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a b s t r a c t

Thin polyetherimide (PEI) films containing 0.1–3 wt.% multi-walled carbon nanotubes
(MWCNTs), have been prepared from three types of MWCNTs, namely pristine, oxidized
and polymerized ionic liquid (PIL) functionalized CNTs. Oxidized and PIL functionalized
CNTs (CNT–PIL) showed better dispersion in the matrix compared to pristine CNTs. For
CNT–PIL, alignment of CNTs has been observed in the matrix. Regardless of the type of
CNTs, their incorporation led to an increased thermal stability of the polymer matrix.
Dynamic mechanical analysis showed that storage modulus increased by up to 25%
(3 wt.% CNT–PIL) and an increase in the height of the damping peaks (tand). The addition
of CNTs did not have any significant influence on the tensile properties and Tg of the poly-
mer, and the electrical conductivity did not decrease in the case of modified CNTs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are ideal candidates as rein-
forcing and electrically conducting fillers for high strength
and light-weight multifunctional polymer composites.
However, there are several challenges for developing such
composites, including homogeneous dispersion of CNTs in
the polymeric matrix and strong interfacial adhesion [1]. In
that context, many efforts have been devoted during the
last two decades to surface modification of CNTs using
covalent or non-covalent approaches [2]. The non-covalent
route is particularly attractive due to its ease of operation
and to the fact that it does not alter CNT structure. Ionic
liquids (ILs) can provide an easy way to prepare CNT–IL
hybrids, owing to cation-p, p–p or van der Waals interac-
tions [3]. These hybrids can be further processed to prepare
polymer composites using solution- or melt-processing
methods. Due to their high-thermal stability, these hybrids
can withstand the high temperatures used during the
processing of polymers, and their solubility can be tuned
by selecting the appropriate IL counter anion. Polymerized
ionic liquids (PILs), have recently attracted attention as a
new class of CNT modifiers. The thin PIL layer on the CNT
surface can provide stable binding sites for polymer matri-
ces to attach. The number of studies devoted to polymer
composites filled with PIL-functionalized CNTs is still very
limited [4]. Polyetherimide (PEI) is a high-performance
thermoplastic, which has extensive uses in many fields
such as medicine, electronics, automotive and aerospace.
The extremely high viscosity of this polymer makes the
nanocomposite preparation by melt-processing challeng-
ing [5]. Solution-based processing methods offer advanta-
ges of lower viscosities, which facilitate dispersion,
provided highly stable dispersions of CNTs are used. Differ-
ent surface modification approaches, including acid-oxida-
tion and use of surfactants, have been applied to CNTs in
order to obtain stable dispersions in suitable solvents for

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2013.08.007&domain=pdf
http://dx.doi.org/10.1016/j.eurpolymj.2013.08.007
mailto:philippe.serp@ensiacet.fr
http://dx.doi.org/10.1016/j.eurpolymj.2013.08.007
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj
https://www.researchgate.net/publication/50934978_Thermal_and_Mechanical_Enhancements_of_PolyetherimideMulti-Walled_Carbon_Nanotube_Composite_Performance_Using_Solid_Nano-Nectar_Assisted_Melt_Dispersion?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==
https://www.researchgate.net/publication/221950822_Polymer_Nanocomposites_Based_on_Functionalized_Carbon_Nanotubes?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==
https://www.researchgate.net/publication/223485817_Nanocomposites_of_single-walled_carbon_nanotubes_and_poly34-ethylenedioxythiophene_for_transparent_and_conductive_film?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==
https://www.researchgate.net/publication/251543855_Carbon_nanotube-polymer_interactions_in_nanocomposites_a_review_Compos_Sci_Technol?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==
https://www.researchgate.net/publication/236269735_Carbon_nanomaterial-ionic_liquid_hybrids?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==


