CHAPTER V
DIELECTRIC PROPERTIES OF DURABLE POLYBENZOXAZINES
COMPOSITES IN THE MICROWAVE FREQUENCY REGION

51 Abstract

High performance thermosetting resins made of high molecular
weight polybenzoxazines, for electronic applications, were produced in order to
eliminate brittleness as a major shortcoming of usual monomeric henzoxazines.
methylenedianiline (BA-mda)- and hexamethylenediamine (BA-hda)-based
polybenzoxazines were prepared via the solvent method. The two different diamine-
based polybenzoxazines were investigated for dielectric behaviors in the microwave
frequencies. Dielectric characteristics of the samples were observed in the frequency
range of 300 MHz to 1 GHz, from -50 °C to 150 °C. The results showed that the
relative permittivity (s’) and loss tangent (tan 5 of poly(BA-mda) were 4.57 and
0022 respectively, which were higher than that of poly(BA-hda) (s’ = 3.04 and tan
5=0008 measured at room temperature (1 GHz). With the exceptional dielectric
properties including thermal characteristics, poly(BA-mda) was further developed by
combining with BST to uplift the dielectric properties. The composites between BA-
mda and barium strontium titanate, Bai.xSrxTios, (BST) fillers were studied as a
function ofthe ceramic content and surface modification. It was found that by adding
60 wt.% of silane modified BST, the dielectric constant and loss tangent were 8.16
and 003 respectively. In addition, the dielectric properties of poly(BA-mda)
composites were nearly stable with variations of temperature and frequency,

indicating temperature and frequency independence.

Keyword: High molecular weight polybenzoxazine, barium strontium titanate

(BST); dielectric materials; microwave frequency
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5.2 Introduction

Dielectric materials operated at high frequency operation have heen
expanded to modern microelectronics and electrical products. The materials used
must have attractive properties such as moderate relative permittivity, low loss
tangent, and good mechanical properties [1-2]. To obtain these properties,
polymer/ceramic composites have been considered to be potential candidates for
integration into electronic devices. With the recent progress, high performance
polybenzoxaine/BST composites were successfully prepared and proposed for being
used in capacitor applications at low frequency. Diamine-based polybenzoxazine/
BaTiCsscomposites with 0-3 connectivity were studied the dielectric properties in the
frequency range of 1 kHz to 10 MHz. The dielectric constant and loss tangent of the
composite with 70 wt.% of BST were 13.8 and 0.013, respectively [3], Krueson e,
al. Jater developed the material by introducing fluorine- and amine-based
polybenzoxazine as polymer matrices and doped barium titanate with strontium.
Thus the Curie temperature was shifted to a lower temperature obtaining a higher
dielectric constant at room temperature. This research revealed the improvement in
dielectric properties of the composites. At 80 wt.% of BST loading, the dielectric
constant and loss tangent were 40 and 0.120, respectively (1 kHz) [4], Although
polybenzoxazine thermosets have shown a number of appealing properties including
high glass transition temperature, good thermal stability, excellent mechanical
properties, near zero shrinkage, and low water absorption. Their application in some
research areas has been limited due to the brittle nature of short molecular weight
polybenzoxazines [5], Various alternatives have been proposed to minimize this
problem. It is well-known that polybenzoxazines can be prepared in a variety of
ways by varying the phenol or amine groups, thus producing substantial molecular
design flexibility. Therefore, the main chain benzoxazine polymer (MCBP) approach
is also one of the preferred ways to overcome the shortcoming of the traditional short
molecular weight polybenzoxazine and to improve the processing capability [e],
Dielectric behaviors of high molecular weight polybenzoxazine composites, applied
for high frequency applications have not been reported todate. As a result, in this

work, a series of high molecular weight methylenedianiline-based (BA-mda) and
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hexamethylenediamine-based benzoxazine (BA-hda) polybenzoxazines were firstly
studied for dielectric behaviors at microwave frequency with a wide range of
temperatures. The effect of the molecular structure of the polybenzoxazines using
two diamines— one aliphatic (hexamethylenediamine) and—one aromatic
(methylenedianiline) on dielectric characteristics was described. Furthermore, the
suitable polymer matrix was used for composite fabrications. For increasing
dielectric constant, nanoparticle-barium strontium tinanate (BaojSro.yTiCfi) was
introduced into polymer matrix at various contents. To enhance the compatibility
between polymer and ceramic, the surface of BST powder was also modified by
using 3-aminopropyl-trimethoxysilane and polymer matrix based. The dielectric
properties under temperature and frequency variations of composites on the amount
of BST loading were investigated and discussed. The theoretical models have been
calculated and proposed for predicting the dielectric constant of the polymer-ceramic

composite.
5.3 Experimental

5.3.1 Synthesis of M ethylendianiline- (BA-mda) and

Hexamethylenediamine-Based (BA-hda) Benzoxazine Precursors

To Synthesize BA-mda precursor through the solvent method, mda
(40.0 mmol, 7.93 g), bisphenol-A (40.0 mmol, 9.13 ¢) and paraformaldehyde (172
mmol, 5.15 g) were added into 250 ml round-bottom flask with 100 L of
chloroform as the solvent. The reaction was carried out under reflux at 100°C for 5
h. The obtained mixture was filtered and sequentially washed with 0.5 N NaFICCfi
aqueous solution (200 mL). To eliminate water, the sample solution was dried with
anhydrous sodium sulfate for one night. After evaporation, the white crystal
benzoxazine precursors were solid at room temperature. The synthesized precursors
were ground into a fine powder and taken for material characterizations. Preparation

of BA-hda used the same approach, substituting hda in the place of mda.
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Figure 5.1 chemical route for synthesis of methylenedianiline- (BA-mda) and

hexamethylenediamine-based (BA-hda) benzoxazine precursors [e]

5.3.2 Preparation of polvtBA-mda) and polv(BA-hda) specimens
The BA-mda precursors (~2 ¢) were dissolved in 3 ¢ of
dimethylformamide. Firstly, the mixture was heated to 100 ¢ and vigorously stirred
until becoming a homogeneous solution. The solution was then poured into an
aluminium mold. To avoid bubbles being trapped inside the specimen, the
temperature was gradually increased up to 200.C After the curing process, the fully
cured specimen gave the transparent dark brown and was used for characterizations.

The preparation of the BA-hda specimen was performed in the same way.

5.3.3 Polv(BA-mda) Composite Preparation
The fabrication of composites was prepared by dissolving BA-mda
in dimethylformamide. The mixture was vigorously stirred until obtaining
homogeneous solution. Then BST powders at desirable amount (30, 40, 50, and 60

wt% of BST) were added and followed by curing process as mention in 5.3.2.

5.3.4 Surface Modification by BA-mda Benzoxazine Precurssor Surface
To modify BST by BA-mda precursor, The 5 wt.% of BA-mda was

dissolved in THF. The prepared solution was slowly added dropwise to the stirring
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BST particle/THF slurry system. Then the mixture was continuously stirred for 1 h.
and evaporated THF out at 70.C Lastly, BA-mda treated BST was dried in a

vacuum oven overnight in order to remove the residual solvent.

