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Abstract

Novel magnesium hydrosilicate [Mg3Si2O5(OH)4] nanotubes (SNTs) were synthesized and used as fillers for polyimide nanocomposites.
New polymer nanocomposites containing SNTs and polyimide matrices such as PMDA-ODA (denoted by PIPAA-PM) and Ultem�-1000 were
prepared with SNT concentrations �12 vol% (or w20 wt%) to yield new materials with improvements in stiffness, strength and barrier prop-
erties. It was found that the SNT particles can be readily dispersed homogeneously in the polyimide matrices by using a special solvent mixing/
casting method (PIPAA-PM films) and melt-blending method (Ultem�-1000 thermoplastic nanocomposites) at elevated temperatures that are well
below the thermal degradation temperature of the SNT particles.

The PIPAA-PM/SNT and ULTEM�-1000/SNT nanocomposites exhibited significant improvements in mechanical properties with increasing
SNT concentrations, as well as adequate strain to failure (or ductility). Dielectric and gas barrier measurements of the polyimide nanocomposites
revealed a reduction in the dielectric constant and improvements in the gas barrier properties as a function of the SNT concentration. The gas
barrier behavior was found to be consistent with the Nielsen’s equation and the expansion approximation equation reported by Fredrickson and
Shaqfeh. Because of their facile synthesis and desirable properties for a number of applications in protective coatings and films for micro-
electronic applications and flammability reduction, these polyimide nanocomposites are expected to be excellent model systems for exploring
mechanisms of reduction in dielectric constant of polyimides filled with hollow nanoscale inorganic tubes, a very important and desirable
characteristic in microelectronic applications.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/inorganic filler nanocomposites, where the size of
inorganic phase does not exceed 100 nm, belong to a relatively
new class of advanced materials with improved properties [1e4].
Polymer nanocomposites have attracted substantial attention
from academic and industrial researchers because of their
superior thermal and mechanical properties compared to those
of their micro- and macrocomposite counterparts containing
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an equivalent volume fraction of inorganic filler [2e5]. Pres-
ently, polymer nanocomposites reported in the literature are
typically based on polymer matrices reinforced by nanofillers
such as montmorillonite (MMT) platelets [2,3] or carbon
nanotubes [5]. MMT is a naturally laminated silicate with
layer thickness of about 1 nm. Polymer/MMT nanocomposite
containing uniformly dispersed MMT at low concentrations is
known to exhibit improved mechanical and barrier properties,
and good fire-resistance [1e3,5,6]. However, it is well known
that polymer/MMT nanocomposites containing poorly dispersed
MMT can exhibit poorer properties than that of the unfilled
polymer.
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Because of their excellent heat resistance, chemical stabil-
ity, and superior electrical properties, polyimide (PI) based
nanocomposites are desirable candidates for use in corrosive
and aggressive environments where current polymer nanocom-
posites are not useable [7]. It has been reported that PI/MMT
nanocomposites can exhibit increased modulus and strength,
high-heat distortion temperature, decreased thermal expansion
coefficient, reduced gas permeability, and increased solvent
resistance compared to the pure (unfilled) polymer [8e11].
A number of methods, such as solution mixing, melt blending,
and in situ polymerization, for preparing PI/MMT nanocom-
posites have been reported [12e14]. The exfoliation of MMT
clay in the PI matrix provides significant improvement in the
mechanical, thermal and barrier properties of the PI/MMT
nanocomposites. However, it is difficult to achieve complete
exfoliation of smectite clays into a continuous polymer matrix
because of the strong electrostatic attraction between the
silicate layers and the intergallery cations.

There are a number of significant limitations in the process-
ability of PI/MMT nanocomposites [15e18]. These limitations
include (but not limited to) the relatively low-thermal stability of
the organically modified MMT that is unsuitable for use at rel-
atively high temperatures that are needed for the melt blending
and curing of PIs with the nanoparticles. It is very difficult to find
thermally stable chemical modifiers to improve MMT clay com-
patibility that will not thermally degrade at the high temperature
needed for processing polyimides. Consequently, there is a need
to explore alternative nanofillers and routes to chemical modifi-
cation of MMT prior to incorporating them into the PI matrices.
Another motivation for the present study is concerned with the
fact that PI can be filled with certain low-dielectric constant
material to tune its dielectric constant without significantly
changing its mechanical properties and chemical stability [19].

