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1. Introduction

In the past decade, the demand for polyamide-imide (PAI) and other high-temperature
resistant polymeric materials has grown steadily because of their outstanding mechanical
properties and excellent thermal and oxidative stability (Zhong, 2002; Sun, 2006;
Yanagishita, 2001; Babooram, 2008). PAI is well-known for its low thermal expansion
coefficient and dielectric constant. In microelectronics, PAI has been widely used as an inter-
dielectric material, and in the large-scale integrated circuit industry, as an electrical
insulation for conventional appliances (Kawakami, 1996, 1998, 2003; Rupnowski, 2006, Wu,
2005). Compared with pure polyimide and polyamide, PAI exhibits better process ability
and heat-resistant properties. The application of PAI as a wire-coating material with
thermal-resistant properties has attracted increasing interest (Chen, 1997; Ranade, 2002; Ma,
2007). However, with the introduction of higher-surge voltage devices, an increasing
number of insulation electric breakdown cases have been reported. Insulation electric
breakdown must be prevented because it may lead to electrical component failure or may
endanger the people handling the component. Thus, the development of an
organic/inorganic composite insulating material is essential in designing insulation for
continuous use (Alexandre, 2000; Hossein, 2007; David, 1995; Yang, 2006). Polymer
composites have received much attention, as various properties of the original matrix
polymer can be considerably improved by adding a limited percentage of inorganic filler
(Jiao, 1989; Rangsunvigit, 2008; Xu, 2007; Hwang, 2008; Kim, 2007; Rankin, 1998).

Silica has been commonly used as an inorganic component because it is effective in
enhancing the mechanical and thermal properties of polymers. Various studies on the
preparation of polymer/silica composite films have been conducted (Butterworth, 1995;
Mosher, 2006; Kim, 2006; Ahn, 2006; Stathatos, 2004).

The properties of hybrid composites are affected by many factors, such as particle size, size
distribution, and filler content. In addition, the inorganic particle shape, surface structure,
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558 Scanning Electron Microscopy

and mechanical properties of a filler (stiffness and strength, among others) play important
roles in inorganic/organic composite material synthesis. In particular, the bond strength
between the inorganic particles and the polymer matrix, influenced by the dispersion aid
type or coupling agent used, should be improved (Kusakabe, 1996; Fuchigami, 2008;
Castellano, 2005; Alexandre, 2000; Wu, 2006; Zheng, 2007; Ohki, 2005).

Silica nanoparticles, as important inorganic materials, have emerged as an area of intense
interest because of their special physical and chemical properties, such as their small size,
strong surface energy, high scattered performance, and thermal resistance (Ouabbas, 2009;
Lee, 2006; Bhagat, 2008; Oh, 2009; Xue, 2009). However, the applications of silica
nanoparticles are largely limited because of their highly energetic hydrophilic surface,
which causes the silica nanoparticles to easily agglomerate. Surface modification methods
using different surfactant agents may resolve this limitation. Thus, the strong interface
adhesion between the organic matrix and the silica nanoparticles is the key to the
application of silica nanoparticles as fillers.

Jadav et al. successfully synthesised a silica/polyamide nanocomposite film via interfacial
polymerisation using two types of silica nanoparticles of 16 and 3 nm in size (Jadav, 2009).
The nanocomposite films exhibited superior thermal stability to the pure polyamide
membranes. In the current work, silica nanoparticle loading significantly modified the
polyamide network structure, pore structure, and transport properties. The excellent
membrane performance in terms of separation efficiency and productivity flux was also
discussed. Zhang et al. prepared a novel isometric polyimide/silica hybrid material via sol-
gel technique (Zhang, 2007). Initially, 3-[(4-phenylethynyl) phthalimide] propyl
triethoxysilane was synthesised to modify the nanosilica precursor. Then, the isomeric
polyimide/silica hybrid material was produced using isomeric polyimide resin solution and
the modified nanosilica precursor after heat treatment. The isomeric polyimide/silica
composite has much better thermal properties and nano-indenter properties than those of
the isomeric polyimide.

