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ABSTRACT: Multiwalled carbon nanotube/rigid-rod
polyimide composite films have been prepared by casting a
solution of precursor polymer (polyamide acid) containing
multiwalled carbon nanotubes (MWNTSs) into thin films,
followed by a thermal imidization treatment. The compos-
ite films were characterized by FTIR, TEM, DSC, TGA and
TMA, and the film tensile properties were also examined.
The presence of 1.0% MWNTs in the polymer matrix led to
more than twofold increase in tensile strength of the rigid-

rod polyimide composite films and improved thermal sta-
bility, but reduced in thermal deformation. However, the
tensile property did not show further increase when the
film contained higher composition of MWNTs. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 359-365, 2010
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INTRODUCTION

Poly(p-phenylene biphenyltetracarboximide) (BPDA-
PDA) is a rigid rod-like polyimide showing many
excellent properties such as chemical resistance, ther-
mal stability, mechanical strength and electric insula-
tion because of the highly rigid backbone and or-
dered molecular arrangement,'™ which is similar to
other rigid-rod polymers.'®!! It also has many unique
features including low thermal expansion coefficient
(CTE), high modulus and very low water diffusion
coefficient.'>'” Tt has been reported that BPDA-PDA
has threefold higher fracture toughness compared to
flexible polyimide, poly(4,4’-oxydiphenylene pyro-
mellitimide) (PMDA-ODA)."* The excellent mechani-
cal properties and thermal stability along with low
processing cost have made BPDA-PDA a widely
used dielectric insulating material in the integrated
circuits.'”'® Nevertheless, the relatively low flexibility
and brittleness'” could restrict the application of
BPDA-PDA in other areas such as gas storage tanks.
It is well established that the properties of a poly-
meric material are highly affected by nano-sized fill-
ers incorporated into the polymer matrix, which are
highly dependent on the type and the dimension of
fillers, their dispersion state and the interaction with
the hosting polymer matrix. Various nanofillers have
been studied with the purposes of improving the
mechanical, electronic and thermal properties,
increasing the gas barrier ability, and reducing the
thermal deformation.*'*'®"” Among the fillers stud-
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ied, carbon nanotubes (CNTs) with a high aspect
ratio and low density are considered to be one of
the ultimate filler materials that can considerably
improve mechanical, electric and thermal properties
of polymeric materials incorporated.*

Nanocomposites of carbon nanotubes with flexible
and semiflexible polyimides such as poly(4,4’-oxydi-
phenylene pyromellitimide) (PMDA-ODA),*"® asym-
metric poly(4,4’-oxydiphenylene biphenyltetracarbox-
imide) (a-BPDA-ODA),* poly(3,4’-oxydiphenylene
biphenyltetracarboximide) (BPDA-ODA),” and poly
(4,4’-oxydiphenylene benzophenonetetracarboximide)
(BTDA-ODA),*® and a rigid-rod poly (p-phenylene
benzobisoxazole) (PBO)* have been reported. These
composite materials showed enhanced mechanical
properties and improved electrical conductivity and
thermal stability.

Since the rigid and alignment nature of rigid-rod
macromolecules,'™ the presence of CNTs in a rigid-
rod polymer matrix should alter the molecular orien-
tation, leading to changes in its mechanical and
thermal properties. However, how carbon nanotubes
influence the mechanical properties of rigid-rod
BPDA-PDA has not been found in the research liter-
atures. In this article, nanocomposite films of a rigid-
rod BPDA-PDA and multiwalled carbon nanotubes
(MWNTs) have been prepared and the influence of
MWNTs on the morphology, mechanical strength,
thermal stability and thermal expansion properties
of the BPDA-PDA were examined.

EXPERIMENTAL

Materials and measurements

N,N'-dimethylacetamide (DMAc), 3,3',4,4’-Biphenyl-
tetracarboxylic dianhydride (BPDA) and 1,4-phenyl-
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enediamine (PDA) were obtained from Sigma-Aldrich.
PDA was purified by sublimation under vacuum
before use. MWNTSs were provided by CSIRO Materi-
als Science and Engineering and were purified by
refluxing in 3N HNO; for 48 h before use.

