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Polyimide/multi-walled carbon nanotube (PI-MWNT)
nanocomposites were fabricated by an in situ polymer-
ization process. Chemical compatibility between the PI
matrix and MWNTs is achieved by pretreatment of the
carbon nanotubes in a mixture of sulfuric acid and ni-
tric acid. The dispersion of MWNTs in the Pl matrix
was found to be enhanced significantly after acid mod-
ification. The glass transition (Ty) and decomposition
(Tq) temperature of PI-MWNT nanocomposites were
improved as the MWNT content increased from 0.5 to
15 wt%. The storage modulus of the PI/MWNT nano-
composites is nine times higher than that of pristine Pl
at room temperature. The tensile strength of Pl dou-
bles when 7 wt% MWNTs is added. The dielectric con-
stant of the PI-MWNT nanocomposites increased from
3.5 to 80 (1 kHz) as the MWNT content increased to 15
wt%. The present study demonstrates that enhanced
mechanical properties can be obtained through a sim-
ple in-situ polymerization process. POLYM. COMPOS.,
29:451-457, 2008. © 2008 Society of Plastics Engineers

INTRODUCTION

Carbon nanotubes (CNTs) have attracted considerable
attention because of their unique structural, electrical, and
mechanical properties [1]. Multi-walled carbon nanotubes
(MWNTs) have been used in composite materials to
improve electrical properties while reinforcing the me-
chanical performance of the composites [2-9]. Compared
with traditional reinforcing agents such as glass fibers,
CNTs are much more efficient in improving the composite
properties because of their extremely high aspect ratio.
However, achieving a high degree of dispersion of
MWNTs in a polymer matrix is challenging due to
agglomeration and aggregation into bundles. Phase separa-
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tion leads to heterogeneous dispersion in the polymer ma-
trix and poor properties of the resulting composites. Spe-
cial care must be taken in order to fabricate composites
with CNTs homogeneously distributed throughout the
polymer matrix. Uniform dispersion within the polymer
matrix and improved nanotube-matrix wetting and adhe-
sion has been critical issue in the processing of the nano-
composites. By gelation/crystallization from solution, Mat-
suo and coworkers [10-12] were able to produce compo-
sites of polyacrylonitrile/MWNTs, polyethylene/MWNTs,
and EMMA copolymer/MWNTs with exceptionally high
mechanical properties. However, sophisticated processing
is required for this method. To achieve homogeneous dis-
persion of MWNTs in polymer matrix by facile mixing,
chemically treated MWNTs have been employed. Chemi-
cally functionalized CNTs treated by strong mixed acid
were found to be soluble in amide solvents [13]. MWNTs
modified by strong acid contain carboxyl and hydroxyl
groups on the surface. These groups enhance the interac-
tions between the CNTs and the polymer matrix, enabling
uniform dispersion of MWNTs without boundary effects
in the polymer matrix [13]. Zhu et al. [14] disclosed the
thermal, mechanical, and electrical properties of PI-
MWNT nanocomposites with increasing MWNT content.
They demonstrated a slightly decreased thermal stability
for the PI-MWNT nanocomposites due to acid treatment.
For PI-MWNTs with a MWNT content above 5 wt%, the
tensile strength was increased by 40% and then declined
[14]. Jiang et al. [15] even concluded that there is no sig-
nificant improvement in mechanical properties for PI-
MWNTs nanocomposites by in situ polymerization. Since
the addition of MWNTSs was expected to reinforce me-
chanical properties in most polymer-MWNT systems, it is
worthwhile to carry out a more detailed study on this
interesting system. In addition, the dielectric properties
and TEM data have not been well studied. This report
characterizes PI-MWNT nanocomposites (0.25-15 wt%
MWNTs) and presents their mechanical, thermal, moisture
absorption, conductivity, and dielectric properties.
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EXPERIMENTAL