In the current work, the commercial silica nanoparticles and self-synthesised spherical silica
particles were successfully dispersed in the PAI polymer matrix after the surface
modification process. The cationic surfactant cetyltrimethyl ammonium bromide (CTAB)
was chosen to modify the silica nanoparticles. The amount of CTAB added in modifying the
silica nanoparticles was increased from 0 to 3 wt%. After the surface modification process,
the CTAB-modified silica nanoparticles showed better compatibility with the PAI polymer
matrix. The results indicate that CTAB plays an important role in the preparation of
silica/PAI composite film. The thermal stability improved and the decomposition
temperature increased with increasing amounts of silica particles. The thermal expansion
coefficient of the composite film was lower than that of the PAI polymer matrix, which is
helpful in extending the life of the enameled wire.

2. Synthesis and characterisation of the spherical silica/PAl composite film

Spherical silica/PAI composite films have been successfully prepared via simple ultrasonic
blending. In the current study, the spherical silica particles were prepared according to the
Stéber procedure, and the size was controlled to approximately 300 nm at room
temperature. After the surface modification process, the commercial silica nanoparticles and
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the self-synthesised spherical silica particles were dispersed in separate PAI polymer
matrices. The correlation of the silica particle size with the amount of silica dispersed in the
PAI under optimal experimental conditions was discussed.

2.1 Preparation of the silica/PAl composite film
2.1.1 Synthesis of the spherical silica submicron particles

The spherical silica particles were prepared according to the Stéber procedure, which allows
the preparation of monodispersed silica particles with particle sizes in the nanometer to
submicron range. A 500 ml three-necked flask equipped with a mechanical stirrer was filled
with 45 ml ethanol, 2 ml NH3 H>O, and 1 ml deionised H>O. The spherical silica synthesis
was initiated by the rapid addition of 2 ml tetra-ethoxy-silane (TEOS) to a stirred solution.
After the mixture was vigorously stirred for 2 h, spherical silica submicron particles of
approximately 300 nm in size, were obtained at room temperature. Then, the silica particles
were centrifuged at 10000 rpm for 30 min. The resultant silica particles were washed with
ethanol and distilled H,O, and then modified with CTAB.

2.1.2 Surface modification of the silica particles

CTAB can be directly added into the submicron silica solutions, and the CTAB amount can
be increased from 0 to 3wt % at the optimal temperature of 60 °C. After the surface
modification process, the modified silica particles were collected via centrifugation and then
dried at 60 °C.

In the experiment, 100 ml deionised H>O and 1 g commercial silica nanoparticles were
added to a flask and the solution was adjusted to pH 8 by the addition of 0.1 M NaOH. The
silica nanoparticles were modified at 65 °C with the addition of CTAB under constant
stirring. The dispersal state of the silica nanoparticles in the PAI matrix was improved by
increasing the amount of CTAB from 0 to 3.0 wt%. After the surface modification process,
the modified nanosilica particles were collected via suction filtration and then dried at 90 °C
for 6 h.

2.1.3 Preparation of the silica/PAl composite film

The nanosilica/PAI composite films were prepared via simple ultrasonic blending. Two
grams of PAI powder were dissolved in 3 ml N,N-dimethyl form amide (DMF). The silica
nanoparticles were added into the solution, and the amount of silica was increased from 2 to
10 wt%. The mixture was put under ultrasonic dispersion for approximately 3 h at room
temperature. The mixture solution was then cast on a square glass plate (5 cm % 5 cm) using
a bar coater. Bar coaters are primarily used in applying a variety of coatings or emulsions to
a multitude of substrates. The bar coater used in the current experiment had a 0.2 mm
diameter and was made of stainless steel wire, which resulted in more uniform silica/PAI
composite films. The films were initially heated to remove the solvent in the vacuum oven.
The temperature was controlled as follows: at 60 °C for 4 h, at 80°C for 2 h, increased to
120 °C for 1 h, and finally, kept at 160 °C for 1 h. The experimental details of the silica/PAI
composite film preparation are shown in Scheme 1.
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Scheme 1. Preparation of the silica/PAI nanocomposite films.

The spherical silica/PAI composite films were obtained under the same method. Spherical
submicron silica particles do not easily agglomerate, so the amount of submicron silica
added to PAI in the system was increased to 25%. The reactants of the submicron silica/PAI

composites are listed in Table 1.

