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Two series of hybrid polyimide (PI)/multiwalled carbon nanotube (MWCNT) nanocomposites were prepared including COOH-functionalized or pristine nanotubes, and their
structure, morphology and dynamics/mechanical properties at 20◦ C–500◦ C were studied using WAXD (Wide-angle X-ray diffraction), AFM (Atomic force microscopy),
TEM (transmission electron microscopy), DSC (Differential scanning calorimetry),
DMA (Dynamic mechanical analysis), CRS (creep rate spectroscopy) techniques, and
stress–strain testing. The impact of nanofiller loadings of 0.125, 0.25, 0.5, or 1 wt% relative to PI was evaluated. Specific changes in the matrix morphology and different quality
of nanotube dispersion in the nanocomposites with amorphous and semicrystalline matrices were determined. The best nanotube dispersion was observed in the composites
with 0.5 wt% MWCNT-COOH. A peculiar high temperature dynamics, different for
amorphous, and semicrystalline matrices, was revealed in these nanocomposites. The
most dramatic changes in high temperature dynamics and a pronounced dynamic heterogeneity as well as substantially enhanced mechanical properties at room temperature
were revealed in the case of a semicrystalline PI matrix. The results were treated in
terms of the synergistic impact of nanotubes and matrix crystallites on dynamics in
the intercrystalline regions of PI (“combined constrained dynamics effect”) and the
peculiar interfacial dynamics.
Keywords carbon nanotubes, hybrid nanocomposites, polyimide
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Introduction
Since their discovery by Iijima in 1991,[1] carbon nanotubes (CNTs) have attracted considerable attention because of their unique structure, excellent mechanical, thermal, magnetic
and electric properties, in particular their extremely high strength to density ratio, and
high chemical stability; this has made them the outstanding nanofillers for polymers. It has
been shown in numerous studies that incorporation of CNTs into polymer matrices may
substantially modify their properties and lead to nanocomposites with enhanced performance.[2,3] However, CNTs tend to form aggregates in organic media that may lead also to
their inhomogeneous dispersion/distribution in a polymer matrix and negative impact on
the properties of the resulting composites. In order to prevent CNT aggregation and to enhance interfacial interactions during fabricating the nanocomposites, special methods have
been used including sonication for mixing of components and different ways for chemical
functionalization of the CNT surface.[2–6]
Aromatic polyimides (PIs), as films and composite matrices, have attracted more
and more attention owing to their excellent combination of high mechanical and dielectric properties, superior thermal/thermo-oxidative stability, as well as radiation, solvent
and chemical resistance.[7,8] Therefore, PIs are used widely for the critical applications
in a number of different areas, such as aerospace, electrical engineering, electronics,
etc. However, the high performance applications require further enhancing PI properties in some cases, especially at ultrahigh temperatures. Potential improvements include
increased strength, rigidity, and thermal and environmental stability. One of the main
ways to achieve the enhanced PI properties is incorporating multiwalled carbon nanotubes
(MWCNTs).[2,3]
Recently, PI/MWCNT nanocomposites with different PI matrices and compositions
have been fabricated and investigated by a number of authors.[9–17] Rather different impacts
of MWCNTs on PI properties have been observed depending on nanofiller content and
functionalization, as well as the type of PIs and processing conditions. Through controlled
variation of process parameters, various degrees of nanotube dispersion and distribution
have been achieved. The dispersion/distribution states were correlated with the changes
seen, in particular, in the glass transition temperature. Typically, the composites containing
functionalized nanotubes exhibited better dispersion and mechanical properties than the
corresponding composites containing pristine nanotubes. With the incorporation of functionalized MWCNTs, the mechanical properties of the resultant nanocomposite films were
also improved in some cases due to enhancing the interfacial interactions between the
modified MWCNTs and the PI matrix.
For instance, Shlea et al.[12] and Wu et al.[13] showed how the controlled morphology
affected the nanocomposite properties, and the MWCNT dispersion and distribution could
be changed by adjusting processing conditions. As a result, a substantial increase (e.g.,
from 324◦ C to 342◦ C) and some decrease or no change in glass transition temperature,
Tg , were observed for the differently prepared PI/MWCNT nanocomposites; the latter
negative effect was attributed to the presence of MWCNT agglomerates. It was found[14]
that unmodified, acid-modified, and amine-modified MWCNTs had different influences on
a PI matrix: the tensile strength of the PI/MWCNT composites increased with the acidmodified MWCNTs whereas the PI/unmodified MWCNT composites had better electrical
conductivity. Chou et al.[15] showed that preliminary plasma-modification of MWCNTs,
then grafting with maleic anhydride resulted in their good dispersion in the PI matrix and
enhanced the thermal/mechanical properties and increased the conductivity at low nanotube
content (below 0.5 wt%). It has also been shown that MWCNT additives could effectively
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reduce friction and enhance antiwear capacity of PI.[16] The PI/MWCNT nanocomposites
were sometimes electrically conductive at 3 wt% MWCNTs, which is favorable for some
applications.[17]
Meantime, although a number of articles on PI/MWCNT nanocomposites have recently
been published, the potential of reinforcement in these important nanocomposites has not
been fully learned and realized, in our opinion, and an in-depth analysis of their structure
and high-temperature dynamics is worth being performed.
The present work, devoted to the further experimental study of PI/MWCNT nanocomposites, is based on three experimental factors. First, two series of the nanocomposites, with
amorphous and semicrystalline PI matrices, were studied in parallel. Secondly, one of the
types of PI matrices (the amorphous one) included fluorine-containing groups. As known,
PIs incorporating fluorinated groups in rigid nonplanar monomers exhibit an enhanced
combination of mechanical and dielectric properties as well as transparency.[18,19] Additionally, the fluorinated groups in PI provide reduced moisture absorption and improved
resistance to UV, charged particle radiation and atomic oxygen; these capabilities suit the
extreme space conditions.[20,21] And third, a combined experimental approach, including
the application of seven experimental techniques for studying simultaneously structure,
morphology, dynamics, and mechanical properties of the nanocomposites at 20◦ C–500◦ C,
was used in the present research.