Fig. 1. Illustration of the possible non-covalent interaction between
poly([VEIM]DBS) functionalized CNTs and PEI.
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PEI processing [6–8]. In these studies, thermal stabilities of
the composites improved significantly while improve-
ments in mechanical properties are not remarkable; and
in some cases [7,8] negative effects of CNT addition have
been observed on the tensile strength. We anticipated that
coating a thin film of PIL on CNT surface could result in a
better adhesion between CNT and the PEI matrix. The PIL
layer could act as a linker between the CNT and the matrix
by possible p–p stacking interactions (Fig. 1). We report
herein the introduction of multi-walled CNTs (MWCNTs)
non-covalently functionalized with poly(1-vinyl-3-ethyl
imidazolium) dodecylbenzene sulfonate (poly[VEIM]DBS)
into PEI matrix and its effect on the morphological,
mechanical, thermal and electrical properties of the
composites.
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2. Experimental details

2.1. Materials

Polyetherimide in pellet form was supplied by SABIC
Innovative Plastics TM. Graphistrength� MWCNTs
Fig. 2. TEM micrograph of pristine CNT used in this
(average number of walls 5–15, length 0.1–10 lm, diam-
eter 10–15 nm, purity >90%) were supplied by Arkema,
France. Sodium dodecylbenzene sulfonate was purchased
from Aldrich. Oxidized CNTs were prepared from pristine
CNTs by: (i) purification in boiling concentrated H2SO4

followed by filtration and washing with water and (ii)
refluxing purified CNTs in concentrated nitric acid (69%)
for 3 h [9,10]. The surface acidic group concentration on
oxidized CNTs was estimated to be 0.234 mmol/g CNT
by acid–base titration [11]. Synthesis and polymerization
of 1-vinyl-3-ethyl-imidazolium bromide ([VEIM]Br) were
carried out as reported in literature [12]. Poly(1-vinyl-3-
ethyl-imidazolium dodecylbenzene sulfonate) (poly
[VEIM]DBS) was prepared using an anion exchange meth-
od previously reported [13]. Their structures were con-
firmed by 1H NMR analysis (Fig. S1 in Supplementary
Data (SD)). The glass transition temperatures (Tg) of
poly[VEIM]Br and poly[VEIM]DBS were found to be
229 �C and 114 �C, respectively, as determined by DSC
(20 �C min�1).
2.2. Preparation of PIL functionalized CNTs

The non-covalent functionalization of CNTs was carried
out using the following procedure: pristine CNTs (4 g)
were added to a solution of [VEIM]Br (73 g) in ethanol
(100 mL). After sonication with an ultrasonic bath cleaner
for 1 h, azobis(isobutyronitrile) (AIBN, 1.5 g) was added
to the mixture, which was stirred vigorously at 65 �C for
24 h under a N2 atmosphere. The resulted CNTs were
washed several times with distilled water in order to
thoroughly remove physically adsorbed polymer and
unreacted monomer from their surface. To prepare CNT–
poly[VEIM]DBS, 500 mg of CNT–poly[VEIM]Br were added
to 75 mL of distilled water, and the solution was ultrasoni-
cated at 25% amplitude for 10 min. Then, a solution of so-
dium dodecylbenzene sulfonate (500 mg) in distilled
water (25 mL) was added dropwise to the CNT suspension.
The dispersion was stirred overnight and the resulted CNTs
were thoroughly washed with distilled water and dried at
115 �C for 3 days.
study (left) and CNT–poly[VEIM]DBS (right).
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Fig. 3. TGA profiles of (a) CNT–poly[VEIM]Br, (b) CNT–poly[VEIM]DBS, (c)
poly[VEIM]DBS and (d) poly[VEIM]Br under nitrogen flow.
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2.3. Preparation of PEI/CNT films

Various loading amounts (0.1–3.0 wt.%) of CNTs (pris-
tine, oxidized or PIL functionalized) were ultrasonicated
in PEI solutions in dichloromethane (DCM) (0.23 g/mL)
for 30 min. The resulted dispersions were casted into Tef-
lon-coated aluminum foil molds and the solvent was al-
lowed to evaporate slowly at room temperature. All the
composite films were further dried in a vacuum oven first
at 100 �C for 2 days, then at 150 �C for 1 day to remove
completely the residual solvent. Then, the obtained com-
posites were compression molded under a pressure of
240 bars at 250 �C for 4 min.
Fig. 4. TEM micrographs of PEI/CNT composite films at 1 wt.% loading
2.4. Characterization techniques