Reactant Sample | Silica Particles (g) Izgl I()rlr\:{f Th;z;sggil(ﬁf/j‘)ght
Composite 1 0.04 2.0 3 1.96
Composite 2 0.08 2.0 3 3.85
Composite 3 0.12 2.0 3 5.66
Composite 4 0.16 2.0 3.5 7.41
Composite 5 0.20 2.0 3.5 9.10
Composite 6 0.30 2.0 3.5 13.0
Composite 7 0.40 2.0 4 16.7
Composite 8 0.50 2.0 4 20.0

Table 1. Reactants of the different submicron silica/ PAI composite samples.

2.2 Characterisation of the silica/PAl composite film

The fracture surfaces of the composite films were studied using a scanning electron
microscope (SEM Hitachi 5-4700, Hitachi Co.). Prior to SEM imaging, the samples were
sputtered with thin layers of Pt-Pd. The silica/PAI nanocomposite films were characterised
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by an FT-IR (OMNIC NICOLET 380) spectrometer. The spectra were measured in the range
4000-650 cm-1. A Scinco STA S-1500 simultaneous thermal analyser was then used to analyse
the thermal stability of the nanosilica/PAI composite films. The samples were heated from
30 to 800 °C at 10 °C/min under air atmosphere. The coefficients of thermal expansion (CTE)
of the silica/PAI composites films were evaluated using a Q 400 EM (US.A)
thermomechanical analyser (5 °C/min from 25 to 300 °C, 50 mN). All the samples were
3 mm X 16 mm, cut from the original films using a razor blade.

2.2.1 CTAB effect on the synthesis of silica/PAl composite film

The FT-IR spectra of the silica/PAI composite films are shown in Fig. 1. The effect of the
surfactant on the composite films was evaluated by increasing the CTAB dosage from 0 to
3 wt%. The amount of silica nanoparticles added to the PAI was 6 wt%. The character
vibrations of the Si-O were observed at 1086, 945, and 796 cm-!, as shown in Fig. 1 (e). After
the surface modification process, the typical stretching vibrations of the C-H were found at
2855 and 2928 cm?!, which resulted from the -CH; and -CH3 in the CTAB. Figure 1 shows
the typical characteristic bands of the PAI polymer matrix that were found, such as the N-H
stretching band at 3317 cm!, the amide C=0 region at around 1710 cm-, and the bands at
1771 and 1710 cm? associated with the imide carbonyl band. The bands are similar to one
another because the same amount of silica was added into the composites. The characteristic
stretching vibration of Si-O at 1086 cm! became wider when the silica nanoparticles were
modified by CTAB. This peak broadening may be explained by the organic side-chain of
CTAB grafted on the surface of the silica nanoparticles, which improved the interaction
between the silica nanoparticles and the PAI polymer matrix.

d 3317

Transmittance (a.u)

1086

3500 3000 2500 2000 1 1500 1000
Wavenumbers (cm)
Fig. 1. FT-IR spectra of (a) unmodified-silica/ PAI nanocomposites, (b) 1% CTAB-silica/PAI
nanocomposites, (c) 2% CTAB-silica/PAI nanocomposites, (d) 3% CTAB-silica/PAI
nanocomposites, and (e) CTAB-modified silica nanoparticles.

The fracture surface micrographs of the silica/PAI nanocomposite films are shown in Fig. 2.
In Fig. 2 (a), some silica agglomerations are found in the micrograph when the unmodified-
silica nanoparticles were added into the PAI matrix. The silica nanoparticles easily
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agglomerate because of their large surface-to-volume ratios and high surface tension.
However, the CTAB-modified silica nanoparticles dispersed well in the PAI matrix with the
increase in CTAB. The dispersal state of the silica nanoparticles improved when the silica
nanoparticles were modified with 1 wt% CTAB, as shown in Fig. 2 (b). In Fig. 2 (c), the silica
nanoparticles are almost monodispersed, and little agglomeration is observed when 2 wt%
CTAB-modified silica nanoparticles were added into the PAI polymer. After the silica were
modified with 3 wt% CTAB, the silica nanoparticles became monodispersed without any
agglomerations, although the amount of silica nanoparticles added to the PAI was increased
to 6 wt%, as shown in Fig. 2 (d). CTAB improves the dispersal state of the silica
nanoparticles in a PAI polymer matrix, with an optimal dosage of 3 wt%.