MWNTs were purchased from Carbon Solutions. The
MWNTs have outer diameters of 40-60 nm and lengths
of 0.5-500 pum. The modified MWNTSs were prepared by
ultrasonicating the mixture of MWNTs in sulfuric acid
and nitric acid (volumetric ratio 3:1) at 45°C for 24 h,
centrifuging washing with water and drying in a vacuum
oven at 80°C for 24 h. Polyimide precursors such as
DBPA and 4,4-oxydianiline (ODA) were purchased from
Aldrich. N,N-dimethylacetamide (DMAc Tedia 99%) was
used as a solvent. For a typical synthesis process, 3 g
DMACc and the appropriate amount (from 0.25 to 15 wt%)
of acid-oxidized MWNTs were placed in a beaker and
stirred under ultrasonication for 24 h at room temperature
to reach a homogenous suspension (beaker A). About 1
nmole ODA and 1.5 g DMAc were placed in another
beaker and stirred for 15 min (beaker B). Next, the solu-
tions of beakers A and B were combined and stirred for
24 h. Finally, 1 nmole dianhydride (C3,H,,Og) was dis-
solved in 1.5 g DMAc and stirred for 15 min (beaker C).
Beaker C was added to the beaker A + B mixture and
stirred for 24 h. The nanocomposite films were prepared
by coating 3 ml of the final mixture solution on a piece
of 50 mm x 50 mm glass slide. The resultant films were
dried in an oven and subsequently imidized at high tem-
perature in air. The imidization process was completed in
a heating program shown as follow: ramping from room
temperature to 80°C in 30 min, keeping at 80°C for 2 h,
then ramping from 80 to 200°C in 5 h, and then from 200
to 300°C in 2 h, keeping at 300°C for 45 min, and finally
cooling to room temperature. The imidization process was
finalized by many experiments in our laboratory.

A wide-angle X-ray diffraction (WAXRD) study was
performed using a Rigaku D/MAX-3C X-ray diffractome-
ter with a copper target and a Ni filter at a scanning rate
of 2°/min. The samples for the transmission electron mi-
croscopy (TEM) study were taken from a microtomed
section of polyimide-MWNT nanocomposites (~75 = 15
nm in thickness) and mounted in a resin. A JEOL-2010
TEM with an acceleration voltage of 200 kV was
employed for the observation. Thermal gravimetric analy-
sis (TGA) scans were performed in air on a Mettler-Tol-
edo TGA/SDTA851 thermal analysis system. The scan
rate was 20°C/min and the temperature range was from
30 to 900°C. Differential scanning calorimetry (DSC) was
performed on a DuPont TA Q10 differential scanning cal-
orimeter at a heating or cooling rate of 10°C/min in a
nitrogen atmosphere from 25 to 350°C. The glass transi-
tion temperature (I,) of polyimide and the synthesized
nanocomposites were recorded based on the second scan.
Dynamic mechanical analysis (DMA) of the polyimides
and nanocomposite films was performed from 30 to
350°C using a DuPont TAQS800 analyzer at a heating rate
of 3°C/min and a frequency of 1 Hz. Dielectric parame-
ters such as capacitance and the dissipation factor (tan o)
were measured by an Agilent 4284A automatic compo-
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nent analyzer at various frequencies (1 kHz to 1 MHz) at
temperatures of 35-150°C. A vacuum evaporated gold
electrode was deposited on both sides of the nanocompo-
site films (1.6 cm in diameter). Specimens with a thick-
ness of about 100 = 5 um were prepared. Film thickness
was measured using a micrometer (precision up to 0.001
mm). Five data points from different areas of the speci-
men were taken and averaged for the calculation of the
dielectric constants. Films with thickness deviation less
than 5% were used for dielectric characterization. The
dielectric constants (¢;) were calculated by the equation:
C = &&0A/d. “g” is vacuum permittivity and equals 8.85
x 107" F/m. “A” is the electrode area and “d” is the
thickness of the specimen. To exclude the effect of mois-
ture, specimens for dielectric characterization were dried
in an oven at 100°C for 2 h before the measurements. To
evaluate the moisture absorption of nanocomposites, the
film specimens were vacuum dried at 80°C for 24 h and
then weighed (W,). The film specimens were subsequently
immersed in deionized water for 24 h at room tempera-
ture for water absorption characterization. The excess
water on the surface of film specimens was wiped using a
delicate-task paper wiper (Kimberly-Clark) before weigh-
ing again (W,). Moisture absorption was calculated using
the formula (W, — W,)/W, x 100%. The tensile strength
was measured on an MTS-8800 tensile tester based on
ASTM D638 specification and the tensile rate was 1 mm/
min at room temperature.