The IR spectra were recorded on a 1710 Fourier Trans-
form spectrophotometer using KBr salt for solid pellet
analysis. ATR-FTIR measurements were performed using
a PerkinElmer Spectrum 100 Universal ATR-FTIR. The par-
ticle size analysis of CNT dispersions was performed with
a Mastersizer 2000. 1H NMR (300 MHz) spectra were re-
corded on a Bruker DPX-300 spectrometer. The carbon
nanotube solutions for casting were sonicated using an
ultrasonic probe (Vibra Cell 75115, 500 W, Bioblock Scien-
tific) at amplitude of 20% in an ice bath. Thermogravimetric
analysis was performed using a TA Instruments Q50
(10 �C min�1 under 60 mL min�1 N2). Differential scanning
calorimetry (DSC) measurements were conducted using a
TA Instruments Q200 differential scanning calorimeter in
a nitrogen atmosphere (10 �C min�1, flow
rate = 50 mL min�1). To erase the thermal history of the
samples, each sample was scanned two times between
�60 �C and 300 �C. The stress–strain curves of the compos-
ites were obtained using an Instron model 5565 mechani-
cal tester at 20–21 �C. The strain speed was 5 mm min�1

under a load of 1 kN. The values reported here represent
an average of the results for tests run on at least five spec-
imens. Dynamic mechanical analysis (DMA) was con-
ducted on the Mettler Toledo DMA/SDTA861e in tension
mode. DMA analysis was conducted on 5.5 � 4 � 0.5 mm3

samples. The heating rate was 3 �C/min within a
25–240 �C range and the frequency 1 Hz. Maximum limits
of stress (5 N) and strain (12 lm) were used to assure lin-
ear viscoelastic behavior. A JEOL JSM 6700F Field Emission
Gun (FEG) scanning electron microscope was used to
obtain SEM images. The microtomed slices (70 nm) of com-
posites were placed on copper grids and examined by TEM
of (a) pristine CNT, (b) oxidized CNT and (c) and (d) CNT–PIL.



Table 1
Tensile properties of neat PEI and PEI/CNT composites.

Sample CNT loading (wt.%) Young’s modulus (GPa) Yield stress (MPa) Yield strain (%) Stress at break (MPa) Strain at break (%)

Neat PEI 0 2.69 ± 0.05 95.0 ± 2.7 6.2 ± 0.5 79.5 ± 2.8 10.0 ± 3.9

PEI/pristine CNTs 0.1 2.69 ± 0.12 94.6 ± 3.1 6.1 ± 0.4 79.5 ± 3.8 13.6 ± 5.0
0.3 2.69 ± 0.02 93.2 ± 1.2 6.1 ± 0.3 79.1 ± 3.0 12.9 ± 6.3
0.6 2.62 ± 0.12 93.9 ± 1.7 6.4 ± 0.3 79.5 ± 5.9 13.7 ± 7.4
1 2.71 ± 0.05 92.1 ± 1.4 6.1 ± 0.2 77.9 ± 3.5 9.7 ± 2.2
3 2.76 ± 0.05 92.5 ± 6.2 5.5 ± 0.9 84.2 ± 5.4 6.2 ± 1.7

PEI/oxidized
CNTs

0.1 2.63 ± 0.04 93.4 ± 2.4 6.1 ± 0.5 86.8 ± 6.0 8.4 ± 4.6
0.3 2.67 ± 0.08 92.3 ± 1.2 5.9 ± 0.3 79.1 ± 2.4 10.3 ± 5.0
0.6 2.64 ± 0.05 93.2 ± 1.7 6.3 ± 0.1 77.1 ± 1.0 15.7 ± 6.7
1 2.64 ± 0.08 92.3 ± 2.5 6.0 ± 0.4 79.7 ± 7.3 7.8 ± 1.9

PEI/CNT–PIL 0.1 2.65 ± 0.06 92.5 ± 1.9 6.1 ± 0.1 78.7 ± 2.5 14.4 ± 6.3
0.3 2.75 ± 0.08 96.1 ± 3.3 6.2 ± 0.1 83.5 ± 9.5 7.8 ± 1.6
0.6 2.62 ± 0.09 94.7 ± 3.2 6.2 ± 0.4 82.9 ± 6.1 11.6 ± 5.0
1 2.56 ± 0.04 90.0 ± 2.9 5.5 ± 0.7 84.8 ± 7.0 6.1 ± 1.4

