. 2(c) displays the Arrhenius plot revealing the effect of the
eactive CNSL on the gel time of BA-a resin. The activation energy
L 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�)
d, (�) 160 ◦C/1 h, (�) 180 ◦C/1 h, (�) 200 ◦C/1 h and (�) 200 ◦C/2 h. (c) (�) Kissinger
/10 BA-a/CNSL.

calculated from the slopes of the curves was 84 kJ mol−1 (BA-a),
80 kJ mol−1 (90/10 BA-a/CNSL) and 71 kJ mol−1 (70/30 BA-a/CNSL).
These activation energy values decreased with increasing amount
of the CNSL. Moreover, the different y-intercepts at various CNSL
content in Fig. 2(c) were also related to the initial temperature that
material started the gelation process. The lowest y-incept value was
found in 70/30 BA-a/CNSL system while the neat BA-a provided
the highest value. This result implied that the presence of 30 wt%
CNSL in BA-a required lower starting temperature for the gelation
process than 90/10 BA-a/CNSL or neat BA-a.

3.3. Curing reaction and thermal properties of BA-a/CNSL resins

The neat benzoxazine resin (BA-a) is designed to thermally poly-
merize via a ring-opening addition reaction so that it does not
yield any by-product. The curing reaction takes place either with
or without catalyst or initiator. In general, it is a well known fact
that oxazine ring opening is initiated by the presence of acidic
catalysts [13]. The curing exotherms of the resin mixtures at var-
ious weight ratios of BA-a and CNSL are illustrated in Fig. 3(a).
The peak exotherm and enthalpy of curing of BA-a were observed

at 237 ◦C and 277 J g−1. In the case of BA-a/CNSL mixtures, the
peak exotherms and enthalpy of cure values were found to be
lower than those of BA-a. When the amount of CNSL in samples
increased, both peak exothermic temperature and enthalpy of cure
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Table 1
Kinetic parameters evaluated from Kissinger and Ozawa methods.

BA-a/CNSL sample Methods

Kissinger (kJ mol−1) Ozawa (kJ mol−1)
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shown in Fig. 4(c). Furthermore, the other adsorption bands of car-
bonyl group appeared in the region of 1750–1550 cm−1 which is
assigned to the strong interaction between BA-a polymer and car-
boxylic acid. Especially, the appearance of the band at 1285 cm−1
90/10 82 85
70/30 74 79

alues decreased i.e. 216 ◦C and 246 J g−1 (90/10 BA-a/CNSL), 207 ◦C
nd 224 J g−1 (80/20 BA-a/CNSL), 203 ◦C and 219 J g−1 (70/30 BA-
/CNSL) and 197 ◦C and 194 J g−1 (60/40 BA-a/CNSL). This result
uggested that the anacardic acid in CNSL might act as a curing
ccelerator which caused a shift of the exotherm of the ring-
pening reaction of the benzoxazine resin to lower temperature.
he lowering of exotherms in benzoxazine systems had also been
bserved by the addition of other acidic protons such as poly (amide
cid), clay, and titania [14–16]. In addition, the decrease of cure
xotherms of BA-a/CNSL alloys may be possibly due to the presence
f phenolic compounds in CNSL such as cardanol, cardol and 1-
ethylcardol. These phenolic compounds can act as initiator for the

ing opening oligomerization of benzoxazine compounds [16]. The
ecrease of curing temperature of BA-a/CNSL alloys has a positive
ffect on the utilization of these alloys as a matrix for lignocellu-
osic composites i.e. a relatively lower curing temperature, or lower
nergy consumption, can be used. Generally, the curing or melting
emperatures of wood composite molding compounds should be
ept below 200 ◦C, except for a short period of processing time, in
rder to achieve samples with good mechanical integrity. A higher
emperature can result in the release of volatiles, discoloration,
dor, and embrittlement of the wood component [17].