RESULTS AND DISCUSSION

XRD

The structure of polyimide/MWNT nanocomposites
was examined by XRD and the resultant curves are shown
in Fig. 1. MWNTs and pristine PI were also investigated
and compared. For the MWNTs, two peaks appear at 20
= 26° and 43° which correspond to the interlayer spacing

e S PL-15wt % MWNTs-(h)
e e e PI- 7wt % MWNTs(0)
e U PL- 5wt % MWNTS{e)

PI- 1 wt % MWNTs(d)
PI- 0.5 wt % MWNTs<©)

1(100) MWNTs(a)

Intensity

20 30 40 S0 60 70
2 6(degree)
FIG. 1. XRD patterns for (a) MWNTs, (b) pristine PI, and (c)—(h) PI-

MWNT nanocomposites containing 0.5, 1, 5, 7, 10, and 15 wt%
MWNTs, respectively.
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FIG. 2. TGA curves for pure PI and the PI-MWNT nanocomposites.

doo2y and d( 00y reflection of the nanotubes, respectively
[9]. For the pristine PI, an obvious broad peak centered at
20 = 17.5° indicates the PI (BPDA/ODA) polymer is
amorphous. For the MWNT content higher than 10 wt%,
the PI-MWNT nanocomposites exhibit peaks of PI and
MWNTs, as show in Fig. 1g and h. The intensity of the
peaks assigned to the MWNTSs in the nanocomposites
increases with an increasing proportion of MWNTs.

Thermal Properties and Moisture Absorption

Figure 2 shows the TGA curves obtained in air for the
studied polyimide/MWNT nanocomposites. In Fig. 2, the
onset of Ty (decomposition temperature) of the PI-
MWNTs is higher than that of pristine PI and it shifts to-
ward higher temperatures as the amount of MWNTs is
increased. The T4 of pristine PI and the PI-MWNT nano-
composites with increasing amount of MWNTSs such as
0.5, 1,5, 7, 10, 15 wt% are ~490.5, 493.2, 495.4, 498.7,
501.3, 503.4, and 505.5°C, respectively, as listed in Ta-
ble 1. The T4 of the nanocomposite with 15 wt% MWNTs
exhibits a T4 15°C higher than that of pristine PL. It is
clear that the PIEMWNT materials improve thermal stabil-
ity due to the incorporation of MWNTs. DSC thermo-
grams for pristine PI and the series of PI-IMWNT materi-
als are shown in Fig. 3. Pristine PI exhibits an endother-
mic peak at ~218.1°C, corresponding to the glass
transition temperature (Ty) of PI. The T, for the PI-

Temperature (0 C)

FIG. 3. DSC of the PI-MWNT nanocomposites: (a) Pure PI, (b) PI-0.5
wt% MWNTs, (c) PI-1 wt% MWNTs, (d) PI-5 wt% MWNTs, (e) PI-7
wt% MWNTs, (f) PI-10 wt% MWNTs, (g) PI-15 wt% MWNTs.

MWNT nanocomposites shown in Fig. 3 according to
increasing MWNT content are ~219.7, 221.5, 222.4,
223.9, 224.3, and 225.2°C, as shown in curves (b) to (g),
respectively. The T, of PI-MWNT materials are only
slightly different from that of pristine PI, and the change
in T, due to the addition of MWNTSs seems small. The
details of the thermal properties are tabulated in the Table
1. The result suggests that the secondary network struc-
ture is formed by the MWNTs in addition to the primary
crosslink structure of the polymers, and the MWNTs are
immobilizing the polymer chains at elevated temperatures
[16]. Low moisture absorption is required for materials
applied in microelectronic devices. Polar groups in poly-
mer tend to absorb moisture. Therefore, the moisture
absorption of PI-MWNT nanocomposites must be exam-
ined. As shown in Table 1, the moisture absorption mod-
erately increases from 1.25 to 1.42% as the content of
MWNTs increases from 0 to 15%. The addition of
MWNTs slightly affects the moisture absorption of the PI
polymer due to the hydrophilic characteristics of the
modified MWNTs.

Mechanical Properties

It has been generally accepted that incorporating nano-
particles or nanomaterials into polymer bulk improves the

TABLE 1. Thermal degradation temperature (T) and glass transition temperature (T;) of PI-MWNT nanocomposites.