Fig. 5. Typical tensile stress–strain curves of neat PEI and PEI/CNT composites.
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using a JEOL JEM-1400 at 120 kV. An Agilent 4156C preci-
sion semiconductor parameter analyzer equipped with a
16442A test fixture was used to measure the electrical
resistivity of the samples. The 0.5 mm thick CNT/PEI com-
posite films were cut into rectangular specimens of
20 mm � 10 mm, and upper and lower surfaces of the
specimens were coated with conducting silver paint to en-
sure an intimate contact between the specimen surfaces
and electrodes.

3. Results and discussion

3.1. Functionalization of CNTs with PIL

PEI is soluble in halogenated solvents such as chloro-
form, dichloromethane (DCM), and in N-methyl-2-pyrroli-
done (NMP). To disperse PIL functionalized CNTs in DCM,
the DBS (C12H25C6H4SO�3 ) anion was chosen as the PIL
counter-anion. Pristine CNTs were functionalized by poly[-
VEIM]Br following the in situ polymerization method [14]
followed by anion-exchange. Indeed, preliminary experi-
ments performed in our laboratory has shown that this
procedure is more efficient to get high PIL loading than
the direct in situ polymerization of poly[VEIM]DBS. This
is presumably due to the steric effect of the anion. The
TEM image in Fig. 2 shows the presence of a continuous
thin polymer layer (1.7 nm thickness) around the CNTs.
The TGA profiles of the resulting functionalized CNTs show
the decomposition steps of the PIL component under inert
atmosphere (Fig. 3). All the samples decomposed in two
major steps. It is observed that adsorbed PILs start to de-
grade at a lower temperature compared to neat PILs
(Table S1 in SD), which may be due to: i) changes in the
PIL structure as a result of the interaction with CNTs [15],
the presence of traces of iron catalyst on pristine CNT sur-
face, which may react with the sulfonate counter-ion and
hence catalyze the PIL decomposition process. TGA analy-
sis shows that CNT–poly[VEIM]DBS contains 19 wt.% PIL.

https://www.researchgate.net/publication/225613464_Preparation_of_single-walled_carbon_nanotube_SWNT_gel_composites_using_polyionic_liquids?el=1_x_8&enrichId=rgreq-86e717df552216717567b71b5be60646-XXX&enrichSource=Y292ZXJQYWdlOzI1OTA4Njg5MztBUzoxMDE0MTk3ODA2Nzc2NDRAMTQwMTE5MTc2OTgzMQ==
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According to the TGA data, approximately 80% of the Br an-
ions could be exchanged with DBS. As expected, the FTIR
spectra of the PIL functionalized CNTs display the absor-
bance bands of the corresponding PILs (Fig. S2 in SD). Thus,
the IR spectra of both PIL functionalized CNT samples show
the bands attributed to the poly[VEIM]+ cation in the
2800–3200 cm�1 region and at 1550 cm�1. Moreover, in
the spectrum of CNT–poly[VEIM]DBS, the characteristic
bands of the C12H25C6H4SO3

- anion [16], S@O asymmetrical
stretching band at 1193 cm�1

, CH aromatic bending bands
at 833 cm�1, 1010 cm�1 and 1026 cm�1 are clearly
observed.

After 30 min sonication in DCM, a black suspension was
observed for all three types of CNTs (pristine, oxidized and
PIL functionalized). However, it was possible to observe
with the naked eye that the dispersions of pristine and oxi-
dized CNTs contained large agglomerates, while the PIL
functionalized CNTs dispersed better. To evaluate the qual-
ity of the CNT dispersions, particle size analysis by laser
diffraction technique was carried out. The diameter of
the sphere of the equivalent volume corresponding to an
individual nanotube should be between 0.025 and
0.15 lm. The measurements confirmed that the disper-
sions of both pristine and oxidized CNTs in DCM were
unstable. The volume weighted mean diameter (D[4,3])
values of three measurements ranged from 27.9 to
53.2 lm and from 13.3 to 34.8 lm for pristine and oxidized
CNTs, respectively. On the contrary, CNT–PIL gave very sta-
ble dispersions in DCM with a D[4,3] of 13.0 lm (±0.2), and
as seen from the particle size distribution graphs the num-
ber of small particles (below 0.5 lm) was higher in this
sample (Fig. S3 in SD).
Fig. 6. SEM micrographs of the failure surfaces of
3.2. Incorporation of CNTs into the polymer matrix

