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Abstract

In this study, the blends of polybenzoxazine (PBA-a)/polycaprolactone (PCL) was prepared at the weight ratio of 100/0, 80/20,
60/40, 40/60, 20/80, and 0/100. The curing behaviors of the blends were studied. The results reveal that the curing temperature
of the blends was increased with the increase of PCL content. The decomposition temperature at maximum decomposition
rate were increased and the char yield were decreased with the PCL content. In addition, the kinetics of thermal degradation

were determined using Kissinger Model.
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1. Introduction

Benzoxazine resins which is a novel kind of high-
performance thermosets can be synthesized from the
formation of aldehyde, phenol and amine groups. The
advantage of this resin is that there is no need to apply any
catalyst, curing agent, or solvent upon synthesis. Moreover,
no any by-product occurs when curing therefore no void was
found in the final products. Great attention has been attracted
because of many outstanding mechanical, thermal and
physical properties with low water absorption and near zero
shrinkage or expansion. [1-7]. However, the shortcoming of
this polymer is its brittleness. One method to decrease this
drawback is alloying the thermoset with other flexible
component. Some blending systems are given as examples
such as polybenzoxazine /dianhydride copolymer [8],
benzoxazine/epoxy copolymer [7, 9], and polybenzoxazine/
polycaprolactone blends [6, 10].

Huang and Yang studied the system of bisphenol-
A/methylamine-based benzoxazine resin (BA-m) and poly
([1-caprolactone) (PCL). They reported that two glass
transition temperatures (Tgs) of the blends exhibited partial
miscibility of the two polymeric materials. [6] One
interesting point of this system is that synergistic behavior in
glass transition temperatures of the blends was previously
revealed. Tiptipakorn et al. reported the effect of molecular
weight of PCL on the blends and presented that the higher
molecular weight of PCL led to the higher glass transition
temperature of the blend because of the greater hindrance
effects on the chain mobility. [10] Despite of many
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interesting aspects, there was no report about its curing
behavior including the thermal degradation Kinetics of this
blends. In this study, curing temperature and some
parameters about thermal degradation such as activation
energy and pre-exponential factor were determined.

In general, the rate of conversion for thermal degradation
is proportional to the concentration of the polymers. Based
on Arrhenius equation, the constant k can be calculated as
the following equation

k=Aexp (-2 &y

, Where the gas constant of R is equal to 8.314 J-mol-1-K™1,
the activation energy (Es)in the unit of k J-mol, and A is the
pre-exponential factor. In general, the Eacould be calculated
by using Kissinger method [11]
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, Where [ is heating rate upon analysis, R is gas constant, op
is weight loss at maximum rate of decomposition, and Tp is
absolute temperature at highest rate of thermal
decomposition. From the slope of the straight line plotted

£

between In (T ) and 1/Tp, the activation energy of each step

p2
of thermal decomposition could be calculated. The benefit of
this model is that there is no need to know the thermal

decomposition mechanism in advance.
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2. Methodology
2.1 Materials

Benzoxazine monomer (BA-a) could be synthesized via
solventless technique using aniline, paraformaldehyde, and
bisphenol A [12]. Polycaprolactone (PCL) was applied with
the molecular weight of 10000 Da. All chemicals were
purchased from Sigma-Aldrich. The BA-a monomer and
PCL were mixed at the mass ratio of 100:0, 80:20, 60:40,
40:60, 20:80, and 0:100. All mixtures were heated at 200°C
for 4 hours before characterization of thermal degradation
kinetics.

2.2 Curing temperature and thermal kinetics determination

The curing temperatures of unheated mixture were
analyzed using differential scanning calorimeter (DSC) at
the heating rate of 10°C/min with the nitrogen flow of 60
mL/min. The thermal degradation kinetics was investigated
applying thermogravimetric analyzer (TGA). The heating
rate was kept at 10, 15, 20, and 25°C/min at the heating rate
of 10°C/min with the nitrogen flow of 80 mL/min. The
weight of sample for both DSC and TGA analysis were kept
at ca. 5-10 mg. All the derivative curves of the TGA
thermogram were convoluted via Peak Fit Programs. The
Kissinger model was used to calculate the Kinetics
parameters of each step of thermal decomposition.

3. Results and discussion
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Figure 1 curing temperature of the PBA-a/PCL blends at
various PCL contents

The curing temperatures of the PBA-a/PCL blends at
various PCL contents are exhibited in Figure 1. It could be
noticed that the curing temperature of the blends was
systematically increased with PCL contents. This could be
due to the hydrogen bonds between carbonyl group of
polycaprolactone and hydroxyl group of benzoxazine
monomer [13]. When the fully-cured blends were analyzed
using TGA, the thermal decomposition temperature at
maximum decomposition rate and char yield at 800°C were
shown in Figure 2, respectively. It could be found that the
temperatures at maximum decomposition rate were
increased while the char yields were increased with PCL
contents. The results were corresponded to those of
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Tiptipakorn et al. studying PBA-a and PCL blends at O-
40wt% of PCL content [10].
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Figure 2 Temperature at maximum decomposition rate and
char yield of the blends

As an example, the de-convoluted curves of pure PBA-a
at heating rate of 20°C/min were presented in Figure 3. The
derivative of TGA thermogram (DTG) of all compositions
could be de-convoluted into three sub-stages of thermal
decomposition. The peak of de-convoluted DTG
thermogram and the area under the curve could be presented
in Table 1.
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Figure 3 De-convoluted curves of pure PBA-a at 20°C/min

In this study, the composition of PCL at 40wt% was
selected to determine the activation energy of thermal
decomposition because the blends at this PCL content
provided the optimum value of decomposition temperature
and char yield (Figure 1). Furthermore, the blends at this
composition provided greater glass transition temperature.
[10] The plot between In (T£> and 1/Tp were presented in

p2
Figure 4. The activation energy of each decomposition stage
were presented in Table 2.
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Table 1 Temperature at the highest decomposition (Tpeak) and area under each sub-stage curve
PCL(%) 0 20 40 60 80 100
stage 1 Tpeak 357 332 333 304 388 391
% Area 21 5 4 3 8 12
stage 2 Tpeak 415 415 421 428 430 433
% Area 53 70 7 49 83 87
stage 3 Tpeak 498 487 488 443 485 -
% Area 26 25 17 46 8 -
R? 0.9941 0.9958 0.9939 0.9999 0.9984 0.9977
Table 2 Activation energies calculated using Kissinger method for the blend (PCL = 40wt%)
Peakl Peak?2 Peak3
Ea (kd/mol) R2 Ea (kd/mol) R2 Ea (kd/mol) R2
107 0.9246 168 0.9965 175 0.9958
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