The work reported in this paper is focused on exploring the
feasibility of using special inorganic nanofillers for preparing
polyimide nanocomposites with enhanced benefits. The special
nanofillers are relatively new magnesium hydrosilicate nano-
tubes (SNTs) that were specifically developed for use in poly-
mer nanocomposite fabrication [20,21]. To our knowledge,
there is only one reported study on the silicate tube/polyimide
composite films with variable low-dielectric constant [19].
Relative to the common MMT, these special SNTs do not
need any preliminary chemical treatment to improve the parti-
cle separation because the contact surface between the tubes is
small compared to that of sheet-like materials such as MMT.
This relative ease of SNT particle separation is enhanced by
the fact that SNT is inherently dispersible in typical aprotic
solvents used commonly for PI synthesis. In addition, it has
been demonstrated and reported in the literature that the size
and shape of SNT can be readily controlled during their syn-
thesis under hydrothermal conditions [20,21], making the SNT
widely applicable. The present study will illustrate a new route
to prepare useful PI nanocomposites with improved properties
such as dielectric and barrier. This new processing route to
polyimide nanocomposites is remarkably different from the
direct physical mixing of inorganic nanoparticles with poly-
mers that pervades the literature.
2. Experimental methods

2.1. Silicate nanotubes

The magnesium hydrosilicate [Mg3Si2O5(OH)4] nanotubes
(SNTs) used in this study were synthesized at the Institute of
Silicate Chemistry (Russian Academy of Sciences). Note that it
is well known since 1930 that Mg3Si2O5(OH)4 crystals can exist
as hollow tubes [22,23] and their synthesis has been widely
reported in the literature (see for example Refs. [24e29]).

As previously reported in the literature, SNT can be syn-
thesized from alkaline solutions of magnesium and silicon
oxides under hydrothermal conditions to yield tubular nano-
particles with the desired particle shape and size (see Fig. 1
of Ref. [16]). For example, this structurally homogeneous
SNT with constant outer diameter of w25 nm and an inner
diameter of w5 nm can be prepared under optimal hydrother-
mal treatment of an alkaline mixture of magnesium and silicon
oxides at 350e400 �C and pressure of 70e100 MPa [20,21].
Additional details of the formation of SNT under hydrother-
mal conditions that is facilitated by high-pressure autoclaves
are available elsewhere [20,21]. The SNTs used in the present
study have w400e1000 nm in length and 15e20 nm in diam-
eter as illustrated in Fig. 1. The SNT density is 2.5 g/cm3.

2.2. Polyimide matrices

Polyetherimide was obtained from General Electric (GE,
Ultem�-1000). The average molecular weights of Ultem�-
1000 are Mn ¼ 12; 000 and Mw ¼ 30; 000. The density is
1.28 g/cm3. Poly(amic acid) (PAA) of poly(pyromellitic dian-
hydride-co-4,40-oxydianiline) (PM) was supplied by Sigmae
Aldrich. PAA-PM is a 15.0e16.0 wt% solution in N-methyl-
2-pyrrolidone (NMP) with a viscosity of 50e70 poise. PI type
films (30e40 mm thick) were prepared from PAA-PM by casting

Fig. 1. SEM photomicrograph of magnesium hydrosilicate nanotubes (SNTs).
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onto soda lime glass plates and curing in an oven under air atmo-
sphere. Imidization was achieved by placing the films in an air
oven for three successive 1 h durations, at 100, 200 and
300 �C, respectively. Standard infra-red spectroscopy (FTIR
PerkineElmer 180) was used to confirm the formation of poly-
imide via the characteristic absorption peaks occurring at 1780,
1720, 1380, 725 cm�1 that are typical for aromatic polyimides
[7]. Subsequently, the cast films were removed after complete
imidization from the glass plates by soaking in water. The
density of the PI type film prepared from PAA-PM is 1.42 g/cm3,
and the film is hereinafter referred to as PIPAA-PM.

2.3. Solvent casting of PAA-PM/SNT nanocomposite films

The PIPAA-PM/SNT nanocomposite films containing differ-
ent concentrations of SNT were prepared by adding the desired
amount of SNT to NMP. The resulting dilute SNT suspension
in NMP was homogenized for 30 min in an ultrasonic bath
(40 kHz). The sonicated SNT suspension was transferred
into a three-neck round bottom flask equipped with a mechan-
ical stirrer, a nitrogen gas inlet, and a drying tube outlet filled
with calcium sulfate. After stirring the SNT solution for
10 min, PAA-PM was added into the SNT suspension and
the stirring of the mixture was continued for an additional
60 min until a constant viscosity was obtained. The solid
content of the SNT/PAA-PM solution was 10 wt% in NMP.
Thin (30e40 mm thick) PIPAA-PM/SNT films were prepared
with varying SNT concentrations (3, 5, 7, 10, 15, 20 and
30 wt%) from the SNT/PAA-PM solution as already described
above for the pure (unfilled) PIPAA-PM films. Using the mate-
rial densities (1.42 g/cm3 for PIPAA-PM and 2.5 g/cm3 for
SNT), the corresponding volume concentrations of SNT in
the polyimide nanocomposites are 1.7, 2.9, 4.1, 5.9, 9.1, 12.4
and 19.6 vol%.

2.4. Melt blending of Ultem�-1000/SNT nanocomposites

A HAAKE MiniLab� Micro Compounder was used for
melt mixing of polyetherimide (Ultem�-1000) with the SNT
particles. The materials were dried before mixing for a mini-
mum of 6 h at 80 �C in a vacuum oven. Five gram mixtures
of Ultem�-1000 and SNT particles were extruded using the
HAAKE MiniLab� Micro Compounder to obtain Ultem�-
1000/SNT blends with concentrations of 2, 6, 10 and
15 wt% SNT. Using the material densities (1.28 g/cm3 for Ul-
tem�-1000 and 2.5 g/cm3 for SNT), the corresponding volume
concentrations of SNT in the nanocomposites are 1.0, 3.0, 4.9
and 7.1 vol%. The melt compounding was carried out using
a barrel temperature of 340 �C, a screw speed of 100 rpm,
and screw residence time of 20 min.

