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Impact of nanoparticles of various types as fillers on the stability of the poly(pyromellitimide)-based nanocomposite films’ properties in alkaline
hydrolysis was studied. It was shown that the introduction of nanoparticles into the polymer can lead to an increase in excess free volume. This fact
is evidenced by scanning electron microscopy and densitometric studies. The increase of the excess free volume was shown to provoke a rise of
the diffusion intensity of the hydrolyzing agent in the films volume during their exposure to an alkaline medium. This effect leads to film swelling
and, thereby, to increases of the intensity of the destructive action of hydrolysis on the material. Chemical surface pretreatment of the nanofiller
allows one to obtain a composite with an increased packing density compared to that for a composite with unmodified nanoparticles. However, the
hydrolytic stability of such a film still remains somewhat inferior to that of the pristine polyimide.
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1.

Introduction

Progress in the field of polymer materials science is increasingly associated with the development of new polymerinorganic nanocomposite materials [1,2]. This is due to the fact that the introduction of nanoparticles into the polymer
matrix leads to the formation of the materials with improved characteristics owing to the unique properties of these
nanofillers [1–4].
It is known that, depending on the geometric characteristics of the nanofiller used and the nature of its interaction
with the polymer matrix, both the “physical” modification mechanism due to the reinforcement of the polymer by
rigid particles with a high aspect ratio and the “chemical” modification due to the formation of additional chemical
interactions in the material can take place [3–9].
Along with the aspect ratio, the extent of uniformity of nanoparticles distribution in the polymer volume is an
important factor affecting the efficiency of modification the mechanical characteristics of a composite material. Most
nanoparticles, due to the high surface energy, are prone to aggregation when introduced into polymer solutions and
melts [4, 5]. An effective method of solving this problem is the chemical treatment of the surface of nanoparticles
before they are introduced into the polymer matrix [5]. Such a modification allows us to prevent their aggregation, to
ensure the uniform distribution of nanoparticles in the polymer volume, and to improve the extent of the compatibility
of nanocomposite’s components.
The improvement of the characteristics of different polymer materials caused by the introduction of different
nanofillers in these matrices have beenthe subject of the extensive studies over the last decade. However, most of
the information obtained in these works addresses physical properties of composites under study, viz., mechanical,
electric, magnetic, optical, transport, etc., whereas issues pertaining to the impact of nanosized fillers on the chemical
processes in polymer matrices, are, to the best of our knowledge, poorly elucidated.
The purpose of this work is the systematic study of the impact of a number of nanoparticles, which differ both in
chemical composition and in shape, upon the resistance to hydrolysis of the materials based on one of the aromatic
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polyimides (PIs) – poly-4,4’-oxydiphenylene(pyromellitimide). Films of this PI combine high hydrolytic stability with
extremely high mechanical and thermal characteristics. In practice, polymers of this type are used for the manufacture
of parts of devices that can be subjected to prolonged exposure to hydrolyzing agents during operation [3, 10, 11].
Therefore, the problem of the stability of PI-based composite materials with regard to the action of aggressive hydrolyzing media is of great practical importance. The use of nanoparticles of various types introduced into the same
polymer allowed us to consider a very topical issue on the influence of specific features of the nanofiller’s geometry
and chemