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Abstract—Poly(amide-co-imide) (PAT)/multi-walled carbon nanotube (MWCNTSs) composites were prepared by using
solution mixing with ultrasonication excitation in order to investigate effects of MWCNTs on rheological properties
and thermal curing behavior. Steady shear viscosity of the composite showed bell shaped curves with three characteris-
tic patterns: shear thickening, shear thinning, and Newtonian plateau behavior. Both storage modulus and complex vis-
cosity were increased due to higher molecular interaction than that of the pure PAI resin. Especially, hydrogen peroxide
treated MWCNT/PAI composites had the highest storage modulus and complex viscosity. Glass transition tempera-
ture of the PA/MWCNT composite was increased with increasing MWCNT content and thermal curing time since
the mobility of PAI molecules was reduced as more constraints were generated in PAI molecular chains. It was found
that thermal curing conditions of PAI/MWCNT composites are determined by considering effects of weight fraction
and surface modification of MWCNTSs on internal structure and thermal properties.
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INTRODUCTION

Thermoplastic poly(amide-co-imide), PAI, is one of the high per-
formance engineering plastics which have outstanding mechanical
properties, low thermal expansion coefficient, and excellent thermal
stability. It has been widely used for wear resistant devices, electri-
cal insulating wires, filtration media, and reinforcements by using
superior physical and chemical properties, e.g., stability against strong
acids and most organics at high temperature. It is also well known
that the PAI resin has synergetic properties due to characteristics of
both polyamides and polyimides existing in the molecular backbone.
Furthermore, PAI resin is a promising candidate as the matrix ma-
terial for hybrid composites since carboxyl groups can induce hy-
drogen and ionic bonding. However, PAI resin should be converted
into the final form through imidization with thermal and chemical
routes. To stabilize the internal structure and improve physical prop-
erties, post-treatments such as heat treatment, curing, imidization,
or carbonization are needed at high temperature [1-5].

Carbon nanotubes, CNTs, have outstanding mechanical, electri-
cal, and thermal properties due to their high aspect ratio and unique
arrangement of carbon hexagons in tube-like fullerenes. When high
performance properties are required for special applications, they
have been employed by incorporating CNTs into various matrices.
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Especially, polymer/CNT composites have attracted great interest
owing to their unique mechanical and multi-functional properties
resulting from the high aspect ratio and large surface area of CNTs.
However, they tend to be entangled together leading to many defects
in composites and low efficiency of CNTs in polymer matrices [6-
10]. Dispersion of CNTs is an important factor for physical proper-
ties of polymer/CNT composites. Nowadays, one of the main issues
on polymer/CNT composites is how to improve the dispersion of
CNTs in a polymer matrix [11-14]. To improve the dispersion of
CNTs in polymer matrix, two types of bonding method, covalent
and non-covalent, have been applied through chemical modifica-
tion or wrapping of the CNT surface, respectively. Chemical modi-
fication methods such as acid, fluorine, hydrogen peroxide treat-
ment, have been applied to generate useful functional groups that
can induce strong interaction with matrix polymers.

Recently, many studies for PAI composites filled with nanofill-
ers have been conducted to improve physical properties and wear
resistance of the pure resin. However, there were few studies about
PAI/MWCNT composites since PAI has high glass transition tem-
perature (T,) and a long time is needed for sufficient imidization at
high temperature [15-19]. Rheological properties are investigated in
order to understand internal structure and processability of polymer/
CNT composites since they can reflect various physical properties
of polymer composites. Information on three-dimensional network
structure formed by reinforcing fillers, dispersion state of fillers, and
degree of interaction between fillers and polymer matrix can be ob-
tained from measurement of the rheological properties [20-22]. In
this study, functionalized MWCNT/PAI composites were prepared
by solution mixing with ultrasonic excitation. Then, effects of sur-
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face functionalization and amount of MWCNTs on rheological prop-
erties of PAVMWCNT suspensions were investigated at steady and
dynamic oscillatory shear flows. Finally, thermal curing behavior
of pure PAI and PAUMWCNT composites was analyzed through
T, analysis obtained from differential scanning calorimeter (DSC)
measurements.