5.3.5 Characterizations and testing

The proton nuclear magnetic resonance spectroscopy (‘H-NMR) was
used to confirm molecular structure of polybenzoxazine precursors. The spectra were
obtained on a Varian Mercury NMR spectrometer operated at 400.00 MHz by using
deuterated chloroform (CDCls) as the solvent to which the chemical shifts (0) were
given. The functional groups related to structure of the materials were also
investigated by using a Nicolet Nexus 670 fourier transform infrared
spectrophotometer (FTIR). All FTIR spectra were obtained in a spectral range of
4000-400 cm-1as a function of time with 64 scans ata resolution of2 ¢cm'L The KBr
pellet technique was applied in the preparation of sample powder. The samples
prepared were sufficiently thin with optical thickness small enough according to
Beer-Lambert’s law. The curing profile of benzoxazine precursors was carried out
using a Perkin-EImer DSC 7 instrument. The sample was first heated from 30°c to
300°c and cooled down at a rate of 5°c/inin under a N2 atmosphere with a flow rate
of 25 ml/min. Glass transition temperature (Tg) of polybenzoxazine based was
measured under tension mode by GABO EPLEXOR 100 N operated at 1 Hz and a
strain value of 0.1% were applied. The temperature was scanned from 25 °C to 250
°C with a heating rate of 2°c/min under Nzatmosphere with flow rate of 100 ml/min.
The TG-DTA curves were collected using a Perkin-EImer Pyris Diamond TG/DTA
instrument. The sample was loaded ~5 mg on the alumina pan and heated from 30°c
to 900°c at a heating rate of 10°c/min under N2 flow of 100 mL/min.. The true
density of benzoxazine precursor were measured by pycnometer (Quantachrome,
Ultrapycnometer 1000) under helium purge at pressure of 20 psi. Relative density of
materials (polymer and polymer-composites) was measured in order to ohserve the
existence of void by following the test method A of ASTM D 792-00. The
dimension of samples was 20 mm x 5 mm X2 mm. Analytical balance with density
kit consists of Balance SARTORIUS research RC210S and kit SARTORIUS

YDK201. Dielectric properties [dielectric constant (s’), and loss tangent (tan s ;
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"le”)] of poly(BA-mda) and poly(BA-hda) specimens were determined by using an
E4991A RF impedance/material analyzer equipped with a 16453A dielectric
material test fixture, Agilent Technologies, Inc., USA). The scan frequencies ranged
from 300 MHz to 1 GHz. The prepared sample was placed inside a Espec  -261
temperature chamber (variable temperature oven) and temperature was controlled
from -50 ¢ to 150 . First, the sample was heated from room temperature to
150 C and then cooled down by 10 °C increment until reaching -50 . During the
temperature ramp down, data collection was delayed for = min. after each step in
order to increase the accuracy of the dielectric measurement. Microstructure of the
composites was examined using a scanning electron microscope (SEM; HITACHI

4800) atvoltage of 15 kv. The surface of specimens was coated with platinum under
vacuum hefore observation to make them electrically conductive. Atomic force
modulate mode (FMM) was used to measure Young’'s modulus and hardness of each
region of copolymer which can be referred to the distribution of urethane content in
benzoxazine phase. In this mode, at 10 pm of scan size and 0.2 Hz of scan rate were

set so as to analyze those parameters of the materials.
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54 Results and Discussions

5.4.1 Benzoxazine Precursors and Polymers Characterizations

54.1.1 Nuclear Magnetic Resonance Spectroscopy (NMR) Analysi
The structures of the synthesized polybenzoxazines precursors were

characterized by 'n NMR, and FTIR techniques to identify the formation of high

molecular weight polybenzoxazine precursors.
The 'fl NMR spectrum of BA-mda can he seen in Fig. 5.2. The

aromatic protons are found at 6.60-7.25 ppm. The characteristic peaks, assignable to

methylene (O-CH2-N) and methylene of oxazine (Ar-CH2-N), appear at 5.24 and at

4.50 ppm, respectively. Moreover, the methyl proton of bisphenol-A and methylene

proton of mda are observed at 1.52 and 3.79 ppm, respectively.
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Figure 5.2 The 'H-NMR spectra of methylendianiline-(BA-mda) based
polybenzoxazines.

The characterized molecular structure of BA-hda by *H NMR
spectrum as shown in Fig. 5.3, the characteristic peaks assignable to methylene (O -

CFF-N) and methylene (Ar-CFB-N) ofoxazine ring are observed at 4.81 and at 3.92
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ppm, respectively. Additionally, the methyl proton of hisphenol-A appears at 1.58
and the methylene proton of hda is observed at 2.70 and 1.34 ppm. The appearance

of chemical shifts strongly confirms the formation of the precursors [6] .
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Figure5.3 The 'H-NMR spectra of hexamethylenediamine-based (BA-hda)
polybenzoxazines.

