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A COMPARATIVE STUDY ON THE MECHANICAL 

AND BARRIER CHARACTERISTICS OF POLYIMIDE 

NANOCOMPOSITE FILMS FILLED WITH NANOPARTICLES OF 

PLANAR AND TUBULAR MORPHOLOGY
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Polyimide (PI) films based on poly(pyromellitic dianhydride-co-4,4′-oxydianiline) (PI-PM) were filled with 
different nanoparticles, such as organically modified montmorillonite (MMT), vapor-grown carbon nanofibers 
(VGCF), and silicate nanotubes (SNT) of different concentration.. Rheological measurements and structural 
investigations showed a relatively good dispersion of the nanoparticles in the PI matrix to an extent that 
depended on the type and morphology of the nanoparticles used. The mechanical (tensile modulus, strength, 
and deformation at break) and the barrier (oxygen permeability) properties of PI-PM nanocomposite films 
were investigated. The polyimide nanocomposites filled with SNT and tubular VGCF nanoparticles showed an 
increased tensile modulus with increasing volume concentration of the nanoparticles without a catastrophic 
decrease in the elongation at break. In addition, the MMT particles, chemically modified with 4,4'-bis-(4′′-
aminophenoxy)diphenylsulfone, significantly improved the barrier properties of the PI-PM films, which exceeded 
those of the nanocomposites filled with VGCF or SNT. The relative poor oxygen barrier and mechanical 
properties of the PI-PM/VGCF nanocomposite films are ascribed to the relative weak adhesion between the 
VGCF and the polyimide matrix, which was confirmed by scanning electron microscopy of the fracture surface 
of these films.
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1. Introduction

The creation of hybrid organic-inorganic nanocomposites in which the size of the inorganic phase does not exceed 
100 nm is one of the most promising ways for obtaining new polymeric materials with improved properties. In this context, it 
is worthy of note that nanocomposites prepared from organic (polymer) and inorganic (nanoparticle) constituents have been 
reported to present materials with a new hierarchical structure at the molecular and supermolecular levels and with properties 
different from the simple sum of those of their constituents. 

In the last decade, a number of publications on polymer nanocomposites have focused on nanocomposites reinforced 
with carbon nanotubes or nanofibers and silicate nanoparticles such as montmorillonite (MMT), a natural laminated silicate 
with a layer thickness of at least 1 nm, as evidenced by a number of review articles, e.g., [1, 2]. Polymer/MMT nanocomposites 
belong to a relatively new class of reinforced polymer nanocomposites, containing uniformly dispersed MMT nanoparticles in 
a polymer matrix. Such nanocomposites are reported to have various practical advantages due to their relatively high mechani-
cal and barrier properties, as well as a good fire-resistance [3, 4]. 

In contrast to the polymer/MMT nanocomposites mentioned in the literature, a high loading of up to 10 vol.% silicate 
nanotubes [5, 6] or carbon nanofibers [7] in polyimide films with a rather high elongation at break can be achieved [8]. These 
new polyimide nanocomposites provide the possibility of significantly increasing the concentration of nanoparticles in poly-
imide without reducing the elongation at break (or ductility) of the polymer matrix. Therefore, these nanocomposites may be 
useful in new applications that require an optimal resistance to the thermal oxidation and good gas/liquid barrier properties. 

A special interest in developing new polyimide (PI)-based nanocomposites is caused by their expected excellent heat 
resistance, chemical stability, and superior electric properties [9]. For example, it has been reported that PI nanocomposites 
can exhibit an increased elastic modulus and strength, a high heat distortion temperature, a decreased thermal expansion coef-
ficient, a reduced gas permeability, and an increased solvent resistance relative to the corresponding parameters of the pure 
polymer [1, 2]. The aim of the current study is to compare the mechanical and barrier properties of PI-type nanocomposite 
films filled with lamellar (MMT) and tubular (carbon or silicate) nanoparticles and to clear up their efficiency in improving the 
performance (e.g., the mechanical properties and oxygen permeability) of pure polyimide films for potential new applications 
where the conventional polymer nanocomposites are unsuitable.