A series of PEI/CNT films was prepared from PEI and the
three types of CNTs. The ATR-FTIR spectra of the compos-
ites (at 0.1 wt.% CNT loading) were the same as the spec-
trum of neat PEI (Fig. S4 in SD). We observed the
characteristic carbonyl bands of imide at 1777 cm�1 and
1716 cm�1 and C–N stretching band at 1350 cm�1. The
TEM micrographs in Fig. 4 show the CNT distribution in
the polymer matrix at 1 wt.% CNT loading. While all sam-
ples contain agglomerated CNTs, a more pronounced deb-
undling was noticed for the samples containing modified
CNTs, with a relatively large proportion of individual CNTs.
Moreover, TEM analysis reveals an interesting feature on
the morphology of the PEI/CNT–PIL composite. In Fig. 4c,
it is observed that CNTs present a preferential alignement.
Macroscopic self-organizing alignment [17], or self-assem-
bly [18] of CNTs in a polymer-nanocomposite, probably
arising from solvent–polymer interactions, has been
already reported.
3.3. Mechanical, thermal and electrical properties of the
composites

The results in terms of Young’s modulus, yield stress
and strain of the films are reported in Table 1. Fig. 5 shows
typical tensile stress–strain curves obtained for the films.
By introduction of CNTs, no major reinforcement was ob-
tained in terms of tensile modulus and yield. It is worth
noting that PEI and PIL do not form any miscible polymer
blend. When loaded in excess of 1 wt.% CNT, the films be-
came very brittle (see Fig. 6). The brittleness of the
PEI/CNTs composites at 1 wt.% CNT loading.
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Fig. 7. DMA curves of (a) storage modulus and (b) tand versus temperature for PEI and PEI/CNT composites.

Table 2
Thermal properties of PEI and PEI/CNT composites.

Sample CNT loading (wt.%) Tg (by DSC) (�C) Td (by TGA) (�C) (at 5 wt.% loss)

Neat PEI 0 213 494

PEI/pristine CNTs 0.1 214 505
0.3 210 503
0.6 212 504
1 206 505
3 211 505

PEI/oxidized CNTs 0.1 212 504
0.3 206 504
0.6 213 502
1 213 502
3 207 502

PEI/CNT–PIL 0.1 210 500
0.2 214 504
0.3 209 503
0.4 211 505
0.6 215 502
1 213 499
3 211 502
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composites at a loading of 3 wt.% oxidized CNTs and CNT–
PIL did not allow any sampling.

SEM micrographs of the tensile fractured surfaces of all
three composite films show agglomerates of CNTs being
pulled half way out from the matrix and revealing a surface
pattern characteristic of brittle fracture. In addition, it is
clear that alignment of the CNTs is not produced by cutting
the sample (because direction of CNT alignment and
microtome are not the same). It could be probably induced
during preparation of the sample. Moreover, when PIL
modified MWCNTs are used, the dispersion of the CNTs is
better observed and, in consequence, the alignment direc-
tion is clearly observed for non-agglomerated CNTs. Fig. 7
displays the dynamic mechanical spectra as a function of
temperature for PEI and PEI/CNT composites. The storage
modulus (E0) of the PEI/CNT composites containing CNT–
PIL is higher than that of neat PEI in the temperature range
30–190 �C. There is no significant difference in storage
modulus between different loadings (0.3 and 3 wt.%). At a
loading of 3 wt.%, an improvement of around 25% in stor-
age modulus was obtained. However, a similar increase
was also obtained in the case of pristine CNTs. The damp-
ing (tand) peaks of all the PEI/CNT composites showed a
decrease in maximum peak height, from 2.02 for pure PEI
to 1.29 for PEI/CNT–PIL composite at 0.3 wt.% loading.
The height of the damping peaks reveals the efficiency of
the stress transfer to the CNTs, which depends on the
CNT/matrix adhesion [5,19]. This is, dissipation of PEI/
CNT composite systems is broader than dissipation of pure
PEI, showing the maximum of the peak for nanocomposites
a decrease of 5 �C in regard to pure PEI. This behavior could
be attributable to a different relaxation spectrum for PEI
chains in function of the degree of dispersion of the
MWCNTs. The decrease of the Tg position in presence of
carbon nanotubes is quite unexpected from the point of
view of classical fiber-reinforcement mechanics and sug-
gests an increase in free volume in nanocomposites in re-
gard to the neat polymer. In consequence, dispersion and
interfacial stress transfer is the highest for PEI/MWCNT–
PIL composite at 0.3 wt.% loading. As observed from the
tand versus temperature graphs in Fig. 7b, the Tg of the
neat PEI appeared at approximately 209 �C while the Tg