5.4.1.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
The FTIR  spectra of  methylendianiline-(BA-/m/<2)  and
hexamethylenediamine-hased (BA-hda) benzoxazines precursors are shown in Fig.
5.4 and 5.5, respectively. Asymmetric stretching of C-0-C (1234 c¢m'l), asymmetric
stretching of C-N-C (1180-1187 c¢m'l), and CFF wagging of oxazine (1325-1328
¢cm') are found. In addition, the characteristic absorptions, which are subject to
trisubstituted benzene ring at 1502-1511 cm'land out of plane bending vibrations of
C-FI at 937-943 cm"are ohserved. These absorption bands demonstrate that the

precursors containing the benzoxazine structure in the backbone have been acquired
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Figure 54 The FTIR spectra of methylendianiline-(BA-mda) based
polybenzoxazines.
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Figure 55 The FTIR spectra of hexamethylenediamine-based (BA-hda)

polybenzoxazines.
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54.13 Differential Scanning Calorimetry (DSC) Analyses

The DSC diagrams of BA-mda and BA-hda as precursors are shown
in Figure 5.6. The exothermic onsets are related to the ring-opening of monomers
and the formation of phenolic hydroxyl group in polybenzoxazine network. The
onsets of high molecular weight precursor, BA-mda and BA-hda exhibit at 204°C
and 198.C In addition, exothermic peak temperatures of them are presented at
237°C and 232°C, respectively. A single exothermic peak of the curing reaction
suggests that the reaction of both BA-mda and BA-hda monomers form a network

structure simultaneously at the same temperature range.
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Figure 5.6 DSC patterns of methylenediainline (BA-mda)-and

hexamethylenediamine-based (BA-hda) polybenzoxazines precursors.

5.4.14 Microwave Dielectric Properties Measurements

The high molecular weight poly(BA-mda) and poly (BA-hda)
specimens were investigated for dielectric characteristics in the frequency range of
300 MHz to 1 GHz under temperature variation ranging from -50 °Cto 150 °C. The
dielectric properties of poly (BA-mda) are shown in Fig. 5.7.
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Figure 5.1 Temperature and frequency dependence of a) dielectric constant and b)
dielectric loss tangent of aniline-based polybenzoxazine (BA-mda).

Atroom temperature (1 GHz), the dielectric constant and loss tangent
(tan 5) of poly(BA-mda) are 4.57 and 0.022, respectively. It can be seen that the
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dielectric constant and loss tangent of poly(BA-mda) slightly increase when the
temperature increases. At temperatures above 50 C there are significant enhanced
in the dielectric property values and frequency dependence. However, the gap
between the highest and the lowest values of the dielectric constant under
temperature variation of the poly(BA-mda) is within 2, indicating that the fluctuation
atmosphere has a small influence on this polymer type. For the dielectric
characteristics of aliphatic diamine-based, poly(BA-hda) as seen in Fig. 5.8. It is
found that the relative permittivity ( ) and dissipation factor (tan 5) of poly(BA-hda)
are 3.04 and 0.008, respectively observed at room temperature (1 GFlz). The
dielectric constant is stable at different atmospheres and small deviation of loss
tangent is found at various temperatures. These characteristics prove that poly (BA-
hda) is not dependent on temperature and/or frequency.