Fig. 2. Fracture surface micrographs of (a) unmodified-silica/PAI nanocomposites,
(b) 1% CTAB-silica/PAI nanocomposites, (c) 2% CTAB-silica/ PAI nanocomposites, and
(d) 3% CTAB-silica/ PAI nanocomposites.

Fig. 3 shows the thermogravimetric analysis (TGA) plots of the different CTAB modified-
silica/ PAI nanocomposites films when 6 wt% nanosilica was added into the PAI matrix.
Some differences are found in the weight loss curves shown in Fig. 3. When the temperature
was increased to 475 °C, the silica/PAI composites began to decompose. Compared with the
unmodified-silica/PAI composites, the decomposition temperature increased after the silica
nanoparticles were modified by CTAB. The results indicate that the CTAB-modified silica
particles improve the thermal stability of the PAI polymer matrix. In addition, the
decomposition temperature of composite films increased with increasing CTAB dosage.
When the amount of CTAB added to the silica was increased from 0 to 3 wt%, the
decomposition temperature of the composite films increased from 646 to 658, 671, and 682
°C, respectively. A thermal decomposition process occurs when the temperature approaches
595 °C, as shown in Figs. 3 (b)-(d). Therefore, the interaction between the silica nanoparticles
and PAI polymer matrix is enhanced after the silica are modified by CTAB.

CTAB improves not only the dispersal state of silica in the PAI matrix, but also the thermal
stability of the composite film because of the better interaction between the nanosilica and
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PAI matrix. The amount of silica in the composites was calculated based on the plots, and
the result was about 5.6 wt%, which is in accordance with the theoretical data.

B0

60 -

B
(=]
|

Weight loss (%)

-a unmodified -silica /PAl composite

289 b 1.0wt% CTAB-silica /PAI composite

-d 3.0wt% CTAB-silica /PAl composite 646

T T I S ¥ e I ] & ) - . III . %
100 200 300 400 500 GO0 700 800

Temperature (°C)

Fig. 3. TGA plots of (a) unmodified-silica/PAI nanocomposites, (b) 1% CTAB-silica/PAI
nanocomposites, (c) 2% CTAB-silica/PAI nanocomposites, and (d) 3% CTAB-silica/PAI
nanocomposites.

Thus, CTAB, with an optimal dosage of 3 wt%, was chosen to modify the nanosilica. The
fracture surface micrographs of the composites show that the silica nanoparticles were well-
dispersed in the PAI matrix after the surface modification process. In the TGA plots of the
silica/PAI nanocomposites, the thermal stability and the decomposition temperature
increased with increasing CTAB. Therefore, CTAB is important in the preparation of the
silica/ PAI nanocomposite film.

2.2.2 The effect of silica nanoparticle amount on the properties of silica/PAl
composite film

The FT-IR spectra of the pure PAI and some silica/PAI nanocomposite films are shown in
Fig. 4 The amount of silica nanoparticles added to PAI was changed from 2 to 10 wt%,
and the dosage of CTAB added to the silica was 3 wt%. In the spectra shown in Fig. 4, the
bands at 1771 and 1710 cm-! are associated with the imide carbonyl band. Both bands are
insensitive to the presence of the silica nanoparticles. The bands in the region from 945 to
650 cm-! increased with the increase in silica content, caused by the presence of a broad
band associated with the vibration of the Si-O bond. The N-H stretching band at 3317 cm-!
was slightly intensified with the increase in silica content, indicating the hydrogen-
bonded N-H groups in the PAI polymer and the Si-O-Si or Si-O-H groups of the silica
nanoparticles. The characteristic band at 1594 cm- comes from the benzene-ring stretch
and a contribution from the O-H bond in monomeric H,O, which also has a band at 1663
cm-l. All the characteristic peaks in the composites indicate that the interaction between
the silica nanoparticles and PAI polymer matrix is sensitive to the amount of silica in the
composites.
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Fig. 4. FT-IR spectra of the silica/PAI composites with the amount of silica nanoparticles
added to PAI at (a) 2 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt%, and (e) 10 wt%.