EXPERIMENTAL

1. Materials
Poly(amide-co-imide) resin (Torlon®4000T-HV, Solvay Advanced
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Polymers, U.S.A) was used as the matrix in this study. It was supplied
as crude PAI powders, and its chemical structure and NMR spec-
trum are shown in Figs. 1(a) and (b), respectively. It was made from
trimellitic anhydride chloride and a mixture of aromatic diamines.
It also contains amide and imide groups in the molecular back-
bone, but one resin has ether linkages in diamine components and
the other did not. Intrinsic viscosity range was 0.70-0.90 (0.5 wt%
NMP at 25 °C) and the particle size ranges from 30 to 40 um [3,23].
To confirm the degree of imidization for the PAI resin and to com-
pare with chemical structure reported to recent reference [3], NMR
analysis was performed with NMR spectrometer (Bruker AMX-
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Fig. 1. (a) Chemical structure of Torlon® poly(amide-co-imide), (b) NMR spectrum of as-received PAI powders, and (c¢) TEM picture

of pristine MWCNTs used in this study.
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Table 1. Composition of pure PAI and PA/MWCNT composite films prepared with solution mixing and film casting (wt%)

Pristine MWCNTs a-MWCNTs h-MWCNTs pP-MWCNT
Pure PAI
PA/MWCNTI1.0 1.0
PAI/a-MWCNT1.0 1.0
PAI/h-MWCNT1.0 1.0
PAT/p-MWCNTO0.5 0.5
PAI/p-MWCNT1.0 1.0
PAI/p-MWCNTL1.5 1.5
PAI/p-MWCNT2.0 2.0

500-FT, U.S.A) after dissolving PAI powders with dimethylsulfox-
ide solvent at room temperature to prevent additional cyclization
reaction. MWCNTs (Carbon Nano-material Technology, Pohang,
KOREA) were produced by the catalytic chemical vapor deposition
method. As shown in Fig. 1(c), the diameter of MWCNTs ranged
from 5 to 20 nm; the length is larger than 10 wm, and therefore the
aspect ratio was higher than five hundred. Specific surface area of
the MWCNT measured by using the BET method ranged from 100
to 700 m’/g and bulk density was in the range of 0.08-0.12 g/cm’
[24]. N-methyl-2-pyrrolidone (NMP, Daejung Chemicals & Metals,
KOREA) was used as the solvent to dissolve crude PAI powders.
2. Chemical Modification of MWCNTs

Chemical functionalization of the MWCNT surface was performed
with three methods: acid, hot air, and hydrogen peroxide treatments.
Pristine MWCNTs were acid treated by dispersing the MWCNTs in
a 65% solution of 3 : 1 mixture of H,SO,/HNO, in water. Then, the
suspension was treated by ultrasonic excitation at 80 °C for 1 hour
in order to attach carboxyl and hydroxyl groups onto the surface of
MWCNTs. After the acid treatment, the MWCNTS were cleaned
several times with distilled water, filtered by using filtering paper,
and then dried at 50 °C in vacuum oven for 2 days. Hydrogen per-
oxide treated MWCNTs (p-MWCNTs) were obtained through simi-
lar method to the acid treatment. Pristine MWCNTs were dispersed
in the 1 : 1 mixture of H,O,/distilled water. Then, the mixture was
sonicated at 80 °C for 1 hour. After the hydrogen peroxide treat-
ment, the mixture was cleaned several times with distilled water
and was filtered by using a filtering paper. p-MWCNTSs were dried
in a vacuum oven at 50 °C for 2 days. Heat treated MWCNTs (h-
MWCNTs) were also obtained by heating MWCNTs at 500 °C for
1 hour in a furnace with air circulation.
3. Preparation of PAI/MWCNT Composite Films

PAI/MWCNT composites were prepared by mechanical mixing
of MWCNTs under ultrasonic excitation, film casting, and thermal
curing processes. Three types of surface modified MWCNTs were
dispersed in NMP for 1 hour under ultrasonic excitation at room
temperature. After MWCNTs were dispersed in the solvent suffi-
ciently, the crude PAI resin was added into MWCNT/NMP sus-
pension. To make perfect PA/MWCNT/NMP solution, the solution
was mixed by using a mechanical agitator at 100 °C for 1 day. Finally,
the suspension was sonicated for 2 hours to obtain good dispersion
of MWCNTSs in PAI/NMP solution. By using the solution mixing
process, four kinds of PAI/NMP solutions, 10, 15, 20 and 25 wt%,
were prepared. PAI concentration of 15 wt% was determined for suc-
cessful film casting after the solutions were cast and the films were
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Table 2. Thermal curing conditions used for pure PAI and PAI/

MWCNT composite films
Total Preheating Raising Holding
curing time time (min)  time (min)  time (min)
Without curing - - -
6 hrs 10 145 205
9 hrs 10 220 310
12 hrs 10 295 415
18 hrs 10 440 630

evaluated. Weight fraction of the MWCNTs in the PAVMWCNT
composite was chosen to be 0.5, 1.0, 1.5 and 2.0 wt% as shown in
Table 1.

After PAIMWCNT suspensions with different concentrations
were prepared, they were poured into a rectangular mold surrounded
by Teflon film. They were dried in a convection oven at 80 °C for
2 days to remove the solvent and additional drying was conducted
in a vacuum oven at 40 °C for 3 days. Since thickness of the cast
specimen was not uniform, compression molding was additionally
performed at 150 °C for 15 minutes under 15 tons by using a hot
press (WABASH METAL PRODUCTS, U.S.A). Thickness of the
PAI/MWCNT composite film was about 400 um. To convert the
crude PAI into the final product, the PAI resin must be cured ther-
mally with different time sequences. The PA/MWCNT composite
film was thermally cured in a furnace (L15/1100/P320, NABER-
THERM, GERMANY) with air circulation. As listed in Table 2,
curing time consisted of three steps: pre-heating, raising, and hold-
ing steps. Pre-heating was carried out for 15 minutes, and raising
and holding steps were maintained with the time ratio of 7 : 10. Five
specimens were prepared through different thermal curing steps
with the total curing time of 0, 6, 9, 12, and 18 hours.

4. Characterization

Functional groups generated on the MWCNT surface were de-
tected between 650 to 4,000 cm™ by Fourier transform infrared spec-
troscopy (FT-IR, JASCO 660 Plus, JASCO, JAPAN) using a potas-
sium bromide reference. Rheological properties of the pure PAI and
PAI/MWCNT solutions were investigated by using a rotational the-
ometer (AR2000, TA Instruments, U.S.A). The measurement was
conducted by using corn and plate geometry (comn angle=2°) with
the diameter of 40 mm and 53 um truncation gap at room temper-
ature. Steady shear flow was used for rheology measurement at the
shear rate ranging from 0.001 to 10 s™". Dynamic oscillation shear
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flow was investigated at the angular frequency ranging from 0.1 to
100 rad/s with the constant strain of 3.0% in order to measure linear
viscoelastic behavior of the sample. The DSC data was obtained
with a Perkin-Elmer DSC 6 instrument, which operated in the power
compensation mode. The system was calibrated using elemental
indium and 6.5+1.0 mg of the sample was used for each run. The
first heating run was performed from 30 °C to 400 °C at the heating
rate of 20 °C/min. The sample was held at 400 °C for 5 minutes and
then cooled to 30 °C at a cooling rate of 20 °C/min. The second scan
was run from 30 °C to 400 °C at the heating rate of 20 °C/min, and
the glass transition temperature was measured from the second heat-
ing curve.

