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Abstract This research is aimed at characterizing the
thermal, mechanical, and morphological properties of
carbon nanotubes (CNTs) reinforced poly(amide-imide)
(PAI) composites having thiazol and amino acid groups
which were prepared by sonication-assisted solution com-
pounding. To increase the compatibility between the
PAI matrix and CNTs, carboxyl-functionalized multiwall
CNTs (MWCNTs-COOH) were used in this study. The
MWCNTs were dispersed homogeneously in the PAI ma-
trix while the structure of the polymer and the MWCNTs
structure are stable in the preparation process as revealed
by transmission electron microscopy. MWCNT/PAI com-
posite films have been prepared by casting a solution of
precursor polymer containing MWCNTs into a thin film,
and its tensile properties were examined. The thermal
stability, Young’s modulus, and tensile strength of PAI
were greatly improved by the incorporation of MWCNTSs
and their good dispersion. Composites were also charac-
terized by Fourier transform infrared spectroscopy, X-ray
diffraction, scanning electron microscopy, and thermal
gravimetric analysis.
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Introduction

Carbon nanotubes (CNTs) were shown in the last years as
attractive fillers for polymers in order to improve mechan-
ical strength, reach conductivity at low loadings, influence
the thermal stability, thermal expansion, wear and friction
behavior favorably. This is due to their extremely high
aspect ratio and low density as well as their fiber-like shape
[1, 2]. Recently, there has been an increasing attention in the
studies of CNT/polymer composites due to the unique com-
bination of promising properties and construction of multi-
functional structures of each component. These composites
exhibit potentially superior the thermal, electrical, and me-
chanical properties than the pristine polymers [3, 4]. It is
well recognized that the properties of polymeric materials
are highly affected by nano-sized fillers 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 polymer matrix [5]. CNTs, however,
have rarely been used as mechanical or electrical inclusions
in a polymer matrix because of the difficulty in achieving
efficient dispersion. This difficulty is primarily due to at-
tractive van der Waal’s forces between carbon surfaces.
CNTs tend to aggregate together inside the solution and
form ropes, usually with highly entangled network struc-
tures [6]. But, by careful procedure, we can blend these two
components without severe aggregation of CNTs. The at-
tractive forces also arise due to an entropic effect inside the
polymer matrix [7]. Polymer chains in the region of the
colloidal filler suffer an entropic penalty since roughly half
of their configurations are precluded. Therefore, there is a
depletion of the polymer in this region, resulting in an
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osmotic pressure forcing the filler particles to come together.
To overcome the difficulty of dispersion, several mechan-
ical/physical methods such as ultrasonication and chemi-
cal modification through functionalization are already
reported [8—12]. These methods are mainly based on the
noncovalent interactions including 7—7t stacking, van der
Waals or charge transfer interactions [13—15], covalent
(grafting-to and grafting-from) [16-20], and adsorption
of surfactants [21]. In general, all of these different tech-
niques give various results in terms of the efficiency of
the nanotubes dispersion, interfacial interaction between
components, properties of the composites, and possible
promising applications.

Polyimides are well recognized as a class of high-
performance polymers due to their resistance to high tem-
peratures, mechanical stress, and a variety of chemicals [22].
However, the intractable characteristics have been major
problems as a result of high melting point and insolubility.
To overcome this problem, various copolyimides and poly-
mer structure modification have been developed. For exam-
ple, poly(amide-imide)s (PAIs) have been developed as an
alternative material offering a compromise between excel-
lent thermal stability and processability. They can be syn-
thesized by two well-established methods: the reaction of
diimide dicarboxylic acids with diamines in the presence of
triphenyl phosphite (TPP) and metallic salts, as condensing
agent, or by the reaction of diacid chlorides with diamines in
the presence of an acid acceptor by classical way or by
microwave irradiation [23-25].