Nuclear magnetic resonance (NMR) spectra were
taken on a Varian Unity spectrometer. Differential
scanning calorimetry (DSC) was performed using
DSC 821 (Mettler Toledo) in alternating DSC mode at
an underlying heating rate of 10°C/min. Thermo-
gravimetric analysis (TGA) was performed with a
Mettler Toledo TGA/STDAS851 and tested in air flow
at a heating rate of 10°C/min. Thermo mechanical
analysis (TMA) was conducted on a Mettler Toledo
TMA/STDAS840. Thin film samples were directly
placed between a 3 mm ball-point probe and sample
support (quartz glass). Samples were heated in a
nitrogen atmosphere from 25°C to 700°C at a heating
rate of 20°C/min. The tensile properties of the cast
films were measured with a universal tensile tester
(Lloyd), according to ASTM D-882. Wide angle X-ray
diffraction (WAXD) was done on a powder diffrac-
tometer (Philips 1140/90) with a Cu radiation 1.5406
A. Fourier Transform Infrared (FTIR) spectra were
recorded by a Bruker Vertex 70 FTIR in ATR mode.
The spectra were obtained under 64 scans at 4 cm ™'
resolution. The data were analysed using OPUS ver-
sion 5.5 software. The transmission electron micro-
scope (TEM) images were taken using a JEOL JEM-
2100 electron microscope.

Synthesis of poly(amide acid) (PAA)

Into a 500 mL Heidolph reactor equipped with nitro-
gen inlet and stirrer, PDA (8.12 g, 75 mmol) and
DMAc (140 mL) were added. The mixture was
stirred to form a clear solution and cooled down to
—15°C. BPDA (22.07 g, 75 mmol) was added to the
solution over a period of 15 min with vigorous stir-
ring. The residual BPDA was washed with 4 mL
DMAc and added to the reaction solution. The
whole mixture was stirred for 3 h at —15°C, 1 h at
0°C, 1 h at 15°C and then allowed to stand overnight
at room temperature. A transparent yellow viscous
PAA solution was obtained. A nitrogen atmosphere
was maintained in the reactor throughout the course
of reaction. The PAA was purified by precipitating
three times with acetone. The PAA was dried in vac-
uum at 40°C for 6 h and stored in a desiccator.
"H-NMR (300 MHz, DMSO-D,, § ppm): 12.93 (s, 2H,
Ar-NH—), 10.44 (s, 2H, Ar-COOH), 8.25-7.96 (m, 4H,
ArH), 7.70 (m, 6H, ArH); *C-NMR (DMSO-Dy, § ppm):
169.66, 166.68, 141.25, 139.60, 135.21, 130.45, and 119.94.

Preparation of polymer films

The pure PAA films were fabricated by casting PAA
solution (20 wt %) in a Teflon mould and dried in a
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Scheme 1 Synthetic route to the rigid-rod polyimide
BPDA-PDA.

vacuum oven (8 mbar) at 110°C for 3 h. To prepare
MWNT/PAA films, MWNTs were first dispersed in
DMAc with the aid of ultrasonication. Dried PAA
was then dissolved in this solution to form a solu-
tion with the concentration of 20 wt % PAA and
1.0-4.5% MWNTs (based on the weight of PAA).
The MWNT/PAA solution was ultrasonicated for
2 h to form homogeneous solutions. The blends were
then cast into solid films under the same condition
as PAA.

The pure PAA and the MWNT/PAA composite
films were imidized in a tube furnace under vacuum
to produce polyimide films. During imidization, the
samples were heated to 300°C (room temperature
~ 200°C, about 3.5°C/min) and finally annealed at
300°C for 2 h.