2. Experimental

2.1. Organic treatment of MMT. The natural montmorillonite clay Na-MMT [Cloisite®Na+, cation exchange capac-
ity (CEC) 92.6 meq/100g] was obtained from Southern Clay Products, Inc. The density of the particles was about 2.6 g/cm3. 
The hydrochloric acid (concentration 36.5%) and 4,4′-bis-(4′′-aminophenoxy) diphenylsulfone (BAPS) were obtained from 
Fisher Chemical and Wakayama Seika Kogyo Co., Ltd. in Japan, respectively. The Na-MMT was organically modified with 
BAPS ammonium salts by using the method described in detail in [8]. The modified MMT particles used in the current study 
are hereinafter referred to as MMT-BAPS.

2.2. Carbon nanofibers and silicate nanotubes. The vapor-grown carbon nanofibers (VGCF), which were graphi-
tized at 2800°C, were supplied by Showa Denko K. K. Japan. They had an average diameter and length of 150 and 10-20 
μm, respectively, and a density of 2 g/cm3. The silicate nanotubes (SNT) with a chrysotile-type structure were synthesized 
by a hydrothermal method, facilitated by using high-pressure autoclaves, as described elsewhere [10, 11]. The SNT density 
was 2.5 g/cm3. The average length and outer diameter of the SNT particles were 85.2 and 14.3 nm, respectively, giving an 
average aspect ratio of 6. The inner diameter of the tubular SNT nanoparticles was approximately 4 nm. In contrast to the 
MMT-BAPS nanoparticles already described, the as-received VGCF and SNT were incorporated into the PI matrix without 
any surface treatment.

2.3. Polyimide matrices. The poly(amic acid) (PAA)  of poly(pyromellitic dianhydride-co-4,4′-oxydianiline) (PM) 
was supplied by Sigma-Aldrich. The PAA-PM was a 15.0 wt.% solution in N-methyl-2-pyrrolidone (NMP). The PI films (30-
40 mm thick) were prepared  by casting the PAA-PM on soda lime glass plates and subsequent drying in an oven at 80°C for 
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12 h in an air atmosphere. The imidization was achieved by placing the films in an air oven for curing at 100°C for 1 h, 200°C 
for 1 h, 300°C for 1 h, and 350°С for 30 min. After complete imidization, the films were removed from the plates by soaking 
in water. The density of the PI-type film prepared, hereinafter referred to as PI-PM, was 1.42 g/cm3.

 An oligoimide (OI) based on 1,3-bis-(3,3′,4,4′-dicarboxyphenoxy)benzene and BAPS and endcapped with phthalic 
anhydride was synthesized following the procedure described in [12]. Note that OI with the following chemical structure was 
used as a model material for evaluating the rheological behavior of polyimide matrix filled with nanoparticles:

The number-average molecular weight (Mn) and the weight-average molecular weight (Mw) of the OI were 3609 and 
11553 g/mol, respectively, according to the data of size-exclusion chromatography [12]. 

2.4. Processing of nanocomposites. PI-PM nanocomposite films with different concentrations of nanoparticles (MMT-
BAPS, SNT, or VGCF) were prepared by adding a desired amount of the nanoparticles to the NMP. The resulting suspension 
was homogenized with the aid of an ultrasonic mixer (22 ± 0.1 kHz, average sonic power 45 W) for one hour. The sonicated 
suspension was poured into a three-neck round-bottom flask equipped with a mechanical stirrer, a nitrogen gas inlet, and a 
tubular drying outlet filled with calcium sulfate. After stirring the nanoparticle solution for 10 min, the PAA-PM was added 
to the nanoparticle suspension, and stirring of the mixture was continued for additional 60 min until a constant viscosity was 
obtained. The solid content of the nanoparticle/PAA-PM in the NMP was 10 wt.%. Thin (30-40-mm-thick) PI-PM nanocom-
posite films with various nanoparticle weight concentrations wt were prepared from the nanoparticle/PAA-PM solution, as 
already described above for the case of pure (unfilled) PI-PM films. From the known densities of the materials used (1.42 g/
cm3 for PI-PM, 2.6 g/cm3 for MMT-BAPS, 2.5 g/cm3 for SNT, and 2 g/cm3 for VGCF), the corresponding volume concentra-
tions V of nanoparticles in the polyimide nanocomposites were estimated using the formula
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where ρ1 is the density of particles and ρ2 is the density of polymer matrix.
 A simple solution mixing method was employed to prepare a mixture of NMP solution of OI with nanoparticles 