In recent years, the effect of adding nanofillers on the
physical and mechanical properties of PAIs has been studied
by many groups, but a few studies concerned with the
fabrication of multi walled-CNT (MWCNT)/PAI compo-
sites have been carried out [26-28]. A number of research-
ers have undertaken covalent stabilization techniques to
molecularly bind (or to functionalize) specific molecular
species onto CNT surfaces for enhanced dispersion and
functionality [16-20]; however, a noncovalent approach
via hydrogen interaction of MWCNTs-COOH in polymer
solution is selected for this study as this method preserves
the mechanical and physical properties of individual CNTs.
A small number of studies have also been focused on
improving the dispersion of CNTs via the synthesis of
polymer with several functional and bulky pendent groups
for the matrix polymer itself. In this study, a simple
ultrasonication-assisted solution blending process for fabri-
cating composites and a casting method for the preparation
of composite films is proposed in order to study the certain
properties of the resulting composites, including thermal
and tensile mechanical properties. The introduction of sev-
eral functional groups as well as thiazol and amino acid
bulky substituents resulted in increased chain packing dis-
tances and decreased intermolecular interactions, leading to
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better interaction of the PAI chains with MWCNTs-COOH
and better dispersion of MWCNTs in the PAI matrix.

Experimental
Reagents and materials

All chemicals used in this study were obtained commercial-
ly from Fluka Chemical Co. (Switzerland), Aldrich Chem-
ical Co. (Milwaukee, WI), and Merck Chemical Co.
(Germany). 2-Aminothiazole, 3,5-dinitrobenzoylchloride,
acetone, hydrazine hydrate, FeCls, and propylene oxide
from Merck were used for the synthesis of mediators. Pro-
pylene oxide was used as acid scavenger. N,N'-dimethylfor-
mamide (DMF) (d=0.94 gcm > at 20 °C) and N,N'-
dimethylacetamide (DMAc) as solvent (d=0.94 gcm > at
20 °C) were distilled over barium oxide under reduced
pressure. Carboxyl-modified MWCNT (purity >95 % and
carboxyl content 2.56 wt.%) used in this study, purchased
from Neutrino Co. (Iran), have outer diameters of 8—15 nm
and lengths of ~50 um. Other reagents were used without
further purification.

Characterization and instrumentation

The apparatus used for the step-growth polymerization re-
action was a Samsung microwave oven (2,450 MHz,
900 W) (Korea). Fourier transform infrared (FT-IR) spectra
of the composite films were recorded with a Jasco-680
(Japan) spectrometer at a resolution of 4 cm™', and they
were scanned at wave number range of 400—4,000 cm .
Band intensities are assigned as weak (w), medium (m),
strong (s), and broad (br). Vibration bands were reported
as wave number (cm '). '"H and '>C nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker
(Germany) Avance 500 instrument at room temperature in
dimethylsulphoxide-ds (DMSO-d,). Multiplicities of proton
resonance were designated as singlet (s), doublet (d), triplet
(t), and multiplet (m). '*C spectrum is broadband proton
decoupled. The chemical shifts were reported in parts per
million with respect to the references and were stated rela-
tive to external tetramethylsilane for 'H and '*C NMR.
Elemental analysis was performed in an Elementar Analy-
sensysteme GmbH (Germany). Inherent viscosity was mea-
sured by using a Cannon Fenske Routine Viscometer
(Germany) at the concentration of 0.5 g/dL in DMF at
25 °C. Optical specific rotation was measured at concentra-
tion of 0.5 g/dL in DMF at 25 °C using a quartz cell (1.0 cm)
with a Jasco Polarimeter (JASCO Co., Ltd., Japan). Thermal
stability of the MWCNT/PAI composites was evaluated by
recording thermogravimetric analysis (TGA)/derivative
thermogravimetric (DTG) traces (STAS503 win TA TGA,
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Germany) in nitrogen atmosphere (flow rate 60 cm®/min). A
heating rate of 10 °C/min and a sample size of 10+2 mg were
used in each experiment. The X-ray diffraction (XRD) was
used to characterize the crystalline structure of the composites.
XRD patterns were collected using a Bruker, DSADVANCE
(Germany) diffractometer with a copper target at the wave
length of A Cu Kox=1.54 A, a tube voltage of 40 kV, and tube
current of 35 mA. The samples were scanned at a rate of 0.05°/
min from 10° to 80° of 20. For XRD studies, rectangular
pellets prepared by compression molding were used. The
dispersion morphology of the MWCNTs in the PAI matrix
was observed using field emission scanning electron micros-
copy (FE-SEM, HITACHI S-4160, Japan). Transmission elec-
tron microscopy (TEM) micrographs were obtained using a
Philips CM 120 (Germany) microscope with an accelerating
voltage of 100 kV. For TEM studies, ultra-thin sections (30—
80 nm) of the composites were prepared using Leica Ultrami-
crotome. Tensile testing was performed at room temperature
on a Testometric Universal Testing Machine M350/500 (UK),
according to ASTM D 882 (standards). Tests were carried out
with a cross-head speed of 12.5 mm/min until/to a deforma-
tion of 20 % and then at a speed of 50 mm/min at break. The
dimensions of the test specimens were 35x2x0.04 mm®.
Tensile strength, tensile modulus, and strain were obtained
from these measurements. Preparation of the MWCNT/PAI
composites was carried out on a MISONIX ultrasonic XL-
2000 SERIES, USA. Ultrasonic irradiation was performed
with the probe of the ultrasonic horn immersed directly in
the mixture solution system with frequency 2.25x 10*Hz and
power 100 W.