Experimental
Materials
Pristine Materials. The AAPB (5-amino-2-(p-aminophenyl) benzoxazole (purity 99.71%,
melting point 230.0◦ C–230.6◦ C) was prepared at Harbin Institute of Technology (Harbin,
China). 6FDA (4,4 - hexafluoroisopropyl diphthalic anhydride, melting point 248◦ C) was
obtained from Fluorochem Ltd (Derbyshire, UK). ODPA (4, 4 -oxydi-phthalic anhydride,
purity 99.7%, melting point 227.3◦ C) was received from Shanghai Research Institute of
Synthetic Resins (China). N, N-dimethylacetamide (DMAc) was distilled before use.
The MWCNTs had been synthesized by catalytic chemical vapor deposition (CVD
technology) of acetylene over Fe loaded mesoporous silica. Both pristine MWCNTs with
outer diameter of 30–50 nm, inner diameter 5–12 nm, and length of 10–20 µm, and
COOH-functionalized nanotubes (MWCNT-COOH) were obtained from Chengdu Organic
Chemicals Co. Ltd., Chinese Academy of Science. The raw product contained the aerogel
support, catalyst particles, and a small amount of amorphous carbon as impurities. The
as-grown MWCNTs were purified using a three-step procedure involving acid etching,
oxidation, and graphitization under inert gas for 20 h at 2800◦ C. These MWCNTs were
characterized by thermogravimetric analysis (TGA), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dispersive spectrometry (EDS). It
was shown that most of the mesoporous silica and metal particles were removed from
the as-grown MWCNTs by these treatments. Neat MWCNTs (purity 99.9%) and then
MWCNT-COOH, obtained by their treatment with KMnO4 , were used.
Preparation of the PIs and PI/MWCNT Nanocomposites. To obtain PIs PI(AAPB-6FDA)
(PI-I) or PI(AAPB-ODPA) (PI-II) with the formulas respectively, and the nanocomposites
based thereon, AAPB was dissolved in DMAc at room temperature and then sonicated after
adding MWCNTs. The dilute MWCNT-COOH or MWCNT suspension was obtained by
sonication for 3 h at 47 kHz. The suspension was immediately transferred to a nitrogen
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purged three-neck round bottom flask equipped with a mechanical stirrer and drying tube
outlet filled with calcium sulfate. After stirring the MWCNTs dispersion, 6FDA, or ODPA
was added. The reaction mixture was sonicated in a bath sonicator while simultaneously
being stirred 6 h at 300 rpm at room temperature until the solution viscosity increased and
stabilized. Sonication was then stopped with a MWCNT-poly(amic acid) (PAA) solution
having been formed. The DMAc solutions of PAA (with or without MWCNTs) were cast
onto clean glass plates and dried in a dry air-flowing chamber for 10 h at 90◦ C. Then the
films, with a thickness of 40–60 µm, were step-wise cured in vacuum at temperatures up
to 350◦ C to obtain fully imidized, solvent free PI/MWCNT films.
In this work, the impact of loadings, c = 0.125, 0.25, 0.5, or 1 wt% COOHfunctionalized MWCNTs relative to PI were evaluated. For comparison, the nanocomposites with 0.5 and 1 wt% nonfunctionalized MWCNTs were also studied.
Characterization
Wide-Angle X-Ray Diffraction (WAXD). Wide-angle X-ray analysis was made using the
diffractometer Seifert XRD 3003 TT (GE, Germany), which was supplied with a primary
monochromator; CuKα radiation with wavelength λ = 1.54 Å was used. All diffractograms
were obtained in the range of scattering angles 2θ = 2◦ –40◦ with steps of 0.05◦ , and time
of scanning equal to 5 s for each point in the scattering angles range.
Atomic Force Microscopy (AFM). The morphology of the nanocomposite films, including
dispersion quality of MWCNTs in the matrix, was examined by AFM using a Nanotop
NT-206 instrument (Microtestmashiny, Gomel, Belarus) in a tapping mode. The topographic
images, surface profiles and amplitude images were obtained.
Transmission Electron Microscopy (TEM). The TEM images were obtained using a Hitachi H-7650 field emission transmission electron microscope (Japan) at an acceleration
voltage of 100 kV. The films of nanocomposites were embedded into epoxy resin Epon-812
(Houston, TX, USA), then the samples were cut into slices of ∼80 nm thickness using
a RMC PowerTome XL Ultramicrotome with a diamond knife (Boeckeler Instruments,
Tucson, AZ, USA) and were collected on round 400 mesh copper grids.
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Dynamic Mechanical Analysis (DMA). Dynamic viscoelasticity of the nanocomposites was
analyzed in tension mode at 1 Hz using a Dynamic Mechanical Spectrometer DMS 6100
Seiko Instruments (Japan) at temperatures from 20◦ C to 510◦ C. A sample was heated at the

rate of 3◦ C min−1. Tensile loss modulus E , tensile storage modulus (dynamic modulus)