RESULTS AND DISCUSSION

1. Chemical Structure of Surface Treated MWCNTSs

It is possible to identify functional groups from characteristic po-
sition, width, and intensity of their FI-IR spectra. As shown in Fig.
2, a-MWCNTs show some other peak bands in contrast with the
spectrum of untreated MWCNTSs. The broad peak around 3,438
cm is assigned to hydroxyl (O-H) groups, and the peak around
1,634 cm™ is assigned to carbonyl (C=0) groups, and the very weak
peak around 1,072 cm™ is assigned to carbon - oxygen single bond
(C-O). These results show that the hydroxyl and carbonyl groups
were attached to the surface of MWCNTs by the acid treatment [9,
10,13]. In the case of h-MWCNTS, the spectrum pattern was similar
to that of a-MWCNTs, but the intensity of each peak was increased
slightly when compared with a-MWCNTs. Oxidation reaction onto
MWCNT surface had occurred during heat treatment in hot air of
500 °C. In the case of p- MWCNT s, a characteristic band was ob-
served at around 1,089 cm™. This peak was much stronger than peaks
of MWCNTS treated with acid or hot air, which indicates that many
C-O single bonds were generated onto the surface of MWCNTs
during hydrogen peroxide treatment [10]. Therefore, it is concluded
that hydrogen peroxide treatment is the most efficient method to
generate various functional groups such as hydroxyl, carbonyl, and
carboxylic acid groups on the MWCNT surface.
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a-MWCNTs
hMWCNTs
-~ p-MWCNTs
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Fig. 2. FT-IR spectra of acid, hot air, and hydrogen peroxide treated
MWCNTs.
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Fig. 3. Effects of (a) chemical functionalization and (b) p-MWCNT
contents on the steady shear viscosity of PAIMWCNT sus-
pensions.

2. Rheological Properties
2-1. Steady Shear Flow Properties

To determine the molecular interaction and dispersion state of
MWCNTs in PAVMWCNT suspensions, rheological properties of
pure PAI and PAUMWCNT suspensions were investigated in both
steady and dynamic oscillatory shear flows. As shown in Fig. 3,
steady shear viscosity showed the bell-shaped curves with three char-
acteristic ranges: shear thickening at a very low shear rate region
(0.001-0.03 s7"), shear thinning at an intermediate shear rate region
(0.03-0.1s™"), and a Newtonian-plateau behavior at a high shear
rate region (0.1-10 s™"). The steady shear viscosity of both the pure
PAI and PA/MWCNT suspension was increased abruptly with in-
creasing shear rate and strong shear thickening with a yield stress
was observed at a low shear rate region. This unusual behavior re-
flects that the weak shearing force generated during measurement
induces hydrogen bonding or entanglement between PAI molecules
as well as PAI molecules and MWCNTs [25-27]. Peng [28] inves-
tigated both shear and elongational viscosities for Torlon®4000T-
MV and 4000TF solutions to prepare thin hollow membranes for
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gas separation. According to the report, 4000T-MV solution showed
an overall shear thinning behavior, but the 4000TF solution showed
stain hardening due to the strong N-H hydrogen bonding formed
in the solutions. Holmes [29] also reported extraordinary rheological
behavior of a colloidal suspension showing S-shaped flow curves,
indicating shear thickening and stress-induced transitions from a
liquid state to a jammed state. As hydrogen bonding was increased,
resistance to flow deformation was generally increased in the PAI/
NMP solution when sliding and stretching of PAI molecules were
present.