RESULTS AND DISCUSSION
Synthesis and FTIR spectra

The synthetic route to the rigid-rod polyimide
BPDA-PDA is shown in Scheme 1. A polymer pre-
cursor, poly(amide acid) (PAA), was synthesized by
amidation of the carboxylic anhydrides in BPDA
and the amines in PDA at a low temperature to
form flexible linear polymer molecules consisting of
a carboxylic acid group in each unit. PAA is soluble
in DMAc and PAA films can be easily prepared



CARBON NANOTUBE REINFORCED RIGID-ROD POLYIMIDE 361

from PAA-DMAc solution through a film-casting
technique. When the PAA films were heated at an
elevated temperature, thermal imidization took place
between the amide linkage and the adjacent carbox-
ylic acid group, converting PAA to insoluble rigid-
rod polyimide, BPDA-PDA. In our study, the imid-
ization process was carried out in vacuum so that
the side-product, water, was easier to release from
the polymer matrix, and in the meanwhile to avoid
any possible thermal degradation. MWNT composite
films were produced in a similar method, except
that MWNTs were dispersed into the PAA solution
before film casting.

Figure 1 shows the FTIR spectra of PAA and
BPDA-PDA. Pure PAA displayed the carboxylic acid
characteristic vibrations at 1710 cm ™' (C=O stretch-
ing) and 2900-3200 cm ' (OH stretching). The vibra-
tion bands at 1650 cm ™' and 1600 cm ™' are typical
characteristics of amide I peak (C=O stretching) and
amide 1T peak (N—H mixed mode),* respectively.
The peaks 1560 cm ' and 3200-3300 cm ™' corre-
spond to the C—NH stretching and —NH stretching
of amides. After the imidization reaction, new peaks
at 1770 and 1710 em ™' (typical of imide carbonyl
and symmetrical stretching), 1350 cm ! (C—N
stretching), and 1120 and 740 cm ' (imide ring de-
formation)”’*® appeared in the FTIR spectrum. The
presence of carbon nanotubes (concentration up to
4.5%) in the polymer matrix showed very little
changes in the FTIR spectrum, presumably due to
the low MWNT composition and the weak vibration
signals of MWNTs.

Wide angle x-ray diffraction (WAXD)

Both polymer and MWNT/polymer composite sam-
ples were characterized by wide angle X-ray diffrac-
tion (WAXD). As shown in Figure 2, the WAXD pat-
tern of pure PAA shows a broad peak centred at
about 20 = 24°, while the pure BPDA-PDA reveals
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Figure 1 FTIR spectra of PAA and BPDA-PDA.
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Figure 2 WAXD patterns of PAA and BPDA-PDA films
with and without containing MWNTs.

peak reflections at 20 = 20° and 27°, corresponding
to the (200) and (210) reflection planes of the BPDA-
PDA, respectively.*"*> For the MWNT composite
samples, they showed similar WAXD patterns to the
pure polymer samples when the MWNT composi-
tion was 1.0%. The reflections at 20 =20° and 27°
became slightly increased, respectively, when the
MWNT composition was increased to 4.5%.

Mechanical properties

The tensile properties of PAA and BPDA-PDA films
with and without containing MWNTs are shown in
Figure 3(a). For the pure PAA film, the tensile
strength and elongation at break were 32.8 MPa
and 21.3%, respectively. The imidization treatment
increased the tensile strength to 40.1 MPa but the
elongation at break decreased slightly to 19.0%,
because of the conversion from PAA to rigid-rod
polyimide.*® Incorporation of 1.0% MWNTs into the
PAA film increased its tensile strength to 60.4 MPa,
which is 84% higher than that of the pure PAA
counterpart. The MWNT/BPDA-PDA (MWNTs
1.0%) prepared from the imidization treatment of
MWNT-containing PAA film showed considerably
increased tensile strength to 126.5 MPa. However,
from PAA to BPDA-PDA with the presence of
MWNTs in the polymer matrix, the elongation at
break just had a very little decrease, from 17.2% to
16.0%. The more than twofold increase in the tensile
strength upon adding just 1.0% MWNTs reflected a
more pronounced reinforcement effect for the rigid-
rod polyimide compared to its precursor.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) Tensile strength and elongation at break of
PAA and BPDA-PDA films with and without containing
MWNTs (1.0%), (b) Tensile strength and elongation at
break of MWNT/BPDA-PDA with different MWNT
compositions.