T4 (°C) measured

T, (°C) measured

T, (°C) measured Moisture

Sample by TGA by DSC by DMA absorption (%)
Pure PI 490.5 218.1 220.8 1.25
PI-0.5wt% MWNTs 493.2 219.7 221.8 1.29
PI-1wt% MWNTs 495.4 221.5 223.4 1.30
PI-5wt% MWNTs 498.7 222.4 224.5 1.39
PI-7wt% MWNTs 501.3 223.9 227.6 1.40
PI-10wt% MWNTs 503.4 2243 228.2 1.41
PI-15wt% MWNTs 505.4 2252 229.9 1.42
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FIG. 4. Storage modulues of PI-MWNT nanocomposites at various
temperatures. (a) pure PI, (b) PI-0.5 wt% MWNTs, (c) PI-1 wt%
MWNTs, (c) PI-5 wt% MWNTs, (e) PI-7 wt% MWNTs, (f) PI-10 wt%
MWNTs, and (g) PI-15 wt% MWNTs.

mechanical properties of nanocomposites over the poly-
mers themselves [17-19]. However, the nanoparticles or
nanomaterials benefit the mechanical properties only
when they are well distributed in the polymer bulk. In
this study, MWNTs were found to greatly enhance the
mechanical properties of polyimide, higher than what was
expected from the literature [14, 15]. Figure 4 shows the
storage modulus for PI-MWNT nanocomposites with
increasing MWNT contents. It is clear that the storage
modulus of the nanocomposites increases with the amount
of MWNTSs. The maximum value of 28,457 MPa for the
specimen with 15% MWNT loading is about nine times
higher than that of the pristine polyimide. The improve-
ment in storage modulus is thought to be due to the
strong interactions between the polyimide matrix and
MWNTs. Figure 5 shows the tensile strength and elonga-
tion at break for the PI-MWNT nanocomposite speci-
mens. It is clear that the tensile strength of PI-MWNT
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FIG. 5. Tensile strength and elongation at break of the PI-MWNT

nanocomposites according to MWNT content.
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nanocomposites increased as the MWNT content
increased up to 7 wt%. The maximum tensile strength of
165.5 MPa for the specimen with 7 wt% MWNTs is
almost double the pristine PI (85.5MPa). In Zhu et al.’s
report [14], they did not have the 7 wt% data and only a
40% enhancement of tensile strength was obtained at
5 wt% MWNTs. The present study illustrates that the dis-
persion of MWNTs is likely to be the major factor in
enhancing tensile strength.

Microstructure

Observations of the morphologies of the acid-modified
MWNTs are shown in Figure 6A and B. The dispersion
of unmodified MWNTSs was poor and the structure was
aggregated. The structure of acid-modified MWNTSs was
loose and these dispersed better in the polymer than
unmodified MWNTs. A typical TEM microstructure for
the PI-5 wt% MWNT nanocomposites is presented in Fig.
6C, where well-dispersed MWNTs are observed. The
greatly improved dispersion of MWNTs is due to the
strong interfacial interactions and chemical compatibility
between the polyimide matrix and the modified MWNTs
which are caused by the strong interactions between the
carboxyl and hydroxyl group of the MWNTs and the
PAA molecules [20]. The enhanced mechanical properties
we obtained are due to the characteristics of the MWNTs
used. The extremely different length of the MWNTs (0.5—
500 pm) used in the present study is likely to be the
major cause for the enhanced mechanical properties.
Crack propagation could be hindered by long MWNTs,
which could lead to a higher tensile strength. For the PI-
10 wt% MWNT nanocomposites, the distribution of
MWNTs is still uniform, however, contact is inevitable,
as shown in Fig. 6B. The film specimens of PI-10 wt%
MWNT nanocomposites were rigid. Decreased elonga-
tions at break were observed, as shown in Fig. 5. This is
likely a consequence from tangling of the MWNTs which
are clear in Fig. 6D.

Conductivity and Dielectric Properties

Figure 7 shows the alternative current (AC) conductiv-
ity (real part) of the PI-MWNT nanocomposites at 150°C.
As expected, conductivity increases as the content of
MWNTs increases and is higher at high frequencies [21].
The frequency dependence of the AC conductivity follows
the “universal dynamic response” (UDR) (a power law
behavior) [22, 23], which was noted by Jonscher [22].
However, the slope becomes flat at 15 wt% MWNTs,
which indicates the characteristics of a conductor. The in-
dependence of frequency was also observed in other poly-
mer-CNT systems above the percolation threshold [21,
23]. This is due to the transformation from an insulator to
a conductor. The conductivity, ¢/(w—0) = gy, is a mea-
sure of the long range movements of the charge carriers
corresponding to the electrical response of the percolating