The fractured surface micrographs of the pure PAI and several composite films are shown in
Fig. 5. The fracture surfaces of the pure PAI film are uniform, and the continuous polymer
phase is shown in Fig. 5 (a). Figs. 5 (b)-(f) show the fracture surfaces of the different
silica/PAI composites. The amount of silica added to the PAI was increased from 2 to
10 wt%. The larger the amount of silica nanoparticles added to the PAI, the greater their
amount found in the fracture surface micrographs. In Fig. 5 (f), when 10 wt% silica
nanoparticles was added into the PAI, the silica nanoparticles remained monodispersed
without any agglomerations. The results indicate that the CTAB-modified silica
nanoparticles have better dispersal state in the PAI polymer matrix. In addition, the CTAB-
modified silica nanoparticles increased the silica nanoparticle content in the composites.
Thus, the surface modification process is an effective method of preparing silica/PAI
nanocomposites.

The thermal stability of the silica/PAI composite films was evaluated via TGA. The TGA
plots of the PAI and the composites with the different amounts of silica nanoparticles are
shown in Fig. 6. The amount of silica nanoparticles added to the PAI polymer matrix was
increased from 0 to 10 wt%. The plots are shown in Figs. 6 (a)-(f). A weight loss is observed
above 170 °C on all the TGA plots, which corresponds to water and solvent losses. When the
temperature was increased to 450 °C, the PAI matrix began to decompose. The
decomposition temperature increased when the silica nanoparticles were added into the PAI
polymer matrix. At the same temperature, all the curves of the composites indicated that the
composite weight loss was less than that of the pure PAI matrix. The silica/PAI composites
have higher decomposition temperature when the PAI polymer matrix loses the same
weight. The thermal stability of PAI was enhanced with the increase in the silica content.
The amount of silica nanoparticles in the composites were calculated accurately in the TGA
plots. The silica content in the composites based on Figs. 6 (b)-(f) are 1.9, 3.6, 5.8, 7.3, and
10.2 wt%, respectively.
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Fig. 5. Fracture surface micrographs of (a) pure PAI and silica/ PAI nanocomposite, with the
amount of silica added to PAI at (b) 2 wt%, (c) 4 wt%, (d) 6 wt%, (e) 8 wt%, and (f) 10 wt%.
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Fig. 6. TGA plots of the (a) PAI matrix, and the silica/PAI nanocomposite films with the
amount of silica added to PAI at (b) 2 wt%, (c) 4 wt%, (d) 6 wt%, (e) 8 wt%, and (f) 10 wt%.

CTE is an important parameter in evaluating the properties of enamel wire. A low CTE can
reduce thermal stress build-up and prevent device failure through peeling and cracking at
the interface between the polymer film and the copper. The CTE curves of the pure PAI film
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and some composite films are shown in Fig. 7. The CTE value of the PAI films was 3.87 x 10-
5m/m/°C, whereas that of the silica/PAI composite film decreased to 3.69 x 10> and 3.51 x
10m/m/°C when the amount of silica added to PAI was 4 and 6 wt%, respectively. The
CTE values continuously decreased with increasing amount of the silica particles. In
particular, the CTE value decreased to 3.35 x 10> m/m/°C when the amount of silica added
to PAI was 10 wt%, as shown in Fig. 7 (d). Compared with the PAI polymer film, the
silica/PAI composite films had lower CTE, which may be attributed to the rigidity and
stiffness of the silica nanoparticles and the interaction between the silica and PAI polymer
matrix. The rigidity and stiffness of the silica nanoparticles limit the polymer chain
movement, resulting in the decrease of the PAI matrix thermal expansion.
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Fig. 7. CTE curves of the (a) pure PAI film and the composite films with silica content at (b)
4 wt%, (c) 6 wt%, and (d) 10 wt%.

The thermal stability of the silica/PAI nanocomposites improved and the decomposition
temperature increased when the amount of silica nanoparticles was increased. The lower
CTE of the composite films can reduce the peeling and cracking at the interface between the
polymer film and the copper. In the current system, the high thermal stability and low CTE
show that the silica/PAI nanocomposite films can be widely used in the enamel wire
industry.