In principle, the dielectric properties are directly related to the
dependence on the chemical structures of polymers. When comparing the dielectric
characteristics of the two diamine-based polybenzoxazines, it is found that poly(BA -
mda) exhibites a higher dielectric constant and dissipation factor than poly(BA-hda).
This is bhecause poly(BA-mda) is comprised of a large number of aromatic rings
leading to more unsaturated, conjugated, and phenyl groups. These conjugated
double bonds of aromatic system are more polarizable than the C-H bonds and C-C
bonds of aliphatic diamine-based polybenzoxazines (7.8, In this study, the dielectric
constant and loss factor for both poly(BA-mda) and poly(BA-hda) do not show any
significant fluctuation under temperature and frequency variations. These superior
behaviors are derived from high glass transition temperature (Tg) of the two resins.
According to the Takeichi reported [5], Tg values of poly(BA-mda) and poly(BA-
hda) were around 228 and 247 .C. respectively. Thus the relaxation process of

poly(BA-mda) and poly(BA-hda) are less than those of traditional polymers.
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Figure 58 Temperature and frequency dependence of a) dielectric constant and b)

dielectric loss tangent of hexamethylenediamine-based polybenzoxazine (BA-hda).
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5.4.15 Thermal Gravimetric Analysis (TGA)

TGA thermogram and thermal properties of high molecular weight
poly(BA-mda) and poly(BA-hda), which reported at 5% and 10% weight losses with
the residual weight at 900 ¢ are presented in Figure 5.9. The cured products
exhibits high degradation temperature. The thermal stability and char yield of Poly
(BA-mda) were higher than Poly(BA-hda) due to the high aromatic content in the
backbone of poly(BA-mda) [9],

Table 5.1 Thermal properties of methylenediainline (BA-mda)-and

hexamethylenediamine-hased (BA-hda) polybenzoxazines

M aterials TB(C) Tdio( C) Rf%'?g?'g%glogcht
Poly(BA-hda) 295.0 330.8 16.4
Poly(BA-mda) 316.7 353.2 31.9
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Figure 5.9 TGA thermogram of of methylenediainline (BA-mda)-and

hexamethylenediamine-hased (BA-hda) polybenzoxazines.
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5.4.2 Poly(BA-mda)/Barium Strontium Titanate Composites

Characterizations

5421 Microwave Dielectric Properties Measurements

For concerning with various aspects, poly(BA-mda) is superior to
poly(BA-hda) both of thermal and dielectric properties. Hence poly(BA-mda) was
used as polymer matrix for combining with barium strontium tiatanate (BST). The
composite materials were prepared by varying BST from 30 to 60 wt%. The
dielectric characteristics of the composites were studied in the frequency range of
300 MHz to 1 GHz with the temperature variation from -50 ¢ to 150 c¢. The
temperature dependence of the permittivity and dissipation factor of composites with

various BST loadings is shown in Figure 5.10a and b, respectively.
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Figure 5.10 Temperature dependence of a) dielectric constant and b) loss tangent of
poly(BA-mda) composites by varying BST contents measured at 1 GHz.
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Fig. 5.10a shows that the amount of BST loading has an influence on dielectric
characteristics. The dielectric constant of the composites is gradually increased with
higher amount of BST adding. In the present of ceramic filler, the ceramic particles
come closer, resulting in an increased dipole-dipole interaction. This phenomenon
provides a higher dielectric constant [10]. With a wide range of temperature
observation, the relative permittivity of all components in the existence of BST is
nearly stable. This outstanding property stems from the synergism between the
polymer and ceramic phases. As a consequence, the rigidity part from the ceramic
filler could help weaken the relaxation process of the polymer matrix. On the
contrary, loss tangent is independent on the amount of BST loading but slightly
dependent on temperature variation as shown in Fig 5.10b. This is because the loss
relies on several factors related to the whole sample characteristics [11].
Nevertheless, in this study, the dissipation factor of all composites is still less than
0.05. Besides, the study as a function of frequency (300 MHz to 1 GHz) is observed.
The dielectric constant and loss tangent of poly(BA-mda) composites under varying
BST weight ratios (30, 40, 50, and 60 wt%) measured at room temperature are

illustrated in Fig. 5.11a and b.
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Figure 5.11 Frequency dependence of ) dielectric constant and b) loss tangent of
BA-mda composites by varying BST contents measured at room tepmperature.