(MMT-BAPS, VGCF, or SNT). First, the nanoparticles were dispersed in NMP by using an ultrasonic mixer (40 kHz, average 
sonic power 45W) for one hour. Various amounts of the nanoparticles were used to obtain the final OI/nanoparticle mixtures, 
containing 3 to 20 wt.% of the respective particles. Then, an NMP solution of OI (20 wt.%) was added to the nanoparticle/
NMP dispersion, and the combined mixture was stirred with a magnetic blender for five hours. The resulting NMP dispersion 
of OI with nanoparticles was poured on a Teflon®-coated metal substrate, which was subsequently exposed to 100˚C for one 
hour, 200˚C for one hour, and 280˚C for 0.5 hours to completely remove the NMP solvent, which was monitored by a TGA. 
The Teflon® coating made it easy to collect the OI/nanoparticle blends in the form of a powder. The powder samples were 
used to prepare test specimens for rheological measurements, which are described in the next section.

2.5. Measurements. A strain-controlled dynamic rheometer ARES® from TA Instruments was used to measure the 
dynamic and steady-shear viscosity of OI/nanoparticle blends in the cone and plate configuration following standard proce-
dures. The diameter of the plate was 25 mm, and the cone angle was 0.1 rad. Nitrogen was used as the heating gas to control 
the temperature. The OI/nanoparticle powder samples were compacted into disks 25 mm in diameter at room temperature by 
using a compression molding machine. The disk was then placed between the plates of the rheometer, which were preheated 
to a desired temperature.

The tensile stress-strain properties of the PI-PM-based nanocomposite films were determined by using a tensile testing 
machine (Alliance RT/10, MTS systems Co., Ltd.) according to the standard ASTM D882-95 method. Specimens with a gage 
length of 50 mm and width of 5 mm were used. An abrasive paper was placed between the specimen and fixture surface to 
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prevent slippage. Ten tests were conducted for each sample, and the average results are reported in this paper. The morphology 
of fracture surfaces of PI film samples filled with VGCF and SNT nanoparticles was observed using a high-resolution scanning 
electron microscope (HRSEM, FEI Sirion).

The oxygen barrier of the nanocomposites was measured at 25°C and a 1-atm partial oxygen pressure difference 
by means of a commercially manufactured diffusion apparatus OX-TRAN® 2/21 ML (MOCON). The film specimens were 
covered with an aluminum foil having a 50-cm2 circular hole. Prior to testing, the ~40-mm-thick PI films were conditioned 
in nitrogen inside the apparatus to remove the traces of atmospheric oxygen and water vapor. The method of measuring the 
coefficient of oxygen permeability was described earlier in [6] for PI-PM films filled with STN. 

3. RESULTS AND DISCUSSION

3.1. Rheology of oligoimides filled with nanoparticles. As reported previously [5-8], OI/nanoparticle nanocomposites 
can be used as model systems for investigating the flow and deformation conditions for an optimal dispersion of the particles 
in PI used in the current study. Figure 1 shows the complex viscosity (frequency ω = 1 rad/s and strain ε = 1%) against the con-
centration of nanofillers (MMT-BAPS, VGCF, and SNT) for the OI nanocomposites prepared as described in the experimental 
section. The viscosities of the nanocomposites were estimated at 260°С — the temperature corresponding to the Newtonian 
fluid state of the OIs. The figure shows a significant increase in the viscosity (~3 decades) of OI/MMT-BAPS, OI/VGCF, and 
OI/SNT nanocomposites with ~2 vol.% MMT-BAPS, ~3 vol.% VGCF, and ~10 vol.% SNT nanofillers, respectively.

To evaluate the feasibility of a homogeneous dispersion of the nanoparticles in the polyimide matrix, we used a 
rheological method which was found to be effective for characterizing the dispersibility of lamellar and tubular particles in a 
polymer [5]. Homogenous dispersions of nanoparticles in polymers should exhibit a time-dependent rheological behavior (i.e., 
thixotropy), which is characteristic of percolation-type networks at some nanoparticle concentrations. Generally, it is possible 
to estimate this percolation threshold Rp theoretically [13] by using the formula