of the PEI/CNT composites shifted to a lower temperature
by around 5 �C.

In order to investigate the thermal behavior of the neat
PEI films and the PEI/CNTs films, TGA and DSC analyses
were carried out. All PEI/CNT composites show an overall
higher thermal stability compared to the neat PEI (Table
2). Incorporation of CNTs increased the degradation tem-
perature of the composites by up to 11 �C.

The room temperature volume resistivity of the neat PEI
was measured to be 3.1 � 1012 X cm. The introduction of
3 wt.% of pristine CNTs dramatically decreased the volume
resistivity of the composite film to 1.3 � 103 X cm, indicat-
ing that the percolation threshold lies between 1 and
3 wt.% of pristine CNTs. However, no improvement in con-
ductivity was observed for composites loaded with oxi-
dized or PIL functionalized CNTs at concentrations up to
3 wt.%. As non-covalent PIL modification process does not
disrupt the p-conjugation system of the nanotubes, the
low conductivity could be attributed to the insulating PIL
layer around the CNTs, which could inhibit the efficient
charge transfer between CNTs as already reported for sev-
eral polymer wrapped CNTs [20]. Yet, there are examples
where electrical conductivity has been achieved with sim-
ilar PIL coated CNTs [4,21]. Another possible explanation
could arise from the alignment of CNTs. Indeed, it has been
shown that the lowest percolation threshold and the max-
imum conductivity occur when CNTs are randomly ori-
ented and reaggregated in the matrix [22,23].
4. Conclusions

Three MWCNT materials were mixed with PEI by a solu-
tion-based processing method to prepare thin films of
composites. Prior to composite processing the MWCNT
materials were characterized by TGA, IR and TEM. The first
nanotube material consists in pristine CNTs that showed a
loosely packed agglomerate morphology. The second
MWCNT sample consists in HNO3 oxidized pristine CNT,
and contains a significant concentration of covalently
grafted surface acidic group. The third MWCNT sample
consists in pristine CNTs non-covalently functionalized
with polymerized ionic liquid thin films of approximately
2 nm. This latter sample shows a better dispersion in
dichloromethane. Additionally, in the PEI composite thin
films prepared from CNT–PIL, a preferential orientation of
CNT bundles and individual CNTs has been observed.

The incorporation of CNTs does not have much influ-
ence on the tensile properties the composites. The incorpo-
ration of CNTs led to a moderate increase of up to 25%
(CNT–PIL, 3 wt.%) in storage modulus of the PEI compos-
ites. The lowered height of the damping (tand peaks shows
that there is indeed stress transfer to CNTs and it is most
efficient at 0.3 wt.% CNT–PIL loading. The electrical resis-
tivity of the composite decreased by nine orders of magni-
tude at 3 wt.% loading of pristine CNTs, whereas for the
same loading of modified CNTs no improvement was no-
ticed. These results can be rationalized as follow. In the
case of oxidized CNT, damages of CNT structure can explain
the low electrical conductivity. For CNT–PIL, the presence
of an electrically insulating thin film on the CNT surface
and the fact that CNT–PIL are partially aligned in the com-
posite could explain the low electrical conductivity.
According to DMA analysis, addition of CNTs reduces Tg

by about 5 �C. Furthermore, the thermal stability of the
polymer composite increased by ca 10 �C whatever the
type of CNT used.

Further studies are on-going to evaluate the importance
of the processing methods on the final properties of the
composites.
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Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.eurpolymj.2013.08.007.
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