Monomer synthesis
Synthesis of 3,5-diamino-N-(thiazol-2-yl)benzamide (4)

Iron oxide hydroxide catalyst was prepared according to the
literature [29]. 3,5-Dinitro-N-(thiazol-2-yl)benzamide (3)
was also prepared according to the reported procedure
[30]. To a suspension of the purified 3,5-dinitro-N-(thiazol-
2-yl)benzamide (1.0 g, 3.4 mmol) and iron oxide hydroxide
(0.1 g, 1.13 mmol) in methanol (15 mL), hydrazine mono-
hydrate (1.5 mL) was added dropwise to the stirred mixture
at 60 °C within 10 min. After complete addition, the mixture
was heated at the reflux temperature for another 12 h. The
reaction solution was filtered hot to remove iron oxide
hydroxide, and the filtrate was then filtered cold to remove
the solvent. The crude product was purified by recrystalli-
zation from methanol to give 0.68 g of diamine 4 as brown
needles (68 % yield, m.p. = 208-210 °C) [31].

FT-IR (KBr; cm '): 3,434 (s, N-H stretch), 3,385 (s, N—
H stretch), 3,103 (w, C—H aromatic), 1,662 (s, C=0 amide
stretch), 1,560 (m), 1,525 (m) 1,459 (w), 1,326 (w), 1,161
(w, C-0O stretch), 830 (m), 779 (w, N-H out-of-plane

bending). '"H NMR (DMSO-dg; 6, ppm): 4.907 (s, 4 H,
NH), 6.060 (s, 1 H, Ar—H), 6.454 (s, 2 H, Ar-H), 7.199—
7.208 (d, 1 H, Ar-H, J=3.60 Hz), 7.449-7.507 (d, 1 H, Ar—
H, J=3.20 Hz), 11.823 (s, 1 H, NH). '>C NMR (DMSO-dj;
4, ppm): 102.55 (CH, Ar), 103.01 (CH, Ar), 113.39 (CH,
thiazole ring), 133.61 (C, Ar), 137.66 (CH, thiazole ring),
149.20 (C, Ar), 158.57 (C, Ar), 166.45 (C, C=0). Elemen-
tal analysis: calculated for C;oH;oN4OS: C, 51.27 %; H,
4.30 %; N, 23.91 %; S, 13.69 %; found: C, 51.40 %; H,
4.330 %; N, 23.87 %; S, 13.54 %.

Synthesis of N-trimellitylimido-S-valine (2)

N-trimellitylimido-S-valine (5) was prepared according to
our previous work [32].

Synthesis of PAI

A mixture of 0.10 g (0.34 mmol) of N-trimellitylimido-S-valine
(5), 0.08 g (0.34 mmol) of diamine 4, and 0.44 g of tetrabuty-
lammonium bromide (TBAB) (1.36 mmol) were placed in a
porcelain dish and was ground completely for 5 min, then
0.23 mL (1.36 mmol) of TPP was added, and the mixture
was ground for 3 min. The reaction mixture was irradiated in
the microwave oven for 240 s at 100 % of power level (900 W).
The resulting viscous solution was poured into 30 mL of
methanol, filtered, and dried at 80 °C for 6 h under vacuum
to give 0.17 g (94 %) of yellow powder PAI6. The optical
specific rotation was measured ([a]]zvsa‘gggz —32.29) at a con-
centration of 0.5 g/dL in DMF at 25 °C. The inherent viscosity
was also measured (7);,,=0.48 dL/g) under similar conditions.

FT-IR (KBr, cm_l): 3,454 (m, br, N-H stretch), 3,101 (w,
C-H aromatic), 2,925 (w, C-H aliphatic), 1,776 (m, C=0
imide, asymmetric stretching), 1,719 (s, C=0 imide, symmet-
ric stretching), 1,671 (m, C=0 amide, stretching), 1,602 (s),
1,546 (m), 1,450 (s), 1,376 (m, CNC axial stretching), 1,201
(m, CNC transverse stretching), 1,069 (m), 725 (s, CNC out-
of-plane bending), 619 (w). '"H NMR (DMSO-dg; , ppm):
0.99 (d, 3 H, CH;, distorted), 1.01 (d, 3 H, CHj, distorted),
2.84 (m, 1 H, CH), 4.64-4.66 (d, 1 H, CH, J=7.6 Hz), 7.26 (s,
1 H, Ar-H), 7.54 (s, 1 H, Ar-H), 7.91 (s, 1 H, Ar-H), 7.96 (d,
1 H, Ar-H, distorted), 8.10 (d, 1 H, Ar-H, distorted), 8.28 (d,
1 H, Ar-H, distorted), 8.44 (d, 1 H, Ar-H, distorted), 8.52 (s,
1 H, Ar-H), 10.31 (s, 1 H, NH), 10.92 (s, 2 H, NH), 12.73 (s,
H, NH). Elemental analysis: calculated for (C,4H;9N5O5S),:
C, 58.90 %; H, 3.91 %; N, 14.31 %; S, 6.55 %. Found: C,
59.12 %; H, 3.47 %; N, 14.09 %; S, 6.23 %.

Preparation of the MWCNT/PAI composite films

To attain uniformly mixed MWCNT/PAI solutions with
desired weight percentages of MWCNT, a two-step method
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was used. First, two stock solutions were prepared: PAI was
dissolved and MWCNTs were separately dispersed in
DMACc solution with stirring for 1 day at 3040 °C. Then,
two stock solutions were mixed to achieve the desired
weight percentages of MWCNTs from 5 to 15 wt.%. The
MWCNT/PALI solutions were stirred for 1 day at 3040 °C
and then ultrasonicated in water bath for 1 h. To remove the
DMAc solvent, MWCNT/PAI solutions were poured into
uncovered preheated glass Petri dishes and uniformly heated
at 60 °C for 1 day; then the semidried film was further dried
in vacuo at 160 °C for 8 h to remove the residual solvent,
and a solid film was formed. Curly films formed after
evaporation of DMAc, and could be easily lifted from the
glass Petri dishes. Freestanding polymer films 30—40-pm
thick were then peeled from the glass plate and were sub-
jected to different tests. Because MWCNTs are black in
color, the films containing more MWCNTs look darker: film
colors varied from tan (0 % MWCNT) to light gray (5 %
MWCNT) to dark black (10 and 15 % MWCNT). Uniform
color was observed, an indication of good distribution of
MWCNTs in the polymer matrix.

Results and discussion
Synthesis and structural characterization of monomers

Diacid monomer was synthesized by the condensation reac-
tion of an equimolar amount of trimellitic anhydride and S-
valine amino acid in the reflux acetic acid solution [32].
Scheme 1 (upside) shows the synthetic route to 3,5-diamino-
N-(thiazol-2-yl)benzamide by a two-step process. In the first
step, nucleophilic displacement of 2-aminothiazole with
3,5-dinitrobenzoylchloride in acetone solvent resulted in
3,5-dinitro-N-(thiazol-2-yl)benzamide as a pale yellow solid
[30]. In the second step, this dinitro compound was reduced
in methanol in the presence of hydrazine hydrate and a
catalytic amount of iron oxide hydroxide at 60 °C to pro-
duce brown crystals of the diamine 4. The structure of the
diamine 4 was identified by elemental analysis, FT-IR, and
NMR spectroscopic methods. In the FT-IR spectrum of
diamine 4, the peak attributed to the stretching vibration of
the bond C=0 appeared at 1,662 cm . The absorption
peaks of amine functions are obvious as two peaks at
3,434 and 3,385 cm ' In the '"H NMR spectrum of diamine
4, the signals of aromatic protons appear in the range of
6.060—7.507 ppm, and the characteristic resonance signal at
4.907 ppm is due to the amino group. Moreover, the proton
for the amide group is observed at 11.823 ppm. Further-
more, in the *C NMR spectrum, seven peaks corresponding
to the seven kinds of aromatic carbons appeared in the range
of 102.55-158.57 ppm. This spectrum also exhibited a peak
for carbonyl of amide group at 166.45 ppm.
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Synthesis of PAI