The fully cured condition of BA-a and BA-a/CNSL systems was
etermined from the neat BA-a resin, which required the high-
st curing temperature among the investigated resin mixtures as
epicted in Fig. 3(a). The DSC thermograms of BA-a resin after
ndergoing different curing conditions were shown in Fig. 3(b). The
egree of conversion estimated by Eq. (4) was determined to be 20%
fter curing at 160 ◦C for 1 h, 72% after curing at 180 ◦C for 1 h, 96%
fter curing at 200 ◦C for 1 h and 100% after curing at 200 ◦C for 2 h.
t the final step, the disappearance of exothermic peak of reaction

ndicated the fully cured of sample.

conversion = 1 −
[(

Hrxn

Ho

)
× 100

]
(4)

here Hrxn is the exothermic heat of reaction of the partially cured
pecimens, as determined from DSC, and Ho is the exothermic heat
f reaction of the uncured resin.

.4. Curing kinetic model of BA-a/CNSL matrix

To determine the curing kinetic parameters of BA-a/CNSL, a non-
sothermal method in DSC experiment was used. The methods are

idely used to study dynamic kinetics of thermosetting polymers
s proposed by Kissinger and Ozawa. The detail of each method was
escribed in the literatures [18,19].

From the non-isothermal DSC result of 90/10 (BA-a/CNSL) by
sing this multi heating rate data according to the Kissinger and
zawa method, a good linear relationship between the heating

ate and the reversal of the exothermic peak temperature can
e obtained as shown in Fig. 3(c). The activation energy can also
e calculated from the slope of the plot. The average activation
nergy values of BA-a and BA-a/CNSL are summarized in Table 1.

he average activation energy of BA-a resin was calculated to be
4-87 kJ mol−1. This values fall in the same range as those in our
revious report [19]. The average activation energy of BA-a/CNSL
ystem trended to decrease with increasing amount of CNSL con-
ca Acta 520 (2011) 84–92

tent in the resin mixture i.e. 82–85 kJ mol−1 for 90/10 (BA-a/CNSL)
and 74–79 kJ mol−1 for 70/30 (BA-a/CNSL). The decreasing activa-
tion energy of BA-a with increasing content of acid media was also
observed in polybenzoxazine-clay hybrid nanocomposite [20]. Fur-
thermore, a decrease of activation energy upon increasing CNSL
content also had similar trend as that obtained from Arrhenius
model in the gelation process.

3.5. Curing behaviors of BA-a blended with CNSL

The curing behavior of BA-a blend with CNSL was monitored
by FT-IR spectroscopy. Fig. 4 shows example of FT-IR spectra in
case of BA-a/CNSL at a fixed mass ratio of 80/20. In Fig. 4(a), the
characteristic infrared adsorption bands of CNSL were observed
at 990 and 912 cm−1 which correspond to phenol containing the
pendent chain at meta position. The bands at 1264 and 1156 cm−1

were assigned to the symmetric and asymmetric stretching of the
bounding C C, respectively and the peak at 1588 cm−1 also related
to the stretching of carbon double (C C). The characteristic bands
at 1650 cm−1 was assigned to (C O) of anacardic. The peaks at
2852 and 2922 cm−1 corresponded to asymmetric and symmetric
stretching of CH3 and the peak around 3320 cm−1 was character-
istic of the stretching of OH [21–23]. For BA-a/CNSL, as shown
in Fig. 4(b) the characteristic adsorption peak of BA-a were 940
and 1232 cm−1, which were assigned to the benzoxazine mode
of the benzene ring that is adjacent to oxazine ring and trisub-
stituted benzene of the oxazine ring, respectively. According to
the polymerization mechanism reported by Dunkers and Ishida
[24], the oxazine ring is opened by the breakage of a C–O bond
in it. Thereby the benzoxazine molecule was transformed from
a ring structure to a network structure. During this process, the
tri-substituted benzene ring, the backbone of the benzoxazine
ring, became tetra-substituted. The indication of the ring-opening
polymerization of BA-a was observed from the decrease of the
absorption at 940 and 1232 cm−1 and the appearance of new
adsorption band at 1487 cm−1 which is tetra tetra-substituted as
Fig. 4. IR spectra of (a) uncured CNSL, (b) uncured BA-a/CNSL 80/20 and (c) cured
BA-a/CNSL 80/20 at 200 ◦C/2 h.
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a/CNSL alloys i.e. 3383 mol m−3 (BA-a), 4517 mol m−3 (BA-a/CNSL
90/10), 4357 mol m−3 (BA-a/CNSL 80/20), and 3471 mol m−3 (BA-
a/CNSL 70/30). This behavior also implied that only a certain
content of CNSL i.e. ∼10–20 wt%, yielded highly crosslinked net-