Extruded Ultem�-1000/SNT nanocomposite pellets were
injection molded into standard test specimens using a DACA�

Instruments MicroInjector. The test specimens have the follow-
ing dimensions: length (L)¼ 20 mm, width (W )¼ 5 mm, and
thickness (T )¼ 1 mm. These specimens were prepared using
a barrel temperature of 380 �C, mold temperature of 90 �C
and injection pressure of 100 bar.
After molding or preparation of the films by solvent cast-
ing, the specimens were sealed in a polyethylene bag and
placed in a vacuum desiccator for a minimum of 24 h prior
to testing.

2.5. Measurements

A strain-controlled dynamic rheometer ARES� from TA
Instruments was used to measure the dynamic and steady shear
viscosities of polymers in the cone and plate configuration
following standard procedures. The diameter of the plate was
25 mm and the cone angle was 0.1 rad. Nitrogen was used as
the heating gas for temperature control. The powdered samples
were compacted into discs at room temperature using a compres-
sion molding machine. The disk was subsequently placed
between the plates of the rheometer that were preheated to the
desired temperature of 360 �C. The sample was melted com-
pletely in 10 min. Dynamic time sweeps were performed using
the oscillation mode at a frequency of 1 rad/s and a strain of 1%.

Thermogravimetric analysis (TGA) curves were recorded
with a comprehensive PerkineElmer thermal analysis 7 system.
The TGA measurements were conducted using 5e10 mg
samples contained in a platinum crucible with a heating rate
of 10 �C under a nitrogen atmosphere.

A high-resolution scanning electron microscopy (HRSEM,
FEI Sirion) was used to characterize the morphology of SNT-
filled polyimide film samples.

The tensile mechanical properties (Young’s modulus Et,
tensile strength st and elongation at break 3t) of the nanocom-
posite films (PIPAA-PM/SNT) were measured using a crosshead
speed of 2 mm/min according to the ASTM D882-88 standard
method. The storage moduli E0 of the nanocomposite films
were determined using a PYRIS Diamond DMA operating at
ambient conditions, a frequency of 1 Hz, and a strain ampli-
tude of 1%. The flexural mechanical properties (i.e., flexural
modulus Ef, flexural strength sf and deformation at break 3f)
of the molded Ultem�-1000/SNT nanocomposites were mea-
sured according to the ASTM D790 standard using a crosshead
speed of 1 mm/min. Torsion rectangular test fixture of ARES�

dynamic rheometer was used for measuring storage shear
modulus G0 of the molded nanocomposites (L¼ 20 mm,
W¼ 5 mm, and T¼ 1 mm). The samples were held in tension
between the upper and lower test fixtures. Dynamic strain
frequency sweep tests were performed using the oscillation
mode at a frequency of 1 rad/s and a linear strain of 0.1%.
Both the tensile and flexural mechanical properties tests
were performed using at least five specimens of each compo-
sition and the average results obtained are similar to those
reported in this article.

The dielectric properties were measured using a RLC
Wayne Kerr 4270 equipment at frequencies ranging from 0.1
to 100 kHz in an evacuated sealed glass cell equipped with
chromium-plated brass electrodes at a pressure of 1.3 Pa and
over a temperature range of 20e350 �C. After the first mea-
surement, the samples were allowed to cool to 20 �C and the
loss tangent (tan d) was measured again in the same tempera-
ture and frequency ranges. The activation energy DU of dipole
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polarization was calculated from the Arrhenius relationship
t¼ to eDU/RT. The relaxation times were obtained from the
relationship t¼ 1/2pfm, where t is the relaxation time at which
tan d goes through a maximum at a given temperature and fm
is the frequency at which tan d is maximum at constant tem-
perature. The dielectric constants (30) of the PIPAA-PM/SNT
nanocomposite films were determined at 20 �C and frequency
of 1 kHz, and found to be typically replicated to within about
5% from sample to sample.

Oxygen barrier of the nanocomposites was measured at
25 �C, 0% RH and 1 atm partial oxygen pressure difference
using commercially manufactured diffusion apparatus OX-
TRAN� 2/21 ML (MOCON). Water vapor barrier was measured
at 25 �C and partial pressure difference corresponding to 50%
RH using diffusion apparatus PERMATRAN-W� Model 3/33
MG (MOCON). Both instruments employ a continuous-flow
method (ASTM D3985-81 and ASTM F1249-01) with nitrogen
as a carrier gas to measure oxygen and water vapor flux, J(t)),
through polymeric films or thin sheets. The film specimens
were masked to aluminum foil into which a circular exposure
with constant area of 5� 10�4 m2 was cut. Prior to testing, the
specimens were conditioned in nitrogen inside the unit to
remove traces of atmospheric oxygen or water vapor. As the
permeant concentration in the specimen reached a constant
distribution, the flux leveled off and approached the steady state
value JN. This value, normalized by the film thickness l and the
permeant partial pressure p, defined the permeability coefficient
P¼ JNl/p. The film thickness l of each specimen was deter-
mined from l¼W/Ar, where W is the sample weight, A is the
sample area, and r is the density. The values of the barrier
properties obtained typically replicated to within about 5%
from sample to sample. The methodology of barrier measure-
ments adopted in this study, data analysis, and a discussion of
the source of experimental error were previously described in
details elsewhere [30].