In the course of our study on the application of green
chemistry principles in polymerization [33, 34], we wish
to report a fast, simple, safe, and efficient method for the
step-growth polymerization of natural S-valine-based diacid
5 with an aromatic thiazole-based diamine (4) in the molten
TBAB in the presence of TPP under microwave irradiation.
Scheme 1 (underside) shows the polycondensation reaction
to PAL The effect of microwave power levels and period of
heating was examined to provide the optimum reaction
conditions. A series of experiments which were performed
with different reaction times under microwave irradiations
revealed that the optimal results were obtained after 240 s at
100 % of power level. At higher radiation times, dark
product was obtained, and on the other hand, under low
radiation times, reaction gave low yield and inherent viscos-
ity. This problem could be explained by the fact that molten
salts are highly polar media and likely to be strongly micro-
wave absorbing. The inherent viscosity of the synthesized
PAI was 0.48 dL/g and the yield was 94 %. The resulting
polymer showed optical rotation, which indicated that, the
polymer is optically active and chirality was introduced into

the backbone of the polymer. The optical specific rotation of

this polymer was [a]jzvf;ggg: —32.29 (0.05 g in 10 mL of

DMF). The structure of this polymer was confirmed as PAI
using FT-IR spectroscopy, 'H NMR, and elemental analysis
techniques.

Fabrication of the composite films

The dispersion of the carboxyl-modified MWCNTs in the 5,
10, and 15 wt.% solutions of PAI in DMAc was achieved by
a vigorous stirring with a speed of 15,000 rpm for 1 day
using a homogenizer, followed by ultrasonication process
for 1 h to form a new series of chiral composites. The
reaction pathways for preparing MWCNT/PAI composites
are shown in Scheme 2. The effective use of CNTs in
composite applications depends on the ability to disperse
the CNTs uniformly throughout the matrix without reducing
their aspect ratio. Due to the van der Waals attraction, CNTs
are held together as bundles and ropes. Therefore, they have
very low solubility in solvents and tend to remain as
entangled agglomerates. To employ CNTs as effective rein-
forcement in polymer composites, proper dispersion and
appropriate interfacial adhesion between the CNTs and
polymer matrix, several mechanical/physical methods were
used [8—12]. So, carboxylated MWCNTs were used in this
study. The lower level of aggregation in the modified CNTs
can be attributed to the presence of functional groups such
as carboxyl groups. This transformation should contribute
positively to the good dispersion of CNTs in the PAI matrix.
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Scheme 1 Synthesis of NH,
diamine monomer 4 and PAI6
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Moreover, the introduction of several functional groups into
the matrix of aromatic polymer performs a hydrogen inter-
action with modified CNTs, and a composite based on
hydrogen interaction, by which the PAI chains were tightly
attached to the surface of MWCNT-COOH, can be a result.
The interaction between PAI chains and MWCNTs-COOH
was described in Fig. 1.

Characterization of the composites
Spectral data

The formation of PAI was confirmed using FT-IR spectros-
copy. Strong absorption bands were observed at 1,719—

N
z H CH CHx

Cx PAI6

/\
HN

Ay

\_/

I: Mechanical stirring of PAI6 in DMAc, 30-40°C, 1 day

II: Same as I for MWCNT-COOH

III: Mechanical stirring of MWCNT/PAI mixture, 1 day, I
then sonication of the mixture at room temperature, 1h