 R rp = 0 6. ,  
for a cylinder  and
 R rp =1 27. ,  

for an ellipsoid, where r = L/d is the aspect ratio, L is the length of the cylinder or the diameter of the ellipsoid, and d  is the 
diameter of the cylinder or thickness of the ellipsoid. 
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Fig. 1. The complex viscosity η vs. the volume concentration V of MMT-BAPS (1), VGCF (2), and 
SNT (3) nanoparticles in the oligoimide OI at T = 260°С, ω = 1 rad/s, and ε = 1%.
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The preceding equations and the average aspect ratios of ~20 for VGCF and ~6 for SNT can be used to estimate the 
percolation threshold Rp, which was found to be ~ 3 and ~ 10 vol.%, respectively. Assuming, according to [3], an average 
diameter (lateral dimension) of ~ 200 nm and a thickness of ~ 1 nm for the MMT particles, the percolation threshold for them 
was estimated at 0.64 vol.%. These data were found to be close to those obtained from rheological measurements. Therefore, 
it can be concluded that the nanoparticles have been relatively well dispersed during preparation of the nanocomposites. Since 
the method of OI/nanoparticle preparation is similar to that used for the PI-PM/nanoparticles films (see Sect. 2.4.), it is reason-
able to expect that the nanoparticles should also be well dispersed in the films.

3.2. Mechanical properties of PI nanocomposite films. The tensile moduli (Young’s moduli) Ec of the PI-PM-based 
nanocomposite films at room temperature are summarized in Fig. 2, where the ordinate is Ec normalized to the modulus 
Em = 3.0 GPa of the PI-PM matrix. Note that the tensile moduli were determined at strains of 0.3 to 0.5%. To estimate the 
tensile modulus Ec of the PI-PM films filled with nanotubes, we used the model of a lamina with in-plane randomly oriented 
fibers, according to which [14-16]
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In Eqs. (1) and (2), Em and Ef are the matrix and filler moduli, lf and df are the length and diameter of nanotubes, and 
Vf is the volume fraction of nanotubes in the nanocomposite. 

In the corresponding calculations, the following values of the elastic moduli and aspect ratios of nanofibers found in the 
literature were taken: Ef (SNT) = 160 GPa [17], Ef (VGCF) = 500 GPa [18], lf/df (SNT) = 6 [19], and lf/df (VGCF) = 20 [14]. The 
experimental data for the PI-PM films filled with SNT were found to be consistent with calculated (theoretical) values (Fig. 2). 
In contrast to the polyimide/SNT nanocomposites, the PI-PM films filled with VGCF gave theoretical results significantly 
higher than the corresponding experimental data. This discrepancy can be ascribed to the rather weak stress transfer between 
the polymer matrix and VGCF nanofibers, leading to debonding and sliding at the interfaces between the nanofibers and the 
polymer matrix. This hypothesis was supported by the SEM of the fracture surface of the polyimide/VGCF nanocomposite 
films, which revealed evidence for the pull-out of significant lengths of nanofibers from the matrix (Fig. 3a). Compared with 
the polyimide/VGCF nanocomposite, the polyimide/SNT nanocomposite showed a relatively good adhesion between the 
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Fig. 2. The normalized tensile moduli Ec/Em of PI-PM nanocomposite films as functions of 
volume concentration V of MMT-BAPS (1), SNT (2, 2′), and VGCF (3, 3′) nanoparticles: 
(‒‒‒‒‒) — experimental; (– – –) — calculation by Eq. (1).
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nanotubes and matrix (see Fig. 3b), which could be explained by the presence of hydroxyl groups on the nanotube surface. The 
preceding results suggest that the discrepancy between the observed tensile moduli and their theoretical predictions is primarily 
caused by the rather poor adhesion between VGCF and the polyimide matrix. As indicated in [20], the mechanical properties 
(the tensile modulus in particular) of PI-PM/VGCF nanocomposite films can be significantly improved by using pretreated 
VGCF with an effective surface modification in addition to homogeneously dispersing the nanoparticles in the polymer matrix. 
The surface modification of VGCF prior to their incorporation into the polyimide matrix is believed to improve the transfer 
of stress in the nanocomposite from the polymer to the relatively stiff and strong VGCF.