After steady shear viscosity passes through maximum values, how-
ever, the steady shear viscosity of the pure PAI and PAMWCNT
suspension was decreased abruptly at the intermediate shear rate
range, which reflects that molecular chains are aligned along the
shearing flow direction. In general, steady shear viscosity of poly-
mers and polymer/filler composites was decreased gradually with
increasing shear rates [30-33]. However, steady shear viscosity of
both pure PAI and PA/MWCNT suspensions was decreased ab-
ruptly at short shear rate ranges. The reason is that weak floccula-
tion formed by the hydrogen bonding between PAI molecules as
well as functional groups of the PAI resin and MWCNTs was des-
tructed simultaneously at critical shear rate ranges. This exceptional
behavior was also reported in liquid crystalline polymer or rod-like
molecules, such as poly(p-phenyleneterephthalamide) (PPTA), poly(p-
benzamide), and poly(p-phenylenebezobisoxazole) [34-36]. In the
case of PPTA in sulfuric acid, steady shear viscosity is increased at
a low shear rate range. After the steady shear viscosity reaches a
critical value, the viscosity begins to decrease abruptly at short shear
rate ranges like the PAMWOCNT solution investigated in this study.
The PPTA molecules remained an isotropic state in the solution with
the concentration below the critical value. As soon as the critical con-
centration was exceeded, however, anisotropic liquid crystalline
behavior occurred, resulting in decrease of the solution viscosity.

Effects of chemical functionalization and weight fraction of p-
MWCNTs on the steady shear viscosity of the PAVTMWOCNT solu-
tions are shown in Figs. 3(a) and (b), respectively. As shown in Fig.
3(a), chemically functionalized MWCNTSs/PAI solutions showed in-
creased steady shear viscosity compared with that of the pure PAI
solution because strength of hydrogen bonding between PAI precur-
sors and functional groups on MWCNTSs was increased. Further-
more, hydrogen peroxide treated MWCNTSs/PAI solutions showed
the highest steady shear viscosity among chemically functionalized
MWCNTS. It is probable that more sites able to form hydrogen bond-
ing with PAI molecules were generated by hydrogen peroxide treat-
ment [7,37]. In Fig. 3(b), effects of p-MWCNT content on the steady
shear viscosity of PAI/p-MWCNT solutions were investigated at the
concentration ranging from 0.5 to 2.0 wt%. As p-MWCNT content
increased in the PAI matrix, the steady shear viscosity increased
significantly at a low shear rate region. In general, the yield stress
observed at low frequency ranges is generated by hydrogen bond-
ing between chemically functionalized MWCNTs and amide groups
in the PAI backbone. At high shear rate regions, however, all speci-
mens have the same value, Newtonian behavior, because they are
affected only by the macromolecular chains irrespective of MWCNT
content and shear rates. Therefore, the interfacial properties due to
hydrogen bonding between PAI molecules and chemically func-
tionalized MWCNTSs can affect the rheological properties of the
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MWCNT-filled suspension. [38].
2-2. Dynamic Oscillatory Shear Flow Properties

It is known that rheological properties measured at a low angu-
lar frequency range reflect internal structure of the fluid, e.g., filler
dispersion and molecular interaction, whereas rheological properties
examined at high shear rates and angular frequency regions reflect
processability of polymers and polymer composites [39,40]. Dynamic
oscillatory shear flow properties are investigated to elucidate the
effects of chemical functionalization and content of MWCNTSs on
internal structure of PAVMWCNT composites. Storage modulus
and complex viscosity of PAVMWCNT composites are shown in
Figs. 4(a) and (b), respectively. As shown in Fig. 4(a), the highest
storage modulus and wide plateau region are observed at low fre-
quency ranges. Like the presence of yield stress in the steady shear
flow, the solid-like behavior is generated by the existence of strong
hydrogen bonding between PAI molecules and p-MWCNTs [13,41-
43]. In Fig. 4(b), complex viscosity has the highest value in the case
of PAI/p-MWCNT suspension, which means good dispersion of
MWCNTs and strong hydrogen bonding between p-MWCNTs and
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Fig. 4. Effects of chemical functionalization on (a) storage modu-
lus and (b) complex viscosity of PAI/MWCNT1.0 suspen-
sions.
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Fig. 5. Effects of p-MWCNT content on (a) storage modulus and
(b) complex viscosity of PAI/p-MWCNT suspensions.