E , and mechanical loss factor tanδ = E /E as functions of temperature were measured. It
should be noted that these values were measured at very low stresses (≤1 MPa).
Differential Scanning Calorimetry (DSC). A Perkin–Elmer DSC-2 apparatus (Waltham,
MA, USA) was used for glass transition characterization of the materials studied. Glass
transition temperatures, including Tg at the half-height of a heat capacity step Cp , the
temperatures of transition onset, Tg  , and completion, Tg , as well as the values of Cp
were determined. The DSC measurements were performed in nitrogen atmosphere over the
temperature range from 20◦ C to 500◦ C. Sample mass was 28 mg, and amorphous quartz
was used as a reference sample. To exclude the impact of absorbed water and sample
prehistory, scans I, II, and III were performed during heating with the rate V = 20◦ C min−1,
first from 20◦ C to 400◦ C (scan I) and then from 20◦ C to 500◦ C (scans II and III); cooling
was performed at V = 320◦ C min−1.
Laser-Interferometric Creep Rate Spectroscopy (CRS). The CRS, as a high-resolution
method of relaxation spectrometry and thermal analysis, allowed us to characterize in a
discrete way the dynamics, dynamic heterogeneity and creep resistance of the materials
over a broad temperature region; the CRS setups and experimental technique have been
described in detail elsewhere.[22] This technique consists in precisely measuring creep rates
at a constant low stress, much less than the yield stress, as a function of temperature (creep
rate spectrum). For this purpose, a laser interferometer based on the Doppler effect is used.
The time evolution of deformation is registered as a sequence of low-frequency beats in an
interferogram whose beat frequency, ν, yields a creep rate
ε̇ =

λν
2I0

(1)

Here, λ = 630 nm is the laser wavelength, and I 0 is the initial length of the working
part of the sample. Film samples with 1 × 5 mm2 cross-section and 5-cm length were used.
The creep rate spectra were measured over the temperature range from 20◦ C to 460◦ C at a
tensile stress of 3 or 5 MPa (see below). A stress was chosen in the preliminary experiments
as capable of inducing sufficient creep rates to be measured, while maintaining also a high
spectral resolution, without smoothing out or distortion of a spectral contour and preventing
premature rupture of a sample. While heating with the rate V = 1◦ C min−1, every 5◦ C the
sample was loaded, and an interferogram was recorded 10 s after loading; then the sample
was unloaded, and the experiment repeated 5◦ C higher. The instrumental error in measuring
creep rates did not exceed 1% but scattering in the peak height and temperature location
may attain 20% and 3◦ C–5◦ C, respectively, during measuring identical samples.[22] The
correlative frequency of the CRS experiments was ν corr = 10−3 to 10−2 Hz.
Stress-Strain Testing. The mechanical tests of the films under study at room temperature
were carried out in the uniaxial extension mode using a universal mechanical test system.
The strip-like samples, with the dimensions of the part under test of 2 × 30 mm2, were
tested with an extension speed of 10 mm/min according to ASTM D638. The Young’s
modulus, E, the yield stress, σ y , the break stress, σ b , and the ultimate deformation, εb , were
determined.
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Matrix Structure/Morphology and MWCNT Dispersion
The WAXD patterns obtained for PI-I and the nanocomposites based thereon are shown in
Fig. 1. One can see that this polymer was characterized by one broad peak, centered at 2θ =
14◦ , indicating its amorphous structure. Introducing 0.25–1.0 wt% nanotubes did not change
this peak that suggests an unchangeable matrix structure in these nanocomposites. However,
a very weak and broad peak was also present at 2θ = 25◦ –30◦ for the PI-I-based nanocomposites. This peak may correspond to the turbostratic carbon structure of MWCNTs; the
intershell spacing in MWCNTs is equal to 3.40 Å being quite close to the interlayer spacing
in turbostratic graphite.[23] However, such manifestation of very low MWCNT content is
a surprising fact, and it is impossible to exclude also a contribution to the peak at 2θ =
25◦ –30◦ from a second “amorphous peak” (as observed earlier in amorphous polymers[24]),
related to a spacing along the chains.
In contrast, the WAXD patterns presented in Fig. 2 show that PI-II had a semicrystalline
structure since two intense peaks at 2θ = 13.9◦ and 17.8◦ , corresponding to the interlayer
spacings of d = 6.35 and 4.98 Å, respectively, and also the less intense peak at 26.2◦
corresponding to d = 3.40 Å, were observed in both neat PI-II and the nanocomposites
based thereon. The latter peak appears to be larger in curves 1 and 3–5 whereas it is lower
and identical for neat PI-II (curve 6) and the nanocomposite with 0.5 wt% MWCNT-COOH
(curve 2). Thus, introducing 0.25–1.0 wt% nanotubes into PI-II changed differently the ratio
of the peak intensities, mostly at 2θ = 13.9◦ and 17.8◦ .
When analyzing these changes, it should be mentioned again that the peak at ∼26◦ may
be characteristic of both matrix structure and MWCNTs. Therefore, increasing intensity
of this peak in the nanocomposites may be associated with both some aggregation of
MWCNTs and the structural changes in the matrix. The redistribution of peak intensities
at 13.9◦ and 17.8◦ indicates the structural changes.