The dielectric constant of the composite demonstrates small
improvement. It is shifted from 6.12 to 7.93 at 30 wt.% and at 60 wt.% of BST



loading, respectively, As an observed frequency, the relative permittivity and
dissipation factor of prepared composites exhibit nearly the same, which refers to the
frequency independence characteristic (Fig. 5.1 1a). Also, the values of dielectric loss
tangent for the composites loaded with 30 wt.% and 60 wt.% are 0.032 and 0.069,
respectively.

5.4.2.2 Density Measurement

The measurement on density was performed to observe the presence
of voids or porosity in poly(BA-mda) composite specimens at various BST contents
This analysis was based on ASTM D792-00. The experimental density as relative
density was compared with the theoretical densiy calculated by using equation (4.3).
Density of Poly(BA-mda) and BST nanopowder is 1182 and 5412 glem3
respectively. The density of the poly(BA-mda)/BST composites at desirable BST
weight fractions are summarized as shown in Table 5.2 and Fig. 5.12. Moreover, the
experimental density can fit well with the theoretical density at the variation of BST
content in the composite as shown in Figure 5.12. Evidently, the experimental
density at 50, 60 wt.% of BST loading is found to be decreased when compared with
the theoretical density. The result implies that the entrapment of air or bubble was
presence in the composite specimens. This effect is corresponding to the small
improvement in dielectric constant at high BST loading.

Table 5.2 Density of the poly(BA-mda) composites at various contents

Poly(BA-mda)/BST Density' (g/cm3)
(wt.%) Relative Theoretical
70/30 0.0917 LATT 1.569
60/40 0.1357 1.730 1.176
50/50 0.1906 1778 1.988

40/60 0.2610 1.950 2.286
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Figure 5.12 The comparison between (¢) experimental and (-) theoretical density as
a function of BST volume fraction.

5.4.2.  Thermogravometric analysis (TGA) thermogram.

Thermogravimetric analysis (TGA) thermograms of poly(BA-mda)
composites at various BST contents are displayed in Table 5.3. Degradation
temperature (Td) of the composites was reported at 5% and 10% weight losses with
the residual weight at 900 c. It is found that the thermal stability of the composites
I significantly enhanced with higher amount of BST. By adding 60 wt.% of BST,
the degradation temperature (Tds) of the materials is shifted from 316.7 to 365.0. The
result originates from the attachment of BST particle to the polymer matrix resulting
in the restriction of chain movement of the polymer phase. As a result, the
interconnection between two phases is improved, which is able to retard the
degradation of the composites by shifting decomposition temperature to higher
values. Char yield of the composite systems is found to increase linearly with
increasing the mass fraction of the BST. The presence of void did not affect the
thermal stability of the composites because the nature of BST structure is thermally
stable up to very high temperatures. As can be seen in Table 5.3, 3.9 % of the
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residual weight of the neat poly (BA-mda) is uplifted to 77.5 after adding 60 wt.% of
BST. It is confirmed that the existence of higher amount of BST improves not only
the dielectric properties as former mention but also thermal properties [12-13].

Table 5.3 Thermal properties of poly(BA-mda) composites at various compositions
with 30. 40, 50, and 60 wt.% of BST loading

PolyBA-mda)BST BT 1 Taio Reﬁld;a' t
(wt.%) Volume (°C) (°C) WEIg (00) d

fraction 900°

100/0 0 316.7 353.2 31.9

70/30 0.0917 326.3 3614 50.9

60/40 0.1357 335.1 372.2 60.9

50/50 0.1906 360.0 371.2 122

40/60 0.2610 365.0 404.6 115
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Figure 5.13 TGA thermogram of poly(BA-mda) composites at various compositions
with 30, 40, 50, and 60 wt.% of BST loading.
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5.4.2.4 Atomicforce microscopy (AFM) Analysis

According to FMM operation, the mechanical data including Young’s
modulus and hardness are presented in Table 5.4. It is found that the Poly(BA-mda)
composites yield higher Young’s modulus and hardness in comparison to the neat
polymer hased. The hardness of adding 60 wt% of BST in the poly(BA-mda)
significantly shifts from 2.2 to 2.6 kPa. Similarly, the modulus value is also
enhanced from 108 to 151 kPa. These phenomena are derived from the higher
stiffness of BST filler. On account of the identical embedded characteristic of BST in
polymer matrix and also determination of mechanically microscopic level, the
different in the amount of BST do not largely affect to those factors.