Fig. 5. (a) Storage modulus of BA-a/CNSL alloys obtained from fully cured condition
Scheme 1. A possible reaction between BA-a and CNSL.

ould be assigned to the aromatic ester (Ar–COOR) that might
rom during curing reaction of BA-a/CNSL. This result may implied
hat the reaction between the phenolic (OH) of polybenzoxazine
nd carboxylic acid of CNSL component could occur as shown in
cheme 1. The similar reaction was also observed in the system of
enzoxazine alloyed with poly (amide acid) [16].

.6. Dynamic mechanical properties of BA-a/CNSL polymer matrix

Dynamic mechanical properties of the BA-a/CNSL alloys as a
unction of temperature are displayed in Fig. 5(a). The storage mod-
lus (E′) of a solid sample at room temperature provides a measure
f material stiffness. The storage moduli of fully cured alloys were
ound to be 5.6 GPa for BA-a, 4.8 GPa for 90/10 (BA-a/CNSL), 4.7 GPa
or 80/20 (BA-a/CNSL), 4.0 GPa for 70/30 (BA-a/CNSL) and 3.9 GPa
or 60/40 (BA-a/CNSL). The storage moduli at room temperature
f BA-a/CNSL polymers systematically decreased with increasing
mount of CNSL. The decrease of storage moduli in alloys can be
xplained by the plasticizing effect of the CNSL on the polyben-
oxazine. Though, the presence of CNSL in BA-a resulted in a more
uctile polymer hybrids, the storage moduli values of BA-a/CNSL
atrix were still higher than those of major unfilled thermosets

sed as wood composite matrices including phenolic resin (1 GPa)
25], and unsaturated polyester (8.8 × 10−3 GPa) [26].

Furthermore, the rubbery plateau modulus value in Fig. 5(a) can

e used to determine crosslink density of the alloy network. In
he past, some researchers have attempted to apply theory of rub-
er elasticity to quantify crosslink density and molecular weight
etween crosslinks/entanglements of network forming polymer.
ca Acta 520 (2011) 84–92 89

However, this theory is strictly applicable to lightly crosslinked
materials. For highly crosslinked polymer network, the Gaussian
distribution of the chain between crosslink is no longer applied
and its crosslink density is more precisely estimated by the Nielson
equation,

log
(

E′

3

)
= 7.0 + 293

(
�

Mc

)
(5)

where E′ (dynes cm−2) is the storage modulus in a rubbery plateau
region, � (g cm−3) is the density of the material at room temper-
ature and Mc (g mol−1) is the molecular weight between crosslink
points [4,27,28]. From the results, addition of CNSL content from
0 to 30 wt% provided a maximum in the crosslink density of BA-
at various CNSL compositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-
a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL 60/40. (b) Loss modulus of
BA-a/CNSL alloys obtained from fully cured condition at various CNSL compositions:
(�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL
70/30 and (�) BA-a/CNSL 60/40.
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Table 2
Swelling and solvent extraction properties of BA-a/CNSL alloys.

Composition (BA-a/CNSL) % Swelling % Solvent extraction

100/0 1.78 0.95
90/10 0.96 0.10
80/20 2.87 0.30
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alloys similar to the unfilled systems. The Tgs of BA-a, 90/10 BA-
a/CNSL, 80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40 BA-a/CNSL
composites were determined to be 181, 178, 168, 133 and 113 ◦C,
respectively. The values were also higher than those of the unfilled

Fig. 6. (a) Storage modulus of BA-a/CNSL reinforced with bamboo at various CNSL
70/30 6.63 1.01
60/40 15.4 10.6

ork structure due to the possibly network formation between
enzoxazine resin and anacardic acid in CNSL. This optimal con-
ent is similar to the optimal amount of phenolic novolac resin in
he same type of polybenzoxazine [31] or the optimal content of
poxy resin in the polybenzoxazine [3].