2.2.3 Effect of silica diameter on the properties of the silica/PAl composite film

In the past years, innovative inorganic/organic composite technology has been used to
develop wires with better inverter-surge-resistance and mechanical properties than those of
conventional enamelled wires. Kikuchi et al. (Kikuchi, 2002) emphasised that the
inorganic/organic composite film can decrease erosion rate by increasing creeping distance
and decreasing collision energy via reflection or scattering, as shown in Scheme 2.

Submicron spherical silica particles were added into the PAI polymer matrix during the
synthesis of the silica/PAI composite films to evaluate the effects of silica diameter on their
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properties. The characterisation results of the spherical silica/PAI composites are discussed
as follows.

Fig. 8 shows the SEM micrographs of (a) the spherical silica submicron particles and (b) the
fracture surface of the pure PAI and several spherical silica/PAI composite films. In Fig. 8
(a), the mean diameter of the spherical silica nanoparticles is about 300 nm, and most are
well-dispersed after the surface modification process. The fracture surfaces of the pure PAI
film are uniform, and the continuous polymer phase is shown in Fig. 8 (b). Figs. 8 (c)-(f)
show the fracture surfaces of the different silica/PAI composites. The amount of silica
added to the PAI was increased from 2 to 8 wt%. When the submicron spherical silica was
added into the PAI matrix, some prominent features were observed on the fracture surfaces
of the composite films, as shown in Fig. 8 (c). The spherical silica particles were embedded
in the PAI matrix, and the continuous PAI organic phase appeared when the amount of
silica added to the PAI was 2 and 4 wt%, as shown in Figs. 8 (c) and (d). When the amount
of submicron silica increased, more spherical silica particles were observed on the fracture
surfaces of the composite films. The continuous organic PAI phase separated, as shown in
Fig. 8 (e). Some alveolate pores were observed in Fig. 8(f), when 8 wt% spherical silica was
added into the PAI matrix. These pores are caused by the removal of the submicron silica
particles from the PAI matrix when the composite films were broken.

Organic insulation coating film Composite insulation coating film
T TTTTTTT1 [T T T T T TTTTITT[]
Air Partial discharge . Partial discharge
Inorganic | | 11
Coating particles
film >
Conductor
Air ITTTTTTTTI I[”. TTTTTT
Partial discharge Partial discharge
Coating |.. || B R O U O O
film | l
Conductor

Scheme 2. Mechanism of erosion suppression.

More submicron spherical silica particles were subsequently added into the PAI matrix. The
SEM micrographs of the composite film fracture surfaces are shown in Fig. 9. The
micrographs show that the diameters of the submicron silica particles are uniform. In
addition, the spherical silica particles are orderly arranged in the PAI matrix. An increase in
the silica particles added into the films may result in a more compact framework. Partial
discharge is a prime factor causing enamel wire breakdown, so the composite films caused a
decrease in the erosion rate via reflection and scattering when the spherical silica particles
were added into the PAI matrix. That is, the charged particles were reflected and scattered
around the submicron silica, which slowed down the corrosion process. Therefore, the
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particle discharge resistance is improved with the increase in silica content. When the
amount of silica added to the PAI was increased to 25 wt%, as shown in Fig. 9 (d), the
fracture surfaces of the composite films remained well-integrated without the obvious phase
separation. The results indicate that such a simple method effectively increases the amount
of inorganic silica particles in the PAI matrix after the surface modification process.

Fig. 8. SEM micrographs of (a) spherical silica submicron particles and fracture surfaces of
(b) pure PAI film, (c) composite 1 with 2 wt% submicron silica, (d) composite 2 with 4 wt%
submicron silica, (e) composite 3 with 6 wt% submicron silica, and (f) composite 4 with

8 wt% submicron silica.