3. Results and discussion

3.1. Processing and mechanical properties of PIPAA-PM/
SNT nanocomposite films

For the fabrication of PIPAA-PM/SNT nanocomposite films
with optimal properties, it is very important to first determine
optimal conditions for the efficient dispersion of SNT in
N-methyl-2-pyrrolidone (NMP) solvent that is commonly used
for the preparation of poly(amic acid) solution. The feasibility
of SNT to form homogeneous nanodispersion in NMP was
investigated using the rheology method that was shown previ-
ously [31] to be an effective method for characterizing the
exfoliation of clay nanoparticles in a suitable solvent. Homo-
geneous dispersion of nanoparticles in a suitable solvent leads
to gelation of the solution that is ascribed to the formation of
a percolation type network at some critical concentration of
the nanoparticles used. Generally, it is possible to estimate
this percolation threshold Pc theoretically [32] by using the
equation for a cylinder: Pc¼ 0.6/r, where the aspect ratio
r¼ L/d, L is the length of cylinder, and d is the diameter of
cylinder. From Fig. 1, it is evident that the average r and Pc

of the SNT used in this study are �20 and 0.03, respectively.
These values suggest that a homogeneous dispersion of the
SNT in NMP will show a huge viscosity increase at a SNT
volume concentration close to 0.03 or 3%.

The dispersibility of SNT in three solvents (i.e., NMP,
ethanol, and ionized water) was studied in an effort to find
the best solvent for homogeneously dispersing the SNT in
solution. The dispersions of different SNT loadings (from 1
to 8 vol%) in the three solvents were typically prepared in
separate beakers that were subjected to ultrasonic mixing for
1 h in an ultrasound bath (40 kHz). The resulting translucent
SNT dispersions were used to perform rheological measure-
ments, results of which are described in the next paragraph.
Note that all the solutions showed typical gel-like behavior
and they were all observed to be very stable for a long period
of time (� one month) in a closed bottle, with solvent evapo-
ration being the only variable.

Dynamic frequency sweeps with a linear strain of 1% at
room temperature in the cone/plate geometry were used to
characterize the equilibrium state of the nanodispersions of
SNT in different solvents as shown in Fig. 2. Three measure-
ments were made at one frequency to ensure that solvent evap-
oration did not occur during the experiment. Fig. 2 shows the
dependence of complex viscosity on volume concentration of
the SNT particles in NMP, ethanol and water. Clearly, dra-
matic increase in the viscosity of the SNT/NMP and SNT/eth-
anol nanodispersions are evident at approximately the same
volume fraction of the SNT (w3%) that is remarkably close
to the percolation threshold value estimated theoretically. By
contrast, the viscosity increase in the SNT/water nanodisper-
sion occurred at relatively high concentrations of the SNT
particles (w7%), indicating a slightly lower dispersibility of
SNT in water compared to that of the SNT nanodispersion
in both NMP and ethanol. The preceding results confirm our
expectation of very good dispersibility of SNT particles in
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NMP, making it possible to prepare homogeneous mixtures
of these particles with PAA in NMP solvent.

As described in Section 2.3, the solvent casting method for
preparing PIPAA-PM/SNT nanocomposite films without SNT
agglomerates was confirmed by optical microscopy. The micro-
graph of the surface of the PIPAA-PM/SNT nanocomposite films
obtained with the aid of SEM (Fig. 3) shows a homogeneous
dispersion of SNT in the polymer matrix. The presence of small
quantity of the long silicate nanotubes (length> 1 mm) is
thought to be a consequence of the difficulty in controlling
ultrasonic mixing used here. This hypothesis will be confirmed
in future proposed research by studying the effects of different
ultrasound frequencies and power level on the SNT particle
sizes. Nevertheless, the rheology measurements (Fig. 2) sug-
gest that the effect of ultrasonic mixing on the SNT aspect ratio
is insignificant because the critical concentration of SNT at
which the viscosity increased significantly is found to be very
close to the percolation threshold estimated theoretically as
already mentioned.