The effect of MWNT composition on the tensile
strength of the BPDA-PDA film is shown in Figure
3(b). With an increase in the MWNT composition
from 1.0 to 4.5%, the tensile strength only had a little
increase. Such a small improvement in the tensile
strength could be attributed to the aggregation effect
of nanotubes at a high composition due to strong
nanotube-nanotube van der Waals interaction. On
the other hand, the elongation at break decreased
with the increase in the MWNT composition. The
addition of MWNTs to the polymer matrix could
restrict the movement of the polymer chains, result-
ing in lower strain at a higher MWNT composition.

Figure 4 shows TEM images of the sliced MWNT/
BPDA-PDA composite samples. When the composi-
tion was 1.0% [Fig. 4(a)], MWNTs dispersed uni-
formly in the BPDA-PDA matrix. Aggregated
MWNTs were observed in the composite film con-
taining higher MWNT composition (e.g., 4.5% in Fig-
ure 4b). The uneven dispersion and aggregation of
carbon nanotubes within the polymer matrix could

Journal of Applied Polymer Science DOI 10.1002/app
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be the main reason causing reduced improvement
rate in tensile strength.

Thermal properties

The DSC thermograms of pure and composite poly-
mer films are shown in Figure 5. For the PAA films,
two endothermic peaks with the temperature in
ranges of 90-100°C and 170-180°C were observed.
The lower endothermic peak corresponds to the
evaporation of moisture. The higher endothermic
peak includes imidization reaction, heat of decom-
plexation of poly(amide acid)/solvent and residual
solvent evaporation from the polymer matrix.*** The
slight exothermic trend at higher temperature (larger
than 200°C) can be attributed to rearrangement and
ordering of the polymer chains which are caused by
the thermal increase in mobility due to the evapora-
tion of residual DMAc solvent. Figure 5(b) shows
the DSC thermograms of pure and composite BPDA-
PDA films. The disappearance of the imidization
peak suggested the completion of the imidization

Figure 4 TEM images of polyimide composite film con-
taining (a) 1.0% and (b) 4.5% MWNTs.
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Figure 5 DSC curves of (a) PAA, and (b) BPDA-PDA
films.

reaction. Also the moisture peak became broadened
indicating more difficulty to evaporate moisture
from the polymer matrix. It should be noted that the
glass transition temperature (T,) could not be inden-
tified from the DSC curves.

Figure 6 shows the TGA curves of PAA and
BPDA-PDA films. The pure PAA film started to lose
weight at about 50°C with a small moisture peak at
105°C. It had three main weight loss derivative
peaks (DTG), at 173, 367 and 616°C (Table I). The
first two DTG peaks can be attributed to the evapo-
ration of residual DMAc from the cast films and
release of moisture due to the imidization reaction.
The last one should be associated with the degrada-
tion of the polymer. The DTG peaks for the BPDA-
PDA film also showed three DTG peaks at about
165, 417 and 619°C. As can be seen from Figure 6(a),
the intensity of the first peak was much lower com-
pared to these of the PAA film, due to much less
solvent remaining in the polymer matrix.