The FT-IR spectra of CTAB-modified silica, pure PAI, and some submicron silica/PAI
composite films are shown in Fig. 10. As shown in Fig. 3 (a), typical bands of silica were
observed at 1086, 950, and 809 cm, indicating the stretching vibrations of Si-O. The
stretching vibration peaks of C-H were found at 2861 and 2915cm-!, which came from the -
CH> and -CHj3 in CTAB. The FT-IR spectra of PAI show the presence of the imide carbonyl
band at 1776 and 1715 cm, and the peaks at 3320 and 1715 cm? come from the N-H
stretching and C=0 region, respectively. Other characteristic bands include the absorption
at 1600 cm-! caused by the benzene ring stretch and a contribution from the O-H bond in
monomeric HO, which also has a band at 1663 cm-1. The bands at 950-650 and 3320 cm-!
increased with the increase in silica content. Furthermore, the adsorption peak at 1086 cm-!
was intensified in the spectra of the composites. All the characteristic peaks in the
composites were insensitive to the presence of the silica component, indicating good
interaction between the spherical silica and the PAI polymer matrix.
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Fig. 9. SEM micrographs of (a) composite 5 with 10 wt% submicron silica, (b) composite 6

with 15 wt% submicron silica, (c) composite 7 with 20 wt% submicron silica, and (d)
composite 8 with 25 wt% submicron silica.
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Fig. 10. FT-IR spectra of (a) CTAB-modified submicron silica particles, (b) pure PAI, (c)

composite 1 with 2 wt% silica, (d) composite 2 with 4 wt% silica, and (e) composite 4 with
8 wt% silica.

The TGA plots of the PAI and the composites with the different amounts of submicron silica
particles are shown in Fig. 11. Obvious weight loss is found in these plots. A weight loss is
observed below 180 °C in all the TGA plots, corresponding to water and solvent losses.
When the temperature was increased to 450 °C, the PAI matrix began to decompose with
increasing decomposition temperature. The decomposition temperature increased from
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640 to 678 °C after the silica particles were added to the PAI polymer matrix. The thermal
stability of the PAI was increased by the incorporation of the submicron silica particles, as
clearly shown in Fig. 11. The amount of silica particles in the composites were accurately
calculated from the TGA plots. The silica content in the composites calculated based on the

plots in Figs.11 (b)-(e) are 1.68, 3.80, 5.80, and 7.24 wt%. The calculated data are close to the
theoretical values listed in Table 1.

Inorganic silica particles improve the thermal stabilities of the PAI polymer matrix and
reduce the cost of enameled wire. To obtain the least expensive and most stable composite
films, the amount of silica particles was increased from 10 to 25 wt%. In Fig. 12, the TGA
curves are similar to the composite films shown in Fig. 11. The amount of silica particles was
calculated based on the plots. The realistic data were 9.3, 13.7, 16.5, and 20.4 wt%.

100
80
&
§ B0
- \
£ \\
2 404 \\
Q
= —a PAl \
) —— b composite 1 \
20‘ & COMPpOSITe i
d composile 3

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 11. TGA plots of (a) pure PAI, (b) composite 1 with 2 wt% silica, (c) composite 2 with
4 wt% silica, (d) composite 3 with 6 wt% silica, and (e) composite 4 with 8 wt% silica.
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Fig. 12. TGA plots of (a) composite 5 with 10 wt% silica, (b) composite 6 with 15 wt% silica,
(c) composite 7 with 20 wt% silica, and (d) composite 8 with 25 wt% silica.
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o ': Entangled polymer chains Spherical silica submicron particle
Scheme 3. Interactions between the silica submicron particles and the PAI polymer matrix.