The mechanical properties of PIPAA-PM/SNT nanocomposite
films (i.e., Young’s modulus Et, tensile strength st, elongation
at break 3t, and dynamic storage modulus E0) are summarized
in Table 1. As mentioned in Section 2.5, the mechanical prop-
erties shown in Table 1 are averages of data obtained from at
least five samples of each SNT composition. It can be seen
from this table that incorporation of SNT into polyimide matrix
significantly improved its modulus. The average increase in the
modulus of these nanocomposites is 0.15 GPa per wt% of the
SNT. This increase is lower than that (0.4 GPa/wt% loading)
of organoclay-filled polyimide films based on BTDA-ODA as
previously reported [33]. The observed trend in the increase
of storage modulus E0 is the same as that of Et with increasing
SNT concentrations (see Table 1). The tensile strength of the
PIPAA-PM/SNT nanocomposite films decreases with increasing
concentrations of SNT (Table 1). This result may be ascribed

Fig. 3. SEM photomicrograph of the surface of PIPAA-PM/SNT nanocomposite

film (volume fraction of SNT is 19.6%).
to a number of plausible reasons such as the weak boundaries
between the SNT particles and polymer matrix and possible
inhomogeneous network density of the samples. Note that the
untreated surfaces of the silicate nanotubes are mostly hydro-
philic while the polymer is relatively hydrophobic. While the
elongation at break 3t of the unfilled (virgin) polyimide was
reduced from 65% to 4.5% by incorporation of 12.4 vol% or
20 wt% SNT, it is noteworthy that simple folding (or bending)
of the PI/SNT nanocomposite film did not result in the brittle
fracture of the films. In contrast to the PI/SNT nanocomposite
film, it is well known that it is practically impossible to prepare
PI films filled with MMT clay particle concentration >10 wt%
due to intractable viscosity of the dispersion and the extreme
brittleness of the resulting films caused by the presence of
MMT clay particles [33e38]. The average minimum value of
3t¼ 4.5% observed at SNT concentration of 12.4 vol% shows
that flexible nanocomposite films can be prepared with im-
proved thermal and barrier properties (discussed later). This
desirable result is consistent with that reported by Zhang
et al. for similar silica tube/polyimide composite films [19],
and is believed to be due to the intrinsic characteristics of the
special ceramic SNT fillers.

3.2. Processability, mechanical and thermal properties
of molded Ultem�-1000/SNT nanocomposites

Melt-blended Ultem�-1000/SNT nanocomposites were
prepared using a HAAKE MiniLab� Micro Compounder as de-
scribed in Section 2. Fig. 4 shows logarithmic plots of complex
viscosity of these nanocomposites versus frequency at 360 �C
(i.e., 20 �C higher than the melt-blending temperature). Note
that these molded nanocomposites contain SNT particles
�5.4 vol%. It is clearly evident from Fig. 4 that the complex
viscosity increases with increasing volume concentration of
SNT particles especially at low frequency. The relative small
increase in complex viscosity at high frequencies suggests
easy processability of the Ultem�-1000/SNT nanocomposites
at a screw speed of 100 rpm and injection pressure of 100 bar
used in this study. The nanocomposites with high-SNT concen-
trations of 3.1 and 5.4 vol% exhibit relatively strong solid-like
non-Newtonian (shear thinning) behavior as Fig. 4 shows. In
contrast, the low-frequency response of the nanocomposites
filled with relatively small SNT concentrations such as

Table 1

Tensile mechanical properties and storage modulus of PIPAA-PM/NT nanocom-

posite films

Wt% NT Vol% NT st [MPa] Et [GPa] 3t [%] E0a [GPa]

0 0 148� 2 2.42� 0.07 65� 7 3.12

3 1.7 150� 3 2.73� 0.08 26� 3 3.43

5 2.9 132� 3 2.91� 0.10 22� 4 4.18

7 4.1 111� 2 3.18� 0.09 21� 5 4.42

10 5.9 107� 4 3.22� 0.15 18� 3 e

15 9.1 97� 3 3.34� 0.12 10� 2 e
20 12.4 55� 5 3.42� 0.18 4.5� 2 e

30 19.6 Measurements are impossible due to the brittleness

of the films

a Data within the 5% accuracy of the DMA instrument used.
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1 vol% and of pure Ultem�-1000 shows a tendency towards
Newtonian behavior, displaying a nearly constant complex
viscosity at frequencies <4 rad/s (see Fig. 4). The strong shear-
thinning behavior of the nanocomposites with high-SNT
concentrations is akin to that previously reported for oligoi-
mide/clay nanocomposites [31] and is consistent with the
formation of percolation network of the nanoparticles. The
significant increase in viscosity together with the strong shear-
thinning behavior discussed above shows that relatively good
and homogeneous dispersion of the SNT particles is possible
via melt-blending in the microcompounder used here even
without an additional step for surface treatment of the SNT
particles prior to melt blending with polyimide. Perhaps, sur-
face treatment of the SNT particles prior to melt blending
with relatively high-molecular weight polyetherimide can
improve the compatibility of the SNT particles with polyether-
imide matrix, but this is beyond the scope of this paper.