Glass transition temperatures (Tg) of fully cured BA-a/CNSL
olymer alloys were obtained from Fig. 5(b). The Tgs of the crosslink
aterials were determined from the maximum of the loss modu-

us (E′′) of the figure. From a practical point of view, the maximum
′′ is the most appropriate value. It corresponds to the initial drop
rom the glassy state into the rubbery state. The Tg of BA-a and
A-a/CNSL alloys was found to decrease when the CNSL content

ncreased with the values ranging from 168 ◦C in BA-a to 110 ◦C
n 60/40 BA-a/CNSL. This is probably due to the fact that the Tg of
ypical cashew nut shell liquid oil cured with cobalt naphthenate
s reported to be about 60 ◦C [29] whereas the neat polybenzox-
zine possesses a higher Tg of 165 ◦C. Consequently, the Tgs of the
lloy systems became lower as the CNSL content increased. More-
ver, the decreasing Tgs of BA-a/CNSL alloys may be due to the
liphatic nature of CNSL thus it can act as a plasticizer especially
hen the excess amount of CNSL presents in the polybenzoxazine.

he decrease in the Tg of polybenzoxazine was also observed when
enzoxazine resin was alloyed with phenolic novolac and novel
lycidyl phosphine oxide [29,30].

.7. Investigation of network formation ability of BA-a/CNSL
lloys

The network formation ability of the BA-a/CNSL matrices at dif-
erent composition of CNSL was assessed by solvent extraction

ethod. In the test, the alloy specimens were immersed in chlo-
oform for 15 days. After the immersion, it was observed that BA-a,
0/30 BA-a/CNSL and 60/40 BA-a/CNSL showed a deep color change
f solvent due to a release of significant amount of extractives from
ach specimen. In addition, when the amount of CNSL in the poly-
er alloys was 30 wt% or greater, specimen disintegration from the

olvent extraction test was observed. Beyond 30 wt% of CNSL, it was
xpected that excessive amount of CNSL might cause the formation
f discontinuous network or network clusters. On the other hand,
0/20 BA-a/CNSL specimen exhibited slight color change and 90/10
A-a/CNSL specimen showed almost no color change of the solvent.
he percentages of swelling and solvent extraction are summarized
n Table 2. It is clear that the optimum of CNSL i.e. 10 wt%, pro-
ided a near-zero solvent extraction value with the lowest degree
f swelling. These results also suggested that the optimal content
f CNSL of 10 wt% can contribute to a more perfect network for-
ation of BA-a polymer. The solvent extraction results were also

onsistent with the crosslink density results of these alloys.

.8. Characterization of BA-a/CNSL composites reinforced with
amboo fiber
The storage moduli as a function of temperature of the 65 wt% of
amboo fiber filled BA-a/CNSL alloys are plotted in Fig. 6(a). From
he plot, the storage moduli at room temperature of the composites
ere observed to be in a range 3.7–6.3 GPa. It is clearly seen that all
ca Acta 520 (2011) 84–92

of the BA-a/CNSL alloys reinforced with 65 wt% bamboo fiber had
significantly higher storage modulus values than those of unfilled
BA-a/CNSL alloys. This is due to the reinforcing effect of bamboo
fiber on the BA-a/CNSL matrices implying the substantial interfacial
bonding between the alloy matrix and the bamboo fiber. From our
previous reports, the presence of the phenolic structure in lignin
fraction of woodflour and the abundance of hydroxyl moieties in
the filler is believed to provide a composite system with strong
interfacial bonding to the polybenzoxazine [32,33].

Fig. 6(b) exhibits a plot of the loss modulus of BA-a/CNSL filled
with 65 wt% of bamboo fiber. As previously mentioned, the peak
position of the loss modulus was used to determine Tg of each sam-
ple. It was evident that the Tg of the wood composites increased
with an increase in polybenzoxazine fraction in the BA-a/CNSL
compositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20,
(�) BA-a/CNSL 70/30 and (�) BA-a/CNSL 60/40. (b) Loss modulus of BA-a/CNSL
reinforced with bamboo at various CNSL compositions: (�) BA-a/CNSL 100/0, (�)
BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL
60/40.
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Table 3
Flexural modulus and flexural strength of various natural fiber-reinforced
composites.