Second, the thermal stability of the composite film was further improved by increasing the
silica particles. However, the decomposition temperature was increased from 650 to 668 °C,
the results of which did not exceed that of the composites shown in Fig. 11. These results
indicate that the interaction between the silica and the PAI matrix changed when more silica
submicron particles were added into the composite films. Initially, the thermal stability of
PAI improved after the silica submicron particles were added into the PAI matrix. Given the
thermal motion of molecules, the cohesion between the adjacent polymer chains and the
partial resistance and friction from the incorporation of silica in the PAI matrix had to be
overcome. When more silica submicron particles were added into the PAI polymer, the
interaction between the silica and the PAI matrix weakened because of the more compact
and orderly arrangement of silica in the PAI matrix, as shown in Scheme 3. In addition, the
silica submicron particles were easier to break away from the fracture surfaces, as confirmed
by the SEM micrographs shown in Fig. 9. As a result, the decomposition temperature of the
composite film did not increase with increase in the amount of silica particles, when the
amount of silica added to PAI was more than 10 wt%. However, the thermal stability and
decomposition temperature of the composite film were obviously more prominent than
those of the pure PAI polymer matrix. Considering the similar thermal stability and lower
price of the enameled wire, the amount of silica submicron particles can be modulated from
4 to 25 wt%.
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Fig. 13. CTE curves of the (a) pure PAI film, (b) composite 2 with 4 wt% silica, (c) composite
3 with 6 wt% silica, and (d) composite 6 with 15 wt% silica.
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Controlling the CTE value of the dielectrical PAI is important because copper is the typical
choice for defining the circuit lines. The selection of composites with the CTE close to that of
copper is very critical, and can prevent damage to the copper interconnection; thus
improving the reliability of the integrated circuits.

The CTE curves of the pure PAI film and some composite films are shown in Fig. 13. The
CTE value of the pure PAI film is 3.87 x 10-5’m/m/°C, whereas that of the composite films in
Figs. 13 (b)-(d) are 3.76 x10°, 3.57 x 105, and 3.25 x 10’m/m/°C, respectively. The CTE
values continuously decreased with the increasing amount of the silica particles. The CTE
value decreased by 16% when the amount of silica added to the PAI was 15 wt%. Such a
variation in CTE is explained by the rigidity and stiffness of the silica submicron particles,
which limit the movement of the polymer chain, resulting in the decrease of the thermal
expansion of the PAI matrix. When the temperature increased to 220 °C, it approached the
glass transition temperature of PAIL The dimension change significantly decreased with
increased silica content. Therefore, the silica submicron particles effectively decrease the
CTE value of the PAI polymer matrix, which in turn increases the thermal stress build-up,
resulting in device failure through peeling and cracking at the interface between the PAI
polymer film and the copper.

The thermal stability and the CTE value of the spherical silica/PAI composite films
significantly improved when the submicron silica particles were added into the PAI
polymer matrix. The submicron silica particles were obtained through the sol-gel method.
Most previous studies used a sol-gel process because of the diameter of the silica particles.
In the present study, the diameter effect was easily controlled using the Stéber procedure.
Compared with the silica nanoparticles, the submicron silica particles have better dispersal
state and do not easily agglomerate. Thus, more submicron silica particles are well-
dispersed in the PAI polymer matrix after the surface modification process. Considering the
higher thermal stability and lower CTE value, especially the lower cost, submicron
silica/PAI composite films can be widely used in the enamel wire industry.

3. Conclusion

In the current work, silica particles with two different diameters were successfully added
into the PAI polymer matrix in the synthesis of silica/PAI composite films via simple
ultrasonic blending. First, the effect of CTAB on the synthesis of the silica/PAI composite
film was investigated. The optimal dosage of CTAB is 3 wt%. The fracture surface
micrographs of the composites show that the silica nanoparticles are well-dispersed in the
PAI matrix after the surface modification process. In the TGA plots of the silica/PAI
nanocomposites, the thermal stability and the decomposition temperature obviously
increased with increasing CTAB dosage. Therefore, CTAB improves not only the dispersal
state of silica in the PAI matrix, but also the thermal stability of the composite film because
of better interaction between the nanosilica and the PAI matrix.

When the amount of silica nanoparticles added to the PAI was increased from 2 to
10 wt%, the thermal stability of the silica/PAI nanocomposites improved. The
decomposition temperature increased with the increase in the amount of silica
nanoparticles. In particular, the CTE value decreased when the silica particles were added
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into the PAI matrix. The CTE value further decreased with the increase in the amount of
silica nanoparticles. When the submicron silica particles were added into the PAI polymer
matrix, a similar conclusion was reached. However, more submicron silica particles are
well-dispersed in the PAI polymer matrix after the surface modification process because
the submicron silica particles have better dispersal state. Considering the higher thermal
stability, lower CTE value, and the lower cost, silica/PAI composite films can be widely
used in the enamel wire industry.
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