The flexural modulus Ef, flexural strength sf, deformation at
break 3f, and shear storage modulus G0 are summarized in Table
2. Note that the data shown in this table represent averages of
results obtained from at least five specimens at each SNT con-
centration. As in the case of PIPAA-PM/SNT nanocomposites
discussed earlier in Section 3.1, incorporation of SNT particles
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Table 2

Flexural mechanical properties and storage modulus of molded Ultem�-1000/

NT nanocomposites prepared with the aid of Micro Compounder (HAAKE)

and DACA (microinjector)

Wt% NT Vol% NT sf [MPa] Ef [GPa] 3f [%] G0a [GPa]

0 0 177� 2 2.65� 0.05 >12 1.42

2 1.0 188� 2 2.98� 0.07 >12 1.54

6 3.1 193� 2 3.41� 0.09 >12 1.63

10 5.4 200� 3 3.65� 0.11 10� 1 1.72

15 8.3 187� 4 3.98� 0.10 7� 1 1.85

a Data are within 5% accuracy of the ARES instrument used.
into the molded polyimide nanocomposites is observed to
significantly improve modulus of the pure matrix. The average
increase in the modulus of Ultem�-1000/SNT nanocomposites
is about 0.15 GPa per wt% of SNT, a value that is remarkably
similar to that observed for the PIPAA-PM/SNT nanocomposite
films already discussed. A similar increase in G0 with increasing
SNT concentrations was also found for the Ultem�-1000/SNT
nanocomposites, but the observed increase in tensile modulus
is slightly less. The deformation at break 3f (a measure of ductil-
ity) of the nanocomposites at SNT concentration�5.4 vol% (or
�10 wt%) decreases with increasing SNT concentration. How-
ever, at low-SNT concentrations (i.e., <5.4 vol%) the ductility
(3f> 12%) of the nanocomposites is relatively unaffected.
Note that in Table 2 the 3f> 12% implies that it is impossible
to fracture the sample in the 3-point bend configuration used
in the present study. The nanocomposites showed modest
improvements in flexural strength sf with increasing SNT
concentrations up to 5.4 vol%. These results show that Ul-
tem�-1000/SNT nanocomposites can be prepared (as in this
study) that are stiff, strong and relatively flexible as opposed
to the relatively brittle polyimide/MMT nanocomposites at
comparable nanofiller concentrations reported in the literature
[33e38].

The TGA results for pure SNT nanoparticles (curve 1), pure
Ultem�-1000, and of Ultem�-1000/SNT nanocomposite filled
with 5.4 vol% SNT are shown in Fig. 5. The thermal decom-
position process of pure SNT particles in the temperature
range 550e650 �C is associated with evaporation of complex
water during partial thermal degradation of the SNT particles.
The initial decomposition temperature of SNT particles is very
close to the onset degradation temperature of pure Ultem�-
1000 (w550 �C in nitrogen atmosphere), implying that the
Ultem�-1000/SNT nanocomposites are not susceptible to
delayed decomposition compared to pure Ultem�-1000. It is
noteworthy that the coke residue of Ultem�-1000/SNT nano-
composites at temperatures >650 �C is higher than that of
pure Ultem�-1000 due to the well known excellent thermo-
oxidation properties of silicate type materials like SNT.
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Ultem�-1000/SNT nanocomposite (3) filled with 5.4 vol% of SNT.
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3.3. Dielectric properties of PIPAA-PM/SNT
nanocomposite films

Similar temperature and frequency dependencies of loss
tangent (tan d) were obtained for all the PIPAA-PM/SNT nano-
composite films studied; the main differences between the
tan d curves are the intensity of peaks as Fig. 6 shows. For ex-
ample, the dependence of tan d on temperature for PIPAA-PM/
SNT nanocomposite film filled with 19.6 vol% (or 30 wt%)
of SNT is depicted in Fig. 6. Two regions I and II (Fig. 6a)
of dipole polarization are clearly located in the temperature
range of 25e350 �C. The peak temperature of the process as-
sociated with region I (40e50 �C) is independent of frequency
but the peak intensity is dependent on frequency. Therefore,
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Fig. 6. Temperature and frequency dependencies of loss tangent (tan d) for
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SNT particles under different sample preparation conditions: (a) initial film
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the occurrence of this region I is ascribed to some other
process that is clearly not a molecular relaxation process.
Clearly, region II is associated with a molecular relaxation
process because its peak temperature depends on the fre-
quency of testing. The activation energy DU of the dipole
polarization calculated from the Arrhenius relationship is
about 20 kcal/mol. As can be seen from curve 2 in Fig. 6b
the same sample after drying did not show region I; only
region II was revealed. The exact origin of the process respon-
sible for region I is presently unclear. However, the results of
this study suggest that region I occurring at 40e50 �C is asso-
ciated with the presence of water molecules in the PIPAA-PM/
SNT nanocomposite films; this interpretation is consistent
with the disappearance of region I in the second measurement
of the dried film sample as already mentioned. To confirm this
interpretation, the dried PIPAA-PM/SNT film sample was ex-
posed to steam (water vapor) atmosphere for 10 days and
the measurement was repeated. The temperature dependence
of tan d for the sample after this type of treatment just men-
tioned is shown as curve 3 in Fig. 6b. It can be seen from
this curve that region I is again obtained but with a relatively
lower peak intensity compared with that of curve 1 (Fig. 6b)
obtained from the initial sample without the steam treatment.
The adsorption of water molecules from the atmosphere by the
film is believed to be exacerbated by the strong hydrophilic
nature of the SNT particles as already mentioned.