Table 5.4. The mechanical properties in microscopic level of poly(BA-mda)
composites at various BST contents monitored by AMF in FM-mode

Poly(BA-mda)/BST Hardness Young’s modulus
(wt.%) (kPa) (kPa)
100/0 2.210.2 108 + 10
70/30 2910.3 138£9
60/40 32101 1521 6
50/50 2.9+ 0.2 151 +8
40/60 36105 151 10

.4.2.5 Experimental Data Fitting

Under various assumptions concerning arrangement of inclusions and
filler shape, different laws have been proposed to fit the experimental dielectric
constants for two component mixtures, and to predict the effect of each phase on the
dielectric properties. In this study, series, Lichtenecker model, Maxwell-Wagner
equation and Kerner expression modified by Jayasundere-Smith (J-S prediction)
were used for dielectric prediction of pol(BA-mda) composites, as shown in Figure
5.14. The equations of these models are described as follow:
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Series model E R B

Lichtenecker model loge = OplogEp + 0QogEc

Maxwell-Wagner equation £ = £p# P+Ecta G~€~ 1

- EpOp+£c o[ Ep/(Ec+2£)][1+30c(Ec-Ep)/(Ec+
Kerner expression ng e E E}) Ec +2%%3H£30C o —Ep}pzéz s )

where £ is the dielectric constant of the composites; £p and £c refer to the dielectric
constants of the polymer matrix and the BST ceramic, respectively; 0Cand (pp are

the volume fraction of the ceramic and polymer, respectively

From the experimental data obtained by calculated of five theoretical
models, as indicated in Figure 5.14, It is found that the measured dielectric constant
of the Poly(BA-mda) composites is fit with Maxwell-Wagner equation. It considers
the composite as a random mixture of nearly rough spherical inclusions [4, 14-15],

B
]2 Me.asured

]]. i?:hetsenecker

Db

9

8-

7-

6-

5. o

4q

mw o G s o 05 0

BST volume fraction

Figure 5.14 Plot of theoretical models and the measured dielectric constant for
different BST volume fractions at room temperature and 1 GHz.
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5.4.3 Characterization of Poly(BA-mda)-Modified BST
5.4.3.1 Fourier Transform Infrared Spectroscopy (FTIR] Analysis
By raising the dielectric capability of poly(BA-mda) composites, the
compatibility between polymer and ceramic should be improved. For the BST coated
by Swt% of BA-mda system, it is evidently from Fig 5.15 that BST powder
modified by 5 wt.% of the Ba-mda matrix displays the absorption peak around 1125-
1225 cm'Lbelonging to the asymmetric C-O-C stretching mode and additionally C-
N-C antisymmetric stretching mode.presented at 1175 cm'Land 1227 cm'1 confirm
that surface modification on BST surface by BA-mda is successful [35],

Absorbance

~(b) [ N\
|

ON e ]
— L~ IVE R 2 1 B Y"" |

T T T T T T v T T T Y T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm *

Figure 5.15 The FTIR spectra: (a) BST powder and (b) BST treated with 5 wt.%

BA-mda.
5.4.3.2 Scanning Electron Microscopy (SEM) Analysis
The effect of BST surface modification on the distribution of ceramic
filler in poly(BA-mda) matrix was investigated using SEM technigue.