Composite type Mass fraction
of fiber (wt%)

Flexural
modulus (GPa)

Flexural
strength (MPa)

Commercial wood flake
reinforced HDPE

50–70 2.7–3.1 18–31

Bamboo fiber reinforced 40 3.1 21
P. Kasemsiri et al. / Thermo

atrices suggesting significant interfacial bonding between the
amboo fiber and the polymer alloys.

.9. Flexural properties of bamboo fiber composites based on
A-a/CNSL matrices

Flexural properties of bamboo fiber filled BA-a/CNSL alloys are
epicted in Fig. 7(a). The average flexural modulus of our bamboo
ber composites was ranging from 3.9 to 6 GPa. The flexural modu-

us as a function of CNSL content showed a behavior nearly identical
o that of the storage modulus determined by DMA i.e. the flexural

odulus trended to decrease when the amount of CNSL increased.
rom Table 3, the flexural modulus of the bamboo-filled BA-a/CNSL
lloys was significantly higher than those of reported wood plastic
omposites e.g. 50–70 wt% commercial wood particles reinforced
DPE (2.7–3.1 GPa) [34], 40 wt% bamboo fiber reinforced HDPE

3.1 GPa) [35] and 39 wt% bamboo fiber reinforced unsaturated
olyester (3.6 GPa) [36]. Fig. 7(a) also exhibits flexural strength

f the bamboo composites to be ranging from 54 to 66 MPa. The
exural strength of the composites was found to slightly decrease
hen the amount of CNSL increased. However, the bamboo filled
A-a/CNSL showed flexural strength higher than those major wood

ig. 7. (a) Effect of CNSL content on mechanical properties of bamboo composite:
exural modulus (�) and flexural strength (�). (b) Flexural stress and strain relation-
hip of bamboo-reinforced BA-a/CNSL reinforced with bamboo fiber at various CNSL
ompositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�)
A-a/CNSL 70/30 and (�) BA-a/CNSL 60/40.
HDPE
Bamboo fiber reinforced

unsaturated polyester
39 3.6 –

plastic composite products listed in Table 3.
Fig. 7(b) illustrates flexural stress and strain curves of bamboo

reinforced BA-a/CNSL matrices. From the figure, flexural strains at
break of the composites were 1.20% BA-a, 1.45% BA-a/CNSL (90/10),
1.55% BA-a/CNSL (80/20), 1.71% BA-a/CNSL (70/30) and 1.52% BA-
a/CNSL (60/40). The improved strain behavior may be caused by
the addition of the more flexible CNSL fraction to the polybenzox-
azine matrix. Additionally, the area under the flexural stress–strain
curve refers to the energy absorption capability of the alloy materi-
als which indicated the toughness of materials. The area under the
curve tended to increase slightly with the amount of CNSL in the
alloys i.e. 37 MPa at BA-a/CNSL (100/0), 40 MPa BA-a/CNSL (90/10),
42 MPa BA-a/CNSL (80/20), 43 MPa BA-a/CNSL (70/30), and 38 MPa
BA-a/CNSL (60/40). The slight decrease of the toughness when CNSL
content was greater than 30 wt% was likely from the discontin-
uous or imperfect network formed from the presence of excess
amount of CNSL in the polybenzoxazine as discussed in the solvent
extraction experiment.

4. Conclusions

An addition of cashew nut shell liquid oil in benzoxazine resin
can substantially reduce the liquefying temperature, gel time, cur-
ing temperature and activation energy of the benzoxazine resin.
A benzoxazine resin alloyed with cashew nut shell liquid oil was
developed as highly processable matrices for wood composite
products. The bamboo fiber content as high as 65% by weight was
able to be incorporated into the obtained matrices due to the rela-
tively low melt viscosity of the BA-a/CNSL mixtures. The obtained
bamboo fiber-reinforced composites exhibited good compatibility
between the fiber and the matrices thus attributed to enhance-
ment on glass transition temperature and mechanical integrity of
the samples.
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