Figure 1. The WAXD patterns for PI-I-based nanocomposites with (1) 1 wt% MWCNT; (2) 1 wt%
MWCNT-COOH; (3) 0.5 wt% MWCNT-COOH; (4) 0.25 wt% MWCNT-COOH and for neat PI-I
(5).
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Figure 2. The WAXD patterns for PI-II-based nanocomposites with (1) 1 wt% MWCNT-COOH;
(2) 0.5 wt% MWCNT-COOH; (3) 1 wt% MWCNT; (4) 0.5 wt% MWCNT; (5) 0.25 wt% MWCNTCOOH, and for neat PI-II (6).

Thus, Fig. 2 shows that the smallest changes compared with neat PI-II (curve 6) were
observed in the WAXD pattern of the nanocomposite with 0.5% MWCNT-COOH (curve
2); in particular, the peak intensity at ∼26◦ did not change suggesting rather slight structural
changes in the PI-II matrix and presumably the best dispersion of MWCNT-COOH in this
composite. Contrarily, introducing 0.5% nonfunctionalized MWCNTs (curve 4), or 1%
functionalized or pristine MWCNTs (curves 3 and 5) resulted in considerable changing of
the WAXD pattern, in particular increasing the peak intensity at ∼26◦ .
The AFM and TEM data obtained are in a satisfactory accordance with these observations. The representative AFM images in “topographic” and “amplitude” modes of surface
morphology as well as surface profiles (along the marked dotted lines in the topographic images) of the PI/MWCNT nanocomposites and neat PI matrices are presented in Figs. 3 and 4.
Figures 3a, d, and g present the AFM topographic images of the free surfaces of pure
PI-I film (a) and nanocomposite samples containing 0.5 wt% unmodified (d) or modified
MWCNTs (g) in the amorphous PI-I matrix. It is obvious that there are differences in
the morphology of samples under study and in the quality of the MWCNT dispersion.
Comparison of these AFM images shows that the most plane morphology with a small
profile roughness (highest peaks up to 2–3 nm, Fig. 3b), likely determined by clusters of
PI macromolecules, was exhibited by the pure PI-I film. Despite the comparatively smooth
morphology, the free surface of the PI-I film had a lot of 10–50 nm sized pores (Fig. 3a) that
clearly correlates with the imidization water and the residual solvent elimination during the
thermal processing of the film.
In the case of unmodified nanotubes (Figs. 3d—f), the dispersion of MWCNTs in the
PI-I matrix was poor (the bright areas in the image of Fig. 3d can be attributed to the
MWCNT aggregates), and aggregates up to 50 nm in height (Fig. 3e) and 200 to 500 nm
in diameter appear. Additionally, it may be assumed from the AFM images (d, f), and
also TEM images presented later, that the unmodified MWCNTs have a tendency to roll
up, be highly crimped and interwoven, creating agglomerates within the PI-I matrix. As
a result, the topography formed in the PI-I/MWCNT (0.5 wt%) composite (Fig. 3d) had
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Figure 3. The AFM images obtained in tapping mode for (a–c) pure PI-II, (d–f) PI-II/MWCNT
(0.5 wt%), and (g-i) PI-II/MWCNT-COOH (0.5 wt%) composites. a, d, g—topographic images; b, e,
h—profiles; c, f, i—amplitude images.

a pronounced, nonsmooth relief in which the MWCNT agglomerates embedded in the PI
matrix protrude over the PI-I film surface.
Unlike the case of the unmodified MWCNTs, a greatly improved dispersion of
MWCNT-COOH (0.5 wt%) was observed within the PI-I matrix (see, e.g., a relief in
Fig. 3h). This is probably due to strong interfacial interactions and chemical compatibility
between the PI matrix and the modified MWCNTs during nanocomposites preparation (see
below).
AFM amplitude images (Figs. 3c, f, and i), which are the error signal in the feedback
loop controlling tip height and accentuate changes in the surface relief height,[25] and
their profiles (Figs. 3b, e, and h) also show that introducing the unmodified (d–f) and
modified (g–i) MWCNTs into the PI-I matrix significantly changed the film morphology,
its roughness and voids content. It can be seen that the modified nanotubes were practically
individually separated and uniformly dispersed in the PI-I/MWCNT-COOH (0.5 wt%)
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Figure 4. The AFM images obtained in tapping mode for (a–c) pure PI-I, (d–f) PI-I/MWCNT
(0.5wt%) and (g–i) PI-I/MWCNT-COOH (0.5 wt%) composites. a, d, g—topographic images; b, e,
h—profiles; c, f, i—amplitude images.

composite film (Fig. 3g) with all the MWCNT-COOH tips coated by polymer revealed on
the free film surface. This film displayed a comparatively smooth relief (highest peaks up
to 4 nm, Fig. 3g and h) and only a few voids. No obvious nanotube agglomeration in this
composite, unlike the aggregation of untreated MWCNTs, can be observed.
The surface morphology of the nanocomposite films based on semicrystalline PI-II
exhibited another behavior. The free surface of the pure PI-II film had a “knobby” texture
(Figs. 4a and c) resembling a sub-structure, which has been visualized previously by
AFM method in other semicrystalline polymers,[26,27] with knobs 30–100 nm in diameter
and profile roughness determined by the PI crystallites (highest peaks up to 15–20 nm,
Fig. 4b). On the PI-II film surface, a much more pronounced porosity, in comparison with
the amorphous PI-I film, was observed, with nano- and mesopores from 20 to 300 nm in
diameter (Figs. 4a–c).
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The free surface of the sample containing unmodified 0.5 wt% MWCNTs (Fig. 4d)
again displayed mainly aggregates of 150–200 nm in size composed of several nanotubes
and some separated MWCNTs that were distributed along specific paths (in vertical direction in Figs. 4d and f), instead of larger isolated MWCNT agglomerates within the
amorphous PI-I matrix (Figs. 3d and f).
In the case of modified MWCNTs embedded in the PI-II matrix, besides nanotubes
which were individually separated and uniformly dispersed in the PI-II/MWCNT-COOH
(0.5wt%) composite film, a few aggregates were revealed on the free film surface (Figs.
4g and i). Therefore, one can conclude that crystallizability of the PI-II matrix prevents, to
some extent, the uniform dispersion of MWCNTs even after their functionalization. The
MWCNT-COOH were located, undoubtedly, within the disordered layers between the PI-II
crystallites.
The nanotube dispersion in the PI matrices was also examined by TEM. These results
confirmed that unmodified MWCNTs in the PI-I matrix (mass fraction was 0.5 wt%)
tangled with each other in their original state and formed aggregates of different sizes and
shapes (Fig. 5a) due to the van der Waals attraction between the MWCNTs. In contrast
with the untreated MWCNTs (0.5 wt%) reinforced PI-I composite, modified nanotubes in
the PI-I/MWCNT-COOH (0.5 wt%) composite were distributed uniformly and separately
from one another (Fig. 5b), owing to the strong interfacial interactions between the surface

Figure 5. Typical TEM images of PI-I-based nanocomposites with (a) 0.5 wt% MWCNT; (b)
0.5 wt% MWCNT-COOH, and (c) 1 wt% MWCNT-COOH.
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Figure 6. Typical TEM images of PI-II-based nanocomposites with (a) 0.5 wt% MWCNT; (b)
0.5 wt% MWCNT-COOH, and (c) 1 wt% MWCNT-COOH.

carboxylic groups of the nanotubes and the PI-I matrix. However, with increasing MWCNTCOOH concentration, up to 1 wt%, they began to agglomerate to some extent (Fig. 5c).
The TEM images show that, in the case of the semicrystalline PI-II matrix, the dispersion of 0.5 wt% unmodified MWCNTs was poor; large “friable” aggregates were observed
(Fig. 6a). On the other hand, the modified MWCNT-COOH were better dispersed within
the PI-II matrix at both 0.5 and 1 wt% nanotubes although the best dispersion was again
observed at 0.5% (Fig. 6b).
Dynamics and Properties of the Amorphous PI(AAPB-6FDA)-Based Nanocomposites
Figure 7, a shows the DMA spectra obtained for PI-I and a few nanocomposites based
thereon. The relatively narrow glass transition peak within the ∼330◦ C–370◦ C range,
peculiar to this amorphous PI-I, retains practically an invariable temperature position with
the maximum at 350 ± 5◦ C and only slightly varying maximal mechanical loss level in the
nanocomposites. Introducing MWCNTs resulted in a large rise of dynamic heterogeneity
within or close to the glass transition: the relaxation spectrum contour substantially changed
at both higher and lower temperatures beyond the 330◦ –370◦ range. Thus, a broad high
temperature “wing” over the 380◦ C–500◦ C range and a maximum at ∼480◦ C developed
in the nanocomposites spectra. This may be assigned to manifesting the different degrees
of constraining segmental dynamics[22,28] in PI-I nanovolumes located at or close to (at
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Figure 7. The DMA (1 Hz): (a) mechanical loss spectra and (b) dynamic modulus E vs. temperature
dependencies obtained for (1) neat PI-I and PI-I-based nanocomposites with (2) 0.25 wt% MWCNTCOOH, (3) 0.5 wt% MWCNT-COOH, and (4) 1 wt% MWCNT-COOH.

different distances from) the phase interfaces in the nanocomposites. Such an effect is due to
the enhanced interfacial interactions in the nanocomposites that are associated, obviously,
not only with development of the hydrogen bonds between the COOH-groups of the
modified MWCNT surface and PI-I macromolecules: because of the PIs being synthesized
in the presence of nanotubes; chemical reaction between the amine groups of AAPB and the
carboxyl “cover” of the MWCNTs may also occur to some extent. We suggest that covalent
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Figure 8. The DSC curves obtained for (1) neat PI-I and PI-I-based nanocomposites with (2)
0.25 wt%, (3) 0.5 wt%, and (4) 1 wt% MWCNT-COOH. Scan I was performed at temperatures from
20◦ C to 400◦ C, and heating scans II and III–up to 500◦ C. Heating and cooling rates were 20◦ C and
320◦ C min−1, respectively.

bonding at the interfaces may be responsible for the largest constrained dynamics effect
resulting in presence of the relaxation peak at 480◦ C; this peak characterizes, obviously,
“unfreezing” suppressed interfacial dynamics in these nanocomposites.
On the other hand, increasing mechanical losses took place, also, at temperatures below
the main glass transition in the nanocomposites, especially for the composite with 0.5 wt%
modified MWCNTs (Fig. 7a). Unlike the broad β-relaxation peaks with the maxima at
140◦ C–150◦ C observed for the other composites, enhanced mechanical losses over the
range from 20 to 330◦ C (β- and “intermediate” relaxations) and the displacement of the
β-maximum to 180◦ C was seen for this composite. These effects may, apparently, be
caused, besides constraining PI dynamics by the MWCNTs (the latter shift), by two other
reasons: loosening of the molecular packing and less perfect imidization, locally, due to
some consumption of amine groups of AAPB by chemical interaction with COOH-groups
of MWCNT surface. Figure 7b, showing dynamic modulus data, will be discussed below.
DSC curves presented in Fig. 8 confirm, additionally, the complicated, two-mode
dynamics within the glass transition region in the PI-I–based nanocomposites: besides
the main transition at ∼350–370◦ C, a large heat capacity step, Cp , in the temperature
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Figure 9. Creep rate spectra obtained at tensile stress 3 MPa for (1) neat PI-I and (2) PI-I/ MWCNTCOOH (0.5 wt.%).

range of ∼400–500◦ C was also registered. The latter effect of manifesting the peculiar
interfacial dynamics was the strongest for the PI-I/MWCNT-COOH (0.5%) composite
having the best nanotube dispersion. In addition, scans III, performed after heating the
samples up to 500◦ C, show also the possibility of the additional increase of T g in the main
transition, at the limit from 360 to 391◦ C for the composite with 0.5% MWCNT-COOH. It
is interestingly to compare the data presented in Figs. 8 and 7a: an unexpectedly large ratio
of two Cp steps, at ∼400–500 and 350◦ C–370◦ C, was observed for the composite with
0.5% MWCNT-COOH. This directly indicates the increased heat required for unfreezing
interfacial dynamics at temperatures over 400◦ C compared with the “usual” heat needed
for unfreezing dynamics in the main transition.
Figure 9 shows the discrete creep rate spectra of neat PI-I and the PI-I/MWCNTCOOH(0.5%) nanocomposite. The main glass transition peaks are located at lower temperatures than DMA peaks and DSC heat capacity steps. In addition, one can see again
the constrained dynamics effect caused by introducing MWCNTs. It manifests itself as
the displacement of the basic Tg peak by ∼25◦ C to higher temperatures, the appearance
of the higher-temperature “wing” at 350◦ C–400◦ C in the spectrum, and decreasing creep
rates in the temperature regions of the β -relaxation (∼50◦ C–150◦ C) and “intermediate
relaxations” (∼150–250◦ C) in the nanocomposite spectrum.
Finally, Fig. 7b shows the tensile dynamic modulus E vs. temperature dependencies
obtained by DMA (1 Hz) for neat PI-I and a few nanocomposites. One can see that
introducing functionalized MWCNTs into PI-I resulted in an E increase by ∼20%–30%
over the broad temperature range of the nanocomposite glassy state, from 20◦ C to 300◦ C;
maximal E values were observed for 1 wt% MWCNT-COOH.
Dynamics and Properties of the Semicrystalline PI(AAPB-ODPA)-Based
Nanocomposites
The nanocomposites with semicrystalline PI-II matrix exhibited the different dynamic
behavior than the amorphous PI-I-based composites. Figure 10a shows the DMA spectra
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Figure 10. The DMA (1 Hz): (a) mechanical loss spectra and (b) dynamic modulus E vs. temperature dependencies obtained for (1) neat PI-II and PI-II-based nanocomposites with (2) 0.125 wt%
MWCNT-COOH, (3) 0.25 wt% MWCNT-COOH, (4) 0.5 wt% MWCNT-COOH, (5) 1 wt% MWCNTCOOH, and (6) 1 wt.% MWCNT.