I

it

(MWCNT-COOH/PAI composites)

|

Scheme 2 Schematic of the preparation process of MWCNT/PAI
composites

1,776 cm™'. These are attributed to the asymmetric and
symmetric stretching vibrations of the imide carbonyl
groups. The bands of C—N bond stretching and ring defor-
mation appear at 1,376 and 725 cm'. Strong bands of
absorption characteristic for the new formed amide linkage
appeared at around 3,454 cm™ ' assigned to N—H stretching
vibration, at 1,671 cm ! attributed to C=0 stretching vibra-
tion, and at 1,546 cm ' due to N-H bending vibration. The
absorption band at around 3,101 cm ™' was attributed to =
CH aromatic linkage. The aliphatic C—H stretching peak
was also appeared at around 2,925 cm ™. The functionalized
MWCNTs were also characterized by FT-IR. The spectrum
of a pristine MWCNTs/KBr pellet showed a strong, broad
absorption band centered at 3,433 cm !, which is attributed
to the O-H stretching bands of carboxylic acid moieties
from the surface of MWCNTs. The small peak around
2,923 cm ' was ascribed to aliphatic sp®> C—H of MWCNTs
[35]. The presence of CNTs in the polymer matrix showed
very little changes in the FT-IR spectrum, presumably due to
the low MWCNT composition and the weak vibration sig-
nals of MWCNTs. The structure of neat PAI was also
confirmed with 'H NMR spectroscopy. In the '"H NMR
spectrum of this polymer, appearances of the N—H protons
of amide groups at 10.31, 10.92, and 12.73 ppm, as three
singlet peaks, indicate the presence of amide groups in the
polymer’s structure. The resonance of aromatic protons
appeared in the range of 7.26-8.52 ppm. Also, the proton
of the chiral center appeared as doublet at 4.64—4.66 ppm.

XRD analysis
The structure of the MWCNT/PAI composites was exam-
ined by XRD, and the resultant curves are shown in Fig. 2.

MWCNTs and pristine PAI were also investigated and com-
pared. For the MWCNTs, two peaks appeared at 20=26°
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Fig. 1 Presentation possible
interactions of hydrogen
bonding between the MWCNT-
COOH and the PAI chains

8 N

\—/

and 44° which are typically associated with the diffraction
of metal impurities (20=26° corresponds to the (002) dif-
fraction plane of the impurity graphite and 20=44° to a-Fe
(110) and/or Ni (111) diffractions) [36]. For the neat PAI,
the weak reflection centered at a 20 value around 20° was
characteristic of the amorphous polymer. For the MWCNT
composite samples, they showed similar XRD patterns to
the pure polymer samples when the MWCNT composition
was 5 wt.%. For the MWCNT content higher than 5 wt.%,
the MWCNT/PAI composites exhibit peaks of PAI and
MWCNTs, as shown in Fig. 2(c, d). The reflections at
20=20° and 26° became slightly increased, when the
MWCNT composition was increased to 15 wt.%.

Thermal stability of composites

TGA and DTG analysis at a rate of 10 °C/min in a nitrogen
atmosphere were utilized to examine the thermal properties
of the CNT/PAI composites. TGA results of PAI and their
composites in nitrogen at heating rate of 10 °C/min are
shown in Fig. 3. The thermal stability of the polymer and
composites was studied on the basis of 5 and 10 % weight
losses (75 and T() of the samples and the residue at 800 °C.
The onset of decomposition temperature of the composites
is higher than that of pure PAI, and it shifts toward higher
temperatures as the amount of MWCNTs is increased. The
Tyo of pure PAI and the MWCNT/PAI composites with
increasing amount of the MWCNTs such as 5, 10, and
15 wt.% are 402, 418, 440, and 462 °C, respectively. The
Ty of the composite with 15 wt.% MWCNTs exhibits a T}
60 °C higher than that of pure PAIL It is clear that the
MWCNT/PAI materials improve thermal stability due to
the incorporation of MWCNTs. The end temperature of
decomposition is also retarded with increasing MWCNT
content. The masses remaining at 800 °C are almost entirely
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due to the remaining CNTs and are consistent with initial
CNT loading. The weight percent remaining after major
degradation at 800 °C was higher for composites than for
neat PAIL. This indicates MWCNT reduces the degradation
of PAI at high temperature as the effect was clearly seen in
the curves. The results indicate that the addition of CNTs
significantly increased the thermal stability of PAI in nitro-
gen as the effect was clearly seen in the curves.

Two fascinating relationships have been found between
the limiting oxygen index (LOI) and the parameters of the
combustion process: char yield or char residue (CR) and
heat of combustion. LOI also called critical oxygen index
or oxygen index (OI) and it is defined as the minimum
fraction of oxygen in a mixture of oxygen and nitrogen
that will just support combustion (after ignition). On the

Intensity (a.u.)