PAA composite film containing 1.0% MWNTs
showed a moisture peak at 99°C with similar weight
loss derivative peaks pattern. However, a different
thermal degradation process for the MWNT/BPDA-
PDA film was observed. The BPDA-PDA composite
film only displayed two weight loss peaks around
135°C and 623°C. It was clearly observed that the
onset of degradation temperature was significantly
higher for the MWNT/BPDA-PDA) (533°C) than
that of pure BPDA-PDA (394°C). This suggested that
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Figure 6 TGA curves of (a) PAA and BPDA-PDA films
containing no MWNTs, (b) PAA and BPDA-PDA films
containing 1.0% MWNTs, (c) PAA and BPDA-PDA films
containing 4.5% MWNTs.
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TABLE 1
Onsets and Peaks of Weight Loss in TGA Curves, Calculated T, Value and CTE at 25°C
1st Peak 2nd Peak 3rd Peak

Onset Peak Onset Peak Onset Peak Calculated T, CTE @ 25°C

Samples Q) Q) Q) Q) Q) Q) Q) (107%C™
PAA 139 173 278 367 475 616 157 —130
Polyimide 50 165 394 417 475 619 340 —227
MWNT/PAA 139 170 278 309 520 615 158 —-27

(MWNT, 1.0%)

MWNT /Polyimide 50 135 - - 533 623 333 —123

(MWNT, 1.0%)

the presence of only 1.0% carbon nanotubes
improved thermal stability of the rigid-rod polyi-
mide. The MWNT/BPDA-PDA film containing 4.5%
nanotubes led to one major weight loss peak at
629°C [Fig. 6(c)]. Compared to the pure BPDA-PDA
and the MWNT/BPDA-PDA containing 1.0%
MWNTs, the higher MWNT composition led to
higher thermal degradation temperature indicating
improved thermal stability.

Despite the difficulty in obtaining T, from the
DSC curves, it was easier to calculate the T, based
on the thermal mechanical analysis (TMA). 35" Table 1
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Figure 7 CTE ~ temperature curves of (a) PAA, and (b)
BPDA-PDA films.
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also lists the calculated T, values for different sam-
ples. The pure and comp051te PAA films had almost
the same T, value, which is about half of the value
of the BPDA PDA counterparts. The T, of the
MWNT/BPDA-PDA film) (333°C) was slightly lower
than that of the pure BPDA-PDA film (340°C). The
lower T, value indicated the improved thermal
transfer efficiency of the composite sample.

Coefficient of thermal expansion (CTE) of the
polymer films can be calculated through thermal
mechanical analysis (TMA). The thermal expansion
(o) of a material at constant pressure was computed
according to eq (1)*

1 0L
L, 0T @
where 0L/0T is the change rate of the sample length
with temperature, and L, is the initial sample length.
The dependence of CTE value on temperature based
on the TMA curves is shown in Figure 7, and the
CTE values at 25°C are listed in Table I. Polyimide
usually possesses lower CTE value than other poly-
mers, and the CTE for rigid-rod 1polyimides is lower
than other type of polyimides.”” The addition of
MWNTs to the BPDA-PDA decreased the CTE values
when the temperature was low (less than 151°C).
Compared to the pure BPDA-PDA film, MWNT/
BPDA-PDA composite film had about 55% reduction
in the CTE value, suggesting smaller thermal defor-
mation when MWNTs was dispersed in the BPDA-
PDA matrix. At higher temperature, however, the
CTE for the MWNT/BPDA-PDA composite film
showed higher value than that of the pure BPDA-
PDA film. The negative CTE values below T, sug-
gested the thermal shrinkage of the polymer samples.

CONCLUSION

We have demonstrated that the addition of a small
amount of multiwall carbon nanotubes (MWNTSs) to
a rigid-rod polyimide can considerably improve its
tensile strength, but the elongation at break does not
change much. The presence of MWNTs in the
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polymer matrix increases thermal stability and
reduces the thermal deformation of the polymer
films. However, higher carbon nanotube composition
in the rigid-rod polymer matrix does not result in
stronger reinforcement to the polymer due to uneven
dispersion of MWNTs in the polymer matrix.

The authors thank Dr. Wendy Tian from CSIRO Molecular
and Health Technologies for her help with thermal mechani-
cal analysis.
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