of neat PI-II and the nanocomposites based thereon. The spectrum of the neat matrix was
characterized by, besides a relatively slight and broad β-relaxation peak with a maximum at
100◦ C–150◦ C, a broad, complicated glass transition peak covering the temperature region
between 250◦ C and 480◦ C (curve 1). This tan δ peak is, in fact, the sum of two strongly
overlapping peaks with their maxima at 290–300 and 370◦ C. If the former constituent peak
may be related to the amorphous phase, the latter one characterizes, evidently, the hindered,
by crystallites, cooperative segmental motion in the disordered PI-II regions, i.e., it may be
treated as the manifestation of the constrained dynamics [22,28] or, in another terms, of the
“rigid amorphous fraction (RAF)”[29] coexisting along with the rigid crystalline and usual,
“soft” amorphous phases.
Figure 10a shows that adding of nanotubes resulted, depending on their content c, in
absolutely different, dramatic changes of the glass transition dynamics in the PI-II matrix.
Thus, at c = 0.125% MWCNT-COOH a twofold increase of both overlapping peaks was
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observed (curve 2) that we attribute to enhancement of the mobility due to some loosening of
molecular packing. In contrast, the effect of suppression of PI-II mobility mainly prevails at
larger nanotube contents. At c = 0.25% MWCNT-COOH, the temperature location of both
peaks remained unchanged but their intensities and the loss level over the range from 20◦ C
to 430◦ C strongly decreased (curve 3); in addition, some tendency for the appearance of an
additional peak at 430◦ C may be seen. With increasing c up to 0.5% or 1% MWCNT-COOH
the lower-temperature constituent glass transition peak did not change whereas the highertemperature relaxation peak increased in height and shifted strongly to higher temperatures,
viz., from 370◦ to 460◦ (curve 4) or 440◦ C (curve 5), respectively. A shoulder at 370◦ C was
observed in curve 5 as the remainder of initial peak undisturbed by nanotubes. At the same
time, at c = 1% nonfunctionalized MWCNTs, the high-temperature mobility (mechanical
loss level) of the nanocomposite also increased but the latter peak had a maximum at 420◦ C
(curve 6). These results reflect the impact of different interfacial interactions (functionalized
or nonfunctionalized MWCNTs) on the glass transition dynamics and the best dispersion
for 0.5% MWCNT-COOH.
Thus, location of the lower-temperature glass transition peak, corresponding to segmental dynamics in the amorphous nanoregions undisturbed by crystallites, remains practically
unchangeable (290◦ C–300◦ C) for the composites with 0.5% or 1% MWCNT-COOH. The
effect of very strong and different displacement of the second constituent peak to higher
temperatures can be tentatively treated, in our opinion, in terms of the synergistic impact
of MWCNTs and PI crystallites, as “rigid constraints” covalently connected with the PI
disordered nanoregions, on the glass transition dynamics within the RAF of the matrix.
This “combined constrained dynamics effect” takes place, obviously, first of all at PI-IInanotube interfaces. Due to the better nanotube dispersion, the PI/MWCNT-COOH (0.5%)
hybrid may be considered, to a certain extent, as the “interface-controlled material”. Figure
10b, showing dynamic modulus data, will be discussed below.
Qualitatively similar manifestation of dynamics in the nanocomposites under consideration was also recorded by the two glass transitions in the DSC curves (Fig. 11).
Thus, the distinct effect of suppressing the dynamics by nanotubes was registered for the
PI-II-MWCNT-COOH (0.5%) nanocomposite: the lower-temperature heat capacity step
decreased and its width changed, compared with neat PU-II, from 63◦ C (curve 1) to 37◦ C
(curve 2), whereas the higher-temperature heat capacity step started at 438◦ C but at 407◦ C
for neat PI-II. Increasing nanotube content up to 1 wt% results in the opposite effects of
decreasing temperatures and broadening transitions, attributed to larger nanotube aggregation. One can also see some difference in the thermal behavior of the nanocomposites with
modified and nonfunctionalized MWCNTs (curves 3 and 4). It should be noted that DSC
did not allow registering the completion of the higher-temperature transition for PI-II and
the nanocomposites based thereon, due to some overlapping of the higher-temperature heat
capacity step with the side endothermic effect caused by the onset of matrix destruction.
The latter process started from the interfacial layers since a gradual decrease of the intensity
(slope) of the higher-temperature step was observed in the repeated scans up to 500◦ C (not
shown here).
Figure 12 compares two creep rate spectra obtained for neat PI-II and the nanocomposite with 0.5 wt% MWCNT-COOH. The discrete spectrum of the neat matrix included
at least seven overlapping constituent peaks with different intensities, indicating the pronounced dynamic heterogeneity within the glass transition range (peaks at ∼340◦ C, 360◦ C,
390◦ C, and 410◦ C), and covering the regions of the “intermediate relaxations” (peak at
200◦ C–250◦ C), and the β-relaxation (peaks at 90◦ C and 150◦ C). Such strong dynamic
heterogeneity within the glass transition is peculiar to semicrystalline PIs; this has earlier
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Figure 11. The DSC curves obtained for (1) neat PI-II and PI-II-based nanocomposites with (2)
0.5 wt% MWCNT-COOH, (3) 1 wt% MWCNT-COOH, and (4) 1 wt% MWCNT. Scan II at the
heating rate 20◦ C min−1 after heating up to 500◦ C and subsequent cooling with the rate 320◦ C min−1.

been demonstrated by CRS for other PIs with the complicated morphologies including
disordered, mesomorphous, and crystalline nanophases.[30] This multimodal segmental dynamics suggests the presence of a few discrete levels of the molecular packing density and
constrained dynamics effects in the PI micro- or nanodomains. Figure 12 confirms that
introducing 0.5% MWCNT-COOH into PI-II results basically in additional constrained

Figure 12. Creep rate spectra obtained at tensile stress 5 MPa for (1) neat PI-II and (2) PI-I/MWCNTCOOH (0.5 wt%).

Polyimide/MWCNT Hybrid Nanocomposites

1811

dynamics effects and an enhanced creep resistance of the composite: decreasing creep rates
at moderate temperatures, the suppression of peaks at 340◦ C and 360◦ C and decreasing
doublet peak at 390◦ C–410◦ C were observed.
Figure 10b shows an ambiguous impact of MWCNT-COOH on the PI-II dynamic
modulus E as shown by DMA over the 20◦ C–400◦ C range: adding of 0.25 or 0.5 wt%
nanotubes did not significantly change the E values whereas introducing 0.125 or 1 wt%
COOH-modified nanotubes slightly decreased this parameter. This result we relate to the
low stresses (<1 MPa) in DMA experiments.
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Stress-strain Testing of the PI-Based Nanocomposites
As follows from the mechanical testing data summarized in Table 1, introduction of nanotubes slightly affected the mechanical properties of PI-I at room temperature. In fact,
adding of 0.5 wt% MWCNT-COOH caused a small rise of the Young’s modulus E, yield
stress σ y , and the break stress σ b values of the films. This effect was absent while using
untreated MWCNTs (0.5 wt%). Increasing of the MWCNT-COOH concentration up to
1 wt% led to a fall of modulus down to a value that was practically equal to that of the
unfilled PI-I film. Such an effect, reported previously for the other PI nanocomposites,[31–33]
reflects the onset of the nanoparticles aggregation process within the polymer matrix.
A progressive depression of the nanocomposite ultimate elongation value, εb , at room
temperature was registered with increasing nanotube concentration (Table 1): the increasing
of MWCNT-COOH concentration from 0 to 1 wt% led to an approximately twofold εb decrease. Again, similar effects have been reported previously while studying the introduction
of different types of nanoparticles (nanoclay, asbestos-like hydrosilicate nanotibes, carbon
nanofibers, and nanocones/discs) into PI matrices.[34,35] This effect of some PI “embrittlement” should be taken into account in all cases of PI-based nanocomposite films because it
makes their practical use more difficult. However, the ultimate deformation value remained
substantially higher than the strain at which the yield point was attained (∼10%) for the
composite films under study, even at 1 wt% MWCNT-COOH.
Introduction of MWCNTs into the PI-II matrix led to a more substantial changing
of the mechanical properties of PI-II at room temperature. Table 2 shows increasing E,
σ y , and σ b values in the nanocomposites at different nanofiller loadings. While using
modified MWCNTs, this rise takes place already at c = 0.25 wt% but it is maximal,
by ∼20%–35%, at c = 0.5 wt%. Lesser increasing of these mechanical parameters was
observed if 1 wt% MWCNT-COOH was added. Similarly, a substantially smaller effect
of enhancing mechanical charactristics at room temperature was registered if untreated
MWCNTs were used.
Table 1
Mechanical properties of PI-I/MWCNT nanocomposites at room temperature
Sample
PI-I
PI-I/MWCNT-COOH (0.25%)
PI-I/MWCNT (0.5%)
PI-I/MWCNT-COOH (0.5%)
PI-I/MWCNT-COOH (1%)