In addition to the temperature and frequency dependencies
of tan d, the dielectric constants of the PIPAA-PM/SNT nano-
composite films were measured before and after drying, as
well as, after the additional steam treatment of the films for
10 days, and the results obtained are summarized in Table 3.
Clearly, this table shows that the presence of SNT particles
in the PIPAA-PM/SNT nanocomposite films decreases the
dielectric constant from 2.9 (for pure PIPAA-PM film) to 2.2
(for PIPAA-PM/SNT nanocomposite film filled with 5.9 vol%
or 10 wt% of SNT). The observed increase in the dielectric
constant for the initial PIPAA-PM/SNT films filled with
19.6 vol% (or 30 wt%) is believed to be due to the presence
of residual water molecules in the films. Note that drying of
the PIPAA-PM/SNT films by heating up to 350 �C gave a repro-
ducible dielectric constant of 2.3 (see Table 3, column 32

0).
Subsequent exposure of the PIPAA-PM/SNT films to steam for
10 days increased their dielectric constant, especially for films
with a high concentration of SNT (see Table 3, column 33

0). The
dielectric properties of the PIPAA-PM/SNT nanocomposite films
reported in this study indicate the positive and desirable
influence of SNT particles in lowering the dielectric constant

Table 3

Dielectric constants of PIPAA-PM/SNT nanocomposite films

Wt% NT Vol% NT 31
0

(initial film)

32
0

(after drying)

33
0

(after steam storage)

0 0 2.9 2.9 2.9

10 5.9 2.2 2.2 2.7

15 9.1 2.4 2.3 2.8

20 12.4 2.5 2.3 3.1

30 19.6 2.8 2.5 3.3
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[19], an attribute that is especially important for microelec-
tronic applications [19,39]. To minimize the adsorption of
water molecules from the atmosphere especially by the nano-
composite films containing relatively high-SNT concentra-
tions, the results of this study point to the need of
modification of the SNT particles to render them hydrophobic
prior to their incorporation into the film. One way to do this is
to treat the SNT particles with silane coupling agents, making
them useful for applications in humid environments. This is
a matter for future investigation.

3.4. Gas and water permeabilities

Table 4 summarizes the results of oxygen and water barrier
measurements conducted at 25 �C for PIPAA-PM control and
two PIPAA-PM/SNT nanocomposite film samples containing
4.1 and 19.6 vol% (7 and 30 wt%) of the silicate nanotubes
(SNTs). The oxygen permeability coefficient for PIPAA-PM

control, 1.26 cc cm/m2/day/atm, was found to be in excellent
agreement with the oxygen permeability coefficient, 1.28 cc
cm/m2/day/atm, previously reported in the literature for the
same polyimide system [40]. By contrast, the water vapor per-
meability for PIPAA-PM control was found to be 6389 cc cm/
m2/day/atm compared with a value of 3771 cc cm/m2/day/atm
reported for Kapton� [41]. (Note that Kapton� is a registered
trade name for polyimide having a similar chemical structure
to the polyimide system of the present study.) Therefore,
PMDA-ODA polyimide system exhibited about twice as large
water permeability as Kapton�.

The dispersion of a mineral phase in a polymer improves the
gas barrier of the polymer by creating a more tortuous diffusion
path. Oxygen permeability decreased by 24% for PIPAA-PM/SNT
containing 4.1 vol% SNT and by 40% for PIPAA-PM/SNT con-
taining 19.6 vol% SNT. Surprisingly, it was found that the de-
crease in water vapor permeability with addition of SNT was
less pronounced than that for oxygen permeability, i.e. water
vapor permeability decreased by 1.5% for PIPAA-PM/SNT with
4.7 vol% SNT and by 29% for PIPAA-PM/SNT with 19.6 vol%
SNT. This noticeable difference between oxygen and water
vapor barrier behavior is attributed to the hydrophilic nature
of the silicate nanotubes and their very large surface to volume
ratio. It is quite possible that water vapor solubility and diffusiv-
ity of the PIPAA-PM matrix was selectively enhanced in the
presence of hydrophilic SNT nanoparticles with very large
surface to volume ratio, leading to the observed difference in
the gas barrier behavior between more inert oxygen and water

Table 4

Permeability of oxygen and water vapor in PIPAA-PM/SNT nanocomposite

films

Wt% SNT Vol% SNT P (oxygen)

[cc cm/m2/day/atm]

P (water vapor)

[cc cm/m2/day/atm]

0 0 1.26 6389

7.0 4.1 0.96 6295

30.0 19.6 0.75 4547
vapor. Further investigation is needed to shed more light on
this interesting behavior.