(110 or 111)

10 20 30 40 50 60 70 80
2 Theta (deg.)

Fig. 2 Diffraction pattern data for MWCNT/PAI composite samples
with different MWCNT contents: (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%,
(d) 15 wt.%, and (e) 100 wt.%
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100+ expression (Eq. 2):
- LOI = 8000/ AH .omp (2)
& 80-
§ where AH.,.,,,; is the specific heat of combustion in J/g. So,
E neat PAL in the case of this polymer (PAI6) and MWCNT/PAI com-
% 607 i RrTTAL St posites (5, 10, and 15 wt.%) AH o, is 24.5, 23.0, 22.0, and
= 00000000 CNT/PAT 10 wt.% 21.3 kl/g, respectively.
assansas CNT/PAL 15 wt.%
40- . . . | Microscopy characterization
0 200 400 600 800

Temperature ('C)

Fig. 3 TGA curves of the composites with different MWCNT loading
under flowing nitrogen

other hand, OI methods describe the tendency of a material to
sustain a flame.

According to Van Krevelen [37], there is a linear relation-
ship between LOI and CR only for halogen-free polymers

(Eq. 1):
LOI = (17.5 + 0.4CR)/100 (1)

According to this equation, a higher char yield will
increase flame retardance. PAI and composites containing
5, 10, and 15 wt.% had LOI values 32.7, 34.7, 36.3, and
37.5, respectively, as calculated from their char yield. On the
basis of the LOI values, such materials can be classified as
self-extinguishing materials.

According to Johnson [38], the LOI values of many
common materials can be logically well predicted by the

Fig. 4 Fracture surfaces of the
produced materials: a pristine
PAI and composites containing
b 5 wt.%, ¢ 10 wt.%, and d

15 wt.% MWCNTs
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To characterize the morphology and dispersity of MWCNTSs
in the composites, FE-SEM images of fracture surfaces of
neat nanostructured PAI and composites were examined as
displayed in Fig. 4. The neat PAI copolymer showed a
smooth fracture surface morphology (Fig. 4a). FE-SEM
observation revealed that the PAI particles self-organized
into nanopatterns. As can be seen from these images, the
average diameter of polymeric particles is about 35 nm, and
the shape of them is about spherical. For MWCNT/PAI
composites, MWCNTs well dispersed and embedded in
the PAI matrix without showing noticeable MWCNT
aggregates (Fig. 4b—d). In addition, the fracture surface of
MWCNT/PAI composites is relatively smooth without
exhibiting the pull-out of MWCNTs from the PAI matrix
and the boundary between MWCNT and PAI matrix is not
discernible clearly. These results strongly support that due to
hydrogen bonding between MWCNT-COOH and functional
groups in the PAI matrix, the MWCNTs are wrapped around
PAI nanoparticles and MWCNTs are also mixed well with

300 nm

X1ieek

300 nm
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Fig. 5 TEM micrographs of
MWCNTSs/PAI composites
containing 10 wt.% of CNT

the PAI matrix, eventually leading to the good dispersity of
MWCNTs-COOH in the PAI matrix. The representative
TEM images of the MWCNT/PAI composites are shown
in Fig. 5. In general, the drawbacks related to the homoge-
neous dispersion of the CNTs in the polymer matrix resulted
from intrinsic van der Waals attractions between the indi-
vidual CNTs in combination with high aspect ratio and large
surface area, making it difficult for the CNTs to disperse in
the polymer matrix. The interfacial adhesion between the
CNTs and the polymer matrix plays an important role in
improving the dispersion of the CNTs into the polymer
matrix. As shown in Fig. 5, the MWCNTs were dispersed
well in the PAI matrix, which was explained by the fact that
the MWCNT stabilizes their dispersion by good interactions
with the PAI matrix, resulting from the increased polarity by
the functional groups formed on the surfaces of MWCNTs
as well as carbonyl groups in the PAI structure. The pres-
ence of the carboxyl groups on the surfaces of the MWCNTs
resulted in the interfacial interaction between the polymer
matrix and the CNTs in the composites. For example, a
hydrogen bonding can be formed between the carboxyl
groups at the MWCNT-COOH with the oxygen atoms at
the carbonyl groups of the PAI as shown in Fig. 1.