PAI molecular chains due to effective chemical functionalization
of the p-MWCNT surface. The PAI suspensions filled with surface-
modified MWCNTSs have higher storage modulus and complex vis-
cosity than pristine MWCNTSs/PAI composites since the interaction
force between MWCNTs and PAI molecules becomes larger. Espe-
cially, PAI/p-MWCNT suspension shows the highest storage mod-
ulus and complex viscosity due to good dispersion and strong hy-
drogen bonding formed between PAI molecules and p-MWCNTs.
In Figs. 5(a) and (b), effects of p-MWCNT content on storage
modulus and complex viscosity of PAI/jp-MWCNT suspensions are
illustrated as a function of angular frequency. Maximum complex
viscosity of the PAI/p-MWCNT suspension at low frequency range
was increased with increasing p-MWCNT content as shown in
Fig. 5(a). In general, molecular interaction between MWCNTs is
increased as the MWCNT content is increased in polymer matrix.
Storage modulus and complex viscosity are increased significantly
when the MWCNT content is increased from 0.5 to 1.0 wt%, which
means that a change from liquid-like to solid-like behavior occurs
in the PAI/p-MWCNT suspension. In the PAI/jp-MWCNT suspen-
sions filled with p-MWCNTs of 1.5 and 2.0 wt%, however, it is
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______ 260°C * 1hr - 1st heating
260°C * 1hr - 2nd heating
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Fig. 6. The first and second heating DSC thermograms of pure PAI
films treated with or without thermal curing.

not easy to confirm that interaction between p-MWCNTs and PAI
molecules is increased with increasing p-MWCNT content. Molec-
ular interaction and hydrogen bonding between MWCNTs and func-
tional groups of the PAI molecules are not increased linearly with
respect to the weight fraction of the MWCNTs, as shown by the
experimental results obtained through dynamic oscillatory flow meas-
urement [44,45].

2-3. Thermal Curing Behavior

The PAI resin maintains remarkable mechanical properties and
thermal stability at high temperature due to high T, which is above
270 °C. Therefore, glass transition behavior and thermal curing of
the PAI resin are essential to understand the thermal stability and
mechanical properties of the final PAI product. In this study, effects
of chemical functionalization and weight fraction of MWCNTs on
T, and thermal curing time of PAUMWCNT composites were inves-
tigated with DSC measurement. Fig. 6 shows the first and second
heating curves of the pure PAI films with or without thermal curing.
As shown, DSC characteristic peaks are observed at near 150 °C
from the first heating curves, which implies that the solvent is not
removed completely in PAI/NMP suspensions. From the second
heating curves the T, of the pure PAI film is in the range of 260-
270 °C, indicating the high stiffhess characteristics of the PAI molec-
ular chains at high temperature [46,47]. Especially, the PAI film cured
at 280 °C for 1 hour shows higher T, when compared with that of the
pure PAI film without thermal curing. The difference in T, values of
the pure PAI films may be attributed to the presence of rigid aromatic
and heterocyclic structures with compact imide ring units formed
by thermal imidization.

Effects of curing time on T, of the pure PAI and PAI/p-MWCNT1.0
composite films are shown in Figs. 7(a) and (b), respectively. As
shown in Fig. 7(a), the pure PAI film without thermal curing shows
T, approximately at 272 °C but does not have a distinct inflection
point showing glass-rubber transition behavior. However, T, of the
pure PAI films was increased significantly as the curing time was
increased from 6 to 18 hours because a more perfect heterocyclization
reaction occurred along the PAI molecular backbone and molecular
weight was increased by dehydration reaction during thermal curing
[48]. Effects of thermal curing time on T, of the PAI/p-MWCNTI1.0
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Fig. 7. The second heating DSC thermograms showing effects of
thermal curing time on T, of (a) pure PAI and (b) PAI/p-
MWCNT1.0 composite films.