Fig. 7 shows relative oxygen permeability as a function of
vol% of SNT in the PIPAA-PM/SNT nanocomposite films. The
curves represent theoretical barrier behavior of the composites
filled with particulates of different geometries: randomly
dispersed spheres (curve 1), randomly dispersed disks aligned
perpendicular to the permeation direction with r/h¼ 10 (curve
2), randomly and homogeneously dispersed rods aligned in the
plane perpendicular to the permeation direction with L/d¼ 1
(curve 3), 5 (curve 4), and 20 (curve 5). Relative gas permeabil-
ity of composites filled with impermeable spheres was predicted
using Maxwell equation, PNC/PM¼ (1� f)/(1þ f/2), where
PNC is the permeability of a composite medium, and PM is the
permeability of polymer matrix, and f is the volume fraction
of impermeable phase [42]. Note that the vol% is equal to 100
times the volume fraction f. Relative permeability of compos-
ites filled with aligned disks was predicted using the Nielsen’s
equation, PNC/PM¼ (1� f)/(1þ (f� r/h)), where r is the
disk radius and h is the disk thickness [43]. Relative permeabil-
ity of rods was predicted using an expression (expansion
approximation) derived by Fredrickson and Shaqfeh for
f� 1, PNC/PMC¼ (1� f){1� [1/3 ln5/2(2L/d )](2fL2/d2)3/2},
where L is the rod length and d is the diameter [44].

Incorporation of SNT into PIPAA-PM resulted in noticeable
improvement in oxygen and water barriers. It can be seen
from Fig. 7 that oxygen permeability trend for PIPAA-PM/SNT
falls between the theoretical prediction (upper bound) for the
composite filled with random spheres and the one (lower
bound) filled with randomly dispersed disks characterized by
aspect ratio r/h¼ 10 but aligned perpendicular to the perme-
ation direction. Interestingly, the aspect ratio r/h w 5e10 is
the characteristic value of typical mineral additives such as
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talc, calcium carbonate, and kaolin. The oxygen barrier proper-
ties for all the PIPAA-PM/SNT systems studied were found to
be significantly lower than the theoretical values predicted
based on the assumption that the rods are randomly dispersed
but aligned with aspect ratio L/d¼ 20 (curve 5). Aspect ratio
L/d¼ 20 represents the characteristic dimensions of the SNT
nanoparticles used here, at least before processing, L w
400 nm and d w 20 nm (see Fig. 1). A question that can be
posed is why the experimentally measured gas barrier of
PIPAA-PM/SNT was found to be lower than the theoretical pre-
diction depicted by curve 5 in Fig. 7? One plausible reason
for this discrepancy is that the silicate nanotubes are not
aligned exactly in the plane perpendicular to the permeation
direction which is one of the model’s central assumptions. As
already discussed, the silicate nanotubes exhibit a more random
orientation. Another reason for the discrepancy just mentioned
is ascribed to the processing conditions, in particular ultrasound
treatment, that can lead to brittle failure of silicate nanotubes,
chopping them up into shorter nanoparticles characterized by
L/d values which are considerably smaller than 20.

In summary, the results show that it is possible to predict rea-
sonably well the gas barrier for PIPAA-PM/SNT with 4.7 vol%
SNT (with L/d¼ 5) and PIPAA-PM/SNT with 19.6 vol% SNT
(with L/d¼ 1). The characteristic L/d for PIPAA-PM/SNT with
19.6 vol% which can be estimated from the corresponding
TEM micrograph shown in Fig. 3 is indeed close to unity, indi-
cating that the chopping of silicate nanotubes during processing
is the main reason why the gas barrier of PIPAA-PM/SNT was
found to be considerably smaller than the predicted one (curve
5). However, theoretical prediction (curve 5) demonstrates the
potential of optimally dispersing the silicate nanotubes in the
polymer matrix to enhance the gas barrier of the PIPAA-PM/
SNT film as long as the silicate nanotubes maintain their
original lengths.

4. Conclusions

It can be concluded from the results of this study that new
and useful polyimide nanocomposites containing magnesium
hydrosilicate nanotubes (SNTs) (up to 20 wt% SNT) can be
prepared with improved mechanical properties and without
the undesirable extreme brittleness that is typically reported
in the literature for polymer nanocomposites filled with com-
mercial montmorillonite fillers at comparable inorganic filler
concentrations. For example, incorporation of SNT into the
polyimide matrix improved its modulus considerably by an
average increase in the modulus of 0.15 GPa per wt% of the
SNT. Another advantage of using the SNT (as in this study)
is their very good dispersibility in aprotic solvents, making
it unnecessary to pre-treat the SNT particles to exfoliate
them in poly(amic acid) solution. Exfoliation or homogeneous
dispersion of the SNT particles in the polyimide type PMDA-
ODA matrix using the solution mixing method described in
this study was confirmed by rheology and microscopy mea-
surements. The results also showed that the SNT particles
can be homogeneously melt-blended with thermoplastic
polyimide (Ultem�-1000) at elevated temperatures using
conventional polymer processing methods such as extrusion
and injection molding, making the special SNT particles
widely applicable. High-temperature melt blending of the
SNT particles with high-temperature polyimides is facilitated
by their excellent thermo-oxidation stability at temperatures
in excess of 500 �C. The modulus and strength of the molded
Ultem�-1000/SNT nanocomposite film were improved by
increasing the SNT concentration while still maintaining its
flexibility. Other results of this study point to the potential
of using the polyimide/SNT nanocomposites as thermally sta-
ble coatings with low-dielectric constant (z2.0) and improved
gas barrier properties (i.e., decreased oxygen permeability) in
microelectronic application areas like others have reported for
a similar silica tube/polyimide composite film [19].
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