Mechanical testing
It has been generally accepted that the nanoparticles or
nanomaterials benefit the mechanical properties when they

are well distributed in the polymer matrix [6]. In this study,
MWCNTs-COOH were also found to greatly increase the

@ Springer
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mechanical properties of PAI due to the nanoreinforcing
effect of CNT with high aspect ratio. The variations of
mechanical properties of the MWCNT/PAI composites with
CNT content are shown in Fig. 6. It can be seen that, in
comparison with neat PAI film, the MWCNT/PAI composite
films exhibit higher Young’s modulus and tensile strength
but smaller strain at break, and the strain at break decreases
gradually with increasing MWCNT feeding content, while a
significant increment in Young’s modulus and a moderate
increment in tensile strength are observed simultaneously.
The Young’s modulus and tensile strength increased from

z _ 15wt.% CNT
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©
o
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w
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o
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Fig. 6 Tensile stress—strain curves of MWCNT/PAI composites for
concentrations ranging from 0 to 15 % MWCNTs by weight
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1.9+0.1 GPa and 80.5+1.1 MPa for neat PAI film to 3.0+
0.1 GPa and 112.4+1.3 MPa, 3.4+0.2 GPa and 120.7+
1.2 MPa, and 3.5+0.1 GPa and 124.5+1.6 MPa for
MWCNT/PAI composite films with increasing the MWCNT
feeding content from 5 to 10 and 15 wt.%, respectively.
Incorporation of 5 % MWCNTs into the PAI film increased
its tensile strength to 60.4 MPa, which is about 32 % higher
than that of the pure PAI counterpart. This increasing effect
of CNT on the tensile strength and tensile modulus of
composites was more significant at low CNT content when
compared with high CNT content. The fact that the improve-
ment in the mechanical properties of the composites was not
increased at higher CNT content as expected, in comparison
with that at low CNT content, was explained by the charac-
teristics of CNT that tended to bundle together because of
their intrinsic van der Waals attractions between the individ-
ual CNTs in combination with high aspect ratio and large
surface area and could lead to some agglomeration, causing
the stress concentration phenomenon and preventing effi-
cient load transfer to the polymer matrix. In this study, the
reinforcing efficiency of MWCNT-COOH is defined as the
normalized mechanical properties of the composites with
respect to those of pure PAI. The improvement of the
mechanical properties of the MWCNT/PAI composites
was attributed to the better interfacial bonding between the
MWCNTs and the PAI matrix as well as the better disper-
sion of the MWCNT in the PAI matrix. The incorporation of
the MWCNT-COOH and several functional groups into the
PAI matrix resulted in the good interfacial adhesion between
the MWCNT-COOH and the PAI matrix. This interaction
between the MWCNT-COOH and the PAI matrix is crucial
for improving the mechanical properties of the composites.
The elongation at break of the composites decreased with
the introduction of MWCNT, indicating that the composites
became somewhat brittle when compared with pure PAI
because of the increased stiffness of the composites and
decreased mobility of PAI matrix. Such an embrittlement
phenomenon has also been observed in other CNTs reinforced
polymer systems [39, 40].

Conclusions

In summary, we demonstrated a straightforward procedure
to prepare aromatic MWCNT/PAI composite films based on
the nanostructured PAI and the MWCNTs-COOH for im-
proving the dispersion and the interfacial adhesion by sim-
ple solution casting method using ultrasonication process.
The addition of acid-modified MWCNTs into the PAI ma-
trix led to obvious improvements in the thermal and me-
chanical properties. The significant improvements effects
are due to the reinforcement of finely dispersed MWCNTs
fillers throughout the matrix as well as the strong hydrogen

interaction between carboxyl functional groups in the
MWCNTs and carbonyl groups in the PAI matrix, thus
being favorable to stress transfer from polymer to CNTs.
Microscopic observations revealed that a more uniform and
fine dispersion of the MWCNTs were achieved throughout
the PAI matrix. Future improvement of this work may
include better choices of concentration for different polymer
materials, a more complete understanding of the interfacial
chemistry and the mechanism of dispersion, optimization of
CNT contents in the composite for different applications,
and better understanding of the adhesion between the CNTs
and the polymer matrix.
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