Figure 5.16 (a)-(c) demonstrates cross-sectional mophologies of the
composites at 50 wt.% of BST particles which are untreated, treated with silane
coupling agent and treated with BA-mda, respectively. From the SEM images, it
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could be seen the agglomeration and the poor dispersion of various modified BST
approaches. These phenomena result from the silane coupling agent and BA-mda as
surface modifiers could not work efffectively. This may be due to the unsuitable
composite preparation method, which those of specimens were prepared by using
solvent with the fact that the starting polymer matrix cannot melt by itself.
Therefore, the interconnection that attached to BST surface was destroyed causing
higher incompatibity between two phases again. Since, the distribution is directly
related to dielectric properties. Therefore, the study of dielectric properties has been
further investigated.

Figure 5.16 SEM micrographs of poly(BA-mda) composites at 50 wt.% of BST with
(a) untreated BST powder, (b) silane treated BST powder, and (c) BA-mda treated
BST powder.

5433 Microwave Dielectric Properties Measurements
The dielectric characteristics including the relative permittivity and
loss tangent on surface modification routes by using BA-mda and 3-aminopropyl
trimethoxysilane as surface modifiers were compared with untreated BST system.
The dielectric measurement was carried out under the temperature dependence
ranging from -50 ¢ to 150 °c as shown in Fig. 5.17-5.20, respectively. The study
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under frequency dependence in the range of 300 MHz to 1 GHz was also performed
at the same composition as presented in Fig.5.21-5.24, respectively. It is clear that
the dielectric constant at every BST fraction of untreated and treated BST is nearly
the same. The higher amount of BST loading and also surface treatment could not
shift the dielectric constant to higher values as expected. The study on morphologies
by SEM as discussed earlier is related to the observed dielectric properties. Poor
distribution of ceramic filler results in obtaining lower polarizability and also
creating higher dielectric loss, which ruins the dielectric characteristic. However, the
prominent of this system that has been found is the nearly stable of dielectric
constant with various atmospheres. The loss tangent is slightly dependent on
temperature where this factor is still less than 0.05 for all compositions.
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Figure 5.17 Temperature dependence of a) dielectric constant and ) loss tangent of
poly(BA-mda) composite at 30 wt.% of BST measured at 1GHz.
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Figure 5.18 Temperature dependence of a) dielectric constant and b) loss tangent of
poly(BA-mda) composite at 40 wt.% of BST measured at 1 GHz.
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Figure 5.19 Temperature dependence of a) dielectric constant and b) loss tangent of
poly(BA-mda) composite at 50 wt.% of BST measured at 1 GHz.
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Figure 5.20 Temperature dependence of a) dielectric constant and h) loss tangent of
poly(BA-mda) composite at 60 wt.% of BST measured at 1 GHz.
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Figure 5.21 Frequency dependence of a) dielectric constant and b) loss tangent of
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Figure 5.22 Frequency dependence of a) dielectric constant and b) loss tangent of
poly(BA-mda) composite at 40 wt.% of BST measured at room temperature.
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Figure 5.24 Frequency dependence of a) dielectric constant and b) loss tangent of

poly(BA-mda) composite at 60 wt.% of BST measured at room temperature.
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5.5 Conclusions

Using high molecular weight polybenzoxazines could help expand the
applications of polybenzoxaine resin. After observed their properties, these main
chain types possessed good thermal stability, suitable toughness, and high glass
transition temperature. For the dielectric study, it was found that the dielectric
properties were strongly dependent on molecular structure. High molecular weight
methylenedianiline- (BA-mda) based polybenzoxazine containing aromatic
backbone provided better dielectric properties compared to that of BA-hda.
Therefore, poly(BA-mda) was used as a polymer matrix. For the poly(BA-mda)/BST
composites, it was found that the dielectric constant can slightly increase by the
higher ceramic content. By adding 60 wt% (26 vol.% ) of untreated BST powder, the
dielectric constant increased from 6.1 to 8.0 at 1GHz (room temperature). Surface
modification using 3-aminopropyl trimethoxy silane and BA-mda did not help
improve the dispersion of ceramic filler. The dielectric results derived from untreated
and treated systems are nearly the same. For theoretical model prediction, poly(BA-
inda) composites were fit well with Maxwell-Wagner equation considered that

composites are as arandom mixture of nearly rough spherical inclusions.
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