E, GPa

σ y , MPa

σ b , MPa

εb ,%

3.30 ± 0.09
3.35 ± 0.09
3.40 ± 0.09
3.61 ± 0.12
3.36 ± 0.08

140 ± 4
142 ± 3
144 ± 4
150 ± 4
—

138 ± 3
141 ± 3
142 ± 4
148 ± 4
135 ± 4

27 ± 2
18 ± 2
17 ± 2
16 ± 2
15 ± 1

1812

B. Zhang et al.
Table 2
Mechanical properties of PI-II/MWCNT nanocomposites at room temperature

Sample
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PI-II
PI-II/MWCNT-COOH (0.25%)
PI-II/MWCNT (0.5%)
PI-II/MWCNT-COOH (0.5%)
PI-II/MWCNT (1%)
PI-II/MWCNT-COOH (1%)

E, GPa

σ y , MPa

σ b , MPa

εb ,%

3.75 ± 0.13
4.19 ± 0.10
4.00 ± 0.03
4.65 ± 0.12
4.03 ± 0.03
4.15 ± 0.05

164 ± 3
185 ± 4
187 ± 3
199 ± 4
188 ± 3
188 ± 3

181 ± 3
202 ± 4
194 ± 3
241 ± 5
204 ± 4
212 ± 4

35 ± 4
34 ± 4
27 ± 2
35 ± 4
36 ± 4
51 ± 3

Of significance, the introduction of MWCNTs into PI-II matrix in all concentrations
under study did not practically decrease the ultimate deformation of the films (a small
negative effect was observed only while using 0.5 wt% of nontreated MWCNTs). Moreover,
if 1 wt% MWCNT-COOH was used, the substantial increase of εb , from 35% to 51%,
was registered. This latter unexpected effect needs additional investigation to be properly
interpreted.
Finally, it should be stressed that mechanical tests of the strip-like specimens cut in
various directions from both PI-I and PI-II-based composite films with different nanotube
loadings showed no anisotropy of the mechanical properties. It means that an isotropic
distribution of nanotubes was provided by the procedure of film formation used in this
work.

Conclusion
1. A comprehensive, combined study of two series of PI/MWCNT composites based
on the amorphous and semicrystalline matrices, with or without fluorine atoms,
with 0.125–1.0 wt% COOH-functionalized or pristine nanotubes was performed
using seven experimental techniques. Structure, morphology, nanotube dispersion,
high temperature dynamics, and mechanical properties of the nanocomposites were
studied.
2. Introducing of the MWCNT-COOH into the amorphous PI matrix had a slight influence on its structure while more cardinal changes arose in the semicrystalline PI
matrix. Different characters of nanotube dispersion were also observed depending
not only on MWCNT functionalization but also on the matrix structure. Generally, the best quality of nanotube dispersion was observed in the composites with
0.5 wt% MWCNT-COOH, and the greatest aggregation occurred with the pristine
nanotubes. However, a specific character of nanotube dispersion was observed in
the semicrystalline matrix: besides individually separated and uniformly dispersed
nanotubes, small aggregates were located within the intercrystalline layers of the
matrix.
3. Different peculiarities of high temperature dynamics were found in the nanocomposites studied. These included such effects as the appearance of a second, new
glass transition region associated with the peculiar interfacial dynamics and displaced by 80◦ C–130◦ C to higher temperatures; the strong suppression of dynamics
within and below the main glass transition; enhanced dynamics by nanotubes, and
manifestation of a pronounced dynamic heterogeneity in the glass transition.
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4. It was assumed that the strongest impact on suppression of segmental dynamics and
increasing creep resistance was caused by the synergistic influence of two types of
rigid “constraints”—nanotubes and PI crystallites—and by the enhanced (covalent
and hydrogen bonds) interfacial interactions between them and disordered regions
of PI.
5. A substantial enhancement of mechanical properties at room temperature, without
decreasing elongation at break, was attained after introducing 0.5 wt% MWCNTCOOH into the semicrystalline PI matrix.
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