3.3. Barrier properties of PI nanocomposite films. The oxygen permeability of PI-PM films filled with MMT-BAPS, 
VGCF, or SNT was estimated by using the procedure described in Sect. 2.5. The coefficient of oxygen permeability Pm for 
a PI-PM control film, 1.26 cc cm/m2/day/atm, was found to be in excellent agreement with the value 1.28 cc cm/m2/day/atm 
previously reported in the literature for the same polyimide system [21]. The relative permeability of the PI-PM films filled 
with MMT-BAPS platelets was predicted using Nielsen’s equation [22] 

 P P L d Vc m f= +1 1 2[ ( ) ],   (3)

where Vf is the volume fraction of particles, and L and d are their length and thickness. Assuming an average diameter (lateral 
dimension) of ~200 nm and thickness of ~1 nm for the MMT particles, obtained from the literature [3], we calculated the 
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Fig. 3. SEM of the fracture surface of PI-PM/VGCF (a) and PI-PM/SNT (b) nanocomposite films.
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Fig. 4. The relative oxygen permeability Pc/Pm as a function of volume fraction V of MMT-BAPS (1), 
VGCF (2), and SNT (3) nanoparticles in PI-PM nanocomposite films: (‒‒‒‒‒) — experiment; 
(— • — • —) — calculation by Eq. (3) for MMT (L = 200 nm and d = 1 nm).
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relative permeabilities of the films. The values obtained are indicated in Fig. 4, which shows that the experimental relative 
permeability of the PI-PM/MMT-BAPS nanocomposite films is comparable to that given by Eq. (3). However, the experimental 
values are higher, which can be explained by the partial aggregation of MMT particles, as reported in [8, 12] and also follows 
from experimental data (see Sect. 3.1). Overall, the results for the relative permeability show that the incorporation of MMT 
particles (modified by using the thermally stable ammonium salt) into polyimide can significantly decrease the oxygen perme-
ability of polyimide films, making them potentially useful in a number of new applications, such as anticorrosion coatings.

In contrast to the polyimide/MMT, the incorporation of SNT and VGCF with a relatively high aspect ratio (≥ 20) 
into the polyimide matrix did not lead to a significant improvement in the barrier properties of the PI-PM films, as depicted in 
Fig. 4. This behavior of the polyimide/VGCF nanocomposite films is surprising, because the aspect ratio of VGCF is at least 
20 (i.e., four times greater than that of SNT). However, according to the expression (expansion approximation) derived by 
Fredrickson and Shaqfeh for a low volume fraction of rods [23], the relative permeability of PI-PM films filled with VGCF 
with a high aspect ratio should be lower than that of PI-PM films filled with SNT. Nevertheless, the experimental values of 
barrier properties of the PI-PM/VGCF and PI-PM/SNT were practically the same, indicating that the increased aspect ratio of 
tubular nanoparticles does not lead to an improvement in the barrier properties of polyimide nancomposites containing these 
nanoparticles. One plausible explanation of this experimental fact is the rather low adhesion between VGCF and PI-PM, as 
already mentioned (see Fig. 3b), which can lead to the formation of channels for a significant diffusion of oxygen through the 
film thickness. It is reasonable to expect that the surface modification of VGCF can improve both the barrier and the mechanical 
properties of PI-PM/VGCF, but increasing the aspect ratio of SNT-type particles can improve the barrier properties of PI-PM/
SNT nanocomposite films. This is a matter for future investigations.

4. CONCLUSIONS

MMT organically modified with a thermally stable amine (BAPS) can be incorporated into a polyimide matrix at 
elevated temperatures to improve its mechanical and barrier properties. The incorporation of 5 vol.% MMT-BAPS particles in 
PI-PM films can decrease the oxygen permeability of these films more than five times. In contrast, the incorporation of tubular 
nanoparticles, such as SNT with a low aspect ratio (~ 6) or VGCF with a relatively high aspect ratio (~20), in a polyimide ma-
trix does not significantly improve the barrier properties (oxygen permeability) of PI-PM nanocomposite films. However, the 
tubular nanoparticles can be incorporated into the PI-PM matrix at relatively high volume fractions (up to 14 vol.%) to yield 
nanocomposites with relatively high modulus and elongation at break. The relative poor improvement of the mechanical (tensile 
modulus) and barrier (oxygen permeability) properties of PI-PM/VGCF is possibly caused by the rather poor adhesion between 
VGCF and the polyimide matrix. This study suggests that a better understanding of the relationships between the processing, 
structure, and properties of polyimide nanocomposites containing nanofillers of different geometry and dimensions is needed 
to afford new polymeric materials with optimal properties for applications in high-temperature and aggressive environments.
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