composite films are shown in Fig. 7(b). T, of the PAI/p-MWCNT1.0
composite films was also increased with increasing thermal curing
time from 6 to 18 hours like the pure PAI film. However, when they
were cured for the same time, PAI/p-MWCNT 1.0 composite films
had higher T, than the pure PAI film because the molecular chains
are confined between the reinforcing fillers with different dispersion
states. T, is related to the confinements introduced by finite pores
and pressure effects of constraints generated during fabrication of
polymeric composites [49].

Effects of the p-MWCNT content on T, of the PAI/p-MWCNT
composite films are shown in Fig. 8. By incorporating p-MWCNTs
of 0.5wt% into the PAI matrix, T, of the PAI/p-MWCNT com-
posite was increased when compared with that of the pure PAI film.
As the p-MWCNT content was increased more, T, higher than that
of the PAI film was also observed. Since T, is the characteristic tem-
perature corresponding to segmental motion of polymer chains at
the molecular level, T, can be considered as one of the localized phe-
nomena for polymers and polymer composite systems [50]. There-
fore, it was found that MWCNTs with high stiffness act as con-
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Fig. 8. The second heating DSC thermograms showing effects of p-
MWCNT content on T, of PAI/p-MWCNT composite films
cured at 260 °C for 12 hours.

finement to polymer chains at the molecular level and obstruct the
localized segmental motions of PAI chains, resulting in the increase
of T, from 280 °C to around 300 °C. Consequently, the mobility of
PAI molecules is reduced when sufficient molecular constraints exist
on PAI chains, leading to an increase in T, [51-53]. Although T,
was increased by further incorporation of p-MWCNT5, plateau val-
ues of T, were observed with the p-MWCNT contents of 1.5 to 2.0
wt%. When weight fraction of the p-MWCNTS is over 1.5 wt%,
PAI molecular chains have the almost similar mobility level, lead-
ing to relatively smaller change in T, than the PAI molecular chains.
It is concluded that the T, values of PAI/p-MWCNT composites were
increased with increasing p-MWCNT content and curing time. How-
ever, selection of the optimum MWCNT content is essential to im-
prove physical properties of PAVMWCNT composites since many
other properties, e.g., melt viscosity and processability are deter-
mined by the dispersion state of MWCNTs.

CONCLUSIONS

PAI/MWCNT composites were prepared by using solution mix-
ing with ultrasonic excitation to investigate effects of surface modifi-
cation and weight fraction of MWCNTs on theological properties and
thermal curing behavior of PAVMWCNT composite films. Steady
shear viscosity curves showed the bell-shaped patterns with three
characteristic ranges: shear thickening, shear thinning, and nearly
Newtonian plateau behavior. They also showed higher storage mod-
ulus and complex viscosity than the pure PAI resin because molecular
interactions between functionalized MWCNTS as well as MWCNTs
and functional groups in the PAI resin were increased. Especially,
P-MWCNTS/PAI composites exhibited the highest storage modu-
lus and complex viscosity. Glass transition temperature of the pure
PAI and PAUMWCNT composite film was increased significantly
with increasing curing time because perfect heterocyclic structure
is formed along the molecular backbone and molecular weight is
increased by dehydration and crosslinking reaction during thermal
curing. When p-MWOCNT content is over 1.5 wt%, molecular chains
have an almost similar mobility level, leading to a relatively smaller
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change in T, compared with the PAI resin. It was concluded that T,
of the pure PAI or the PAVMWCNT composite film was increased
with increasing MWCNT content and thermal curing time. How-
ever, it is essential to consider optimum MWCNT content and ther-
mal curing conditions since many physical properties of the PAI/
MWCNT composite films are determined by both weight fraction
and dispersion of MWCNTS in the PAI matrix.
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