DOI 10.1002/pc



FIG. 6. SEM micrographs for (a) Un-modified MWNTs, (b) Modified MWNTs and TEM micrograph for (c) PI-5 wt% MWNT nanocomposites, and

(d) PI-10 wt% MWNT nanocomposites.

network. Figure 8A and B show the dielectric constants
and dielectric losses, respectively, of the P-MWNT nano-
composites at 35-150°C and a frequency of 1 MHz. The
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FIG. 7. ac conductivity of PI-MWNT nanocomposites at 150°C. (a) 1
wt%, (b) 3 wt%, (c) 5 wt%, (d) 7 wt%, (e) 10 wt%, (f) 15 wt%.

DOI 10.1002/pc

dielectric constants and losses exhibit stable and flat char-
acteristics over a range of temperature. However, the
dielectric constant and loss increases steadily as the load-
ing of MWNTs in the nanocomposites increases. Figure
9A and B show the dielectric constants and dielectric
losses versus various MWNT contents measured at three
major frequencies, i.e. 1 kHz, 10 kHz, and 1 MHz. As
shown in Fig. 9A, two increasing slopes of dielectric con-
stants were identified. When the content of MWNTs is
lower than 10 wt%, the increase of the dielectric con-
stants is small and not significant. For the PI-MWNT
nanocomposites with 10-15 wt% MWNTs, the dielectric
constants and losses increase sharply. This slop is steeper
at low frequencies such as 1 kHz. The slop of the increas-
ing dielectric constant versus MWNT content becomes
less steep as the frequency increased. The electrical prop-
erties of the composite obviously vary from those of an
insulating material to those of a conducting system
depending on the concentration of MWNTs. The high
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FIG. 8. (A) Dielectric constants and (B) Dielectric loss of the PI-

MWNT nanocomposites at 1 MHz under various temperatures. (a) pris-
tine PI, (b) PI-0.5 wt% MWNTs, (c) PI-1 wt% MWNTs, (d) PI-5 wt%
MWNTs, (e) PI-7 wt% MWNTs, (f) PI-10 wt% MWNTs, and (g) PI-15
wt% MWNTs.

dielectric constant and loss at a low frequency (1 kHz) is
thought to originate from the space charge polarization
mechanism [24]. The rapid increase of the dielectric con-
stant and loss at a high MWNT content (>10 wt%) can
be explained by the formation of a percolative path of the
conducting network through the sample for a concentra-
tion corresponding to the percolation threshold [25-28].
In these PI/MWNTSs nanocomposites, the percolation
threshold is identified to be at around 8—10 wt% MWNTs,
which is similar to Zhu et al.’s report [14]. However,
such a high percolation threshold is quite dissimilar with
those of polyepoxy [21], poly(butylene terephthalate)
[28], polycarbonate [29], PVA and PmPV [30], and other
systems [10, 31]. The influence of the aspect ratio of
MWNTs on the percolation threshold in the PI system
needs to be investigated further. In summary, the present
study demonstrates that enhanced mechanical properties
can be readily obtained using a simple in-situ polymeriza-
tion process, which had not been consistently recognized
in the literature previously [14, 15]. Uniform dispersion
through an intensive mixing process and the high aspect
ratios (mostly >1,000) of the MWNTSs used play impor-
tant roles in the high storage modulus and tensile
strength.
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FIG. 9. (A) Dielectric constants and (B) dielectric loss of PI-MWNT

nanocomposites versus the content of MWNTSs (measured at 1 KHz, 10
KHz, and 1 MHz at 35, and 150°C).

CONCLUSION

Polyimide-MWNT nanocomposites were successfully
prepared via a simple in-situ polymerization process. The
addition of acid-modified MWNTSs into a polyimide ma-
trix led to obvious improvements in the thermal, mechani-
cal, and dielectric properties. For the nanocomposites con-
taining 15 wt% MWNTs, the storage modulus reaches
28.457 GPa, about nine times of pristine polyimide at
room temperature. The tensile strength of the PI-7 wt%
MWNT nanocomposite is almost double the pristine PI.
The PI polymer also gradually changes to a conductive
system from an insulator at an identified percolation
threshold at around 10 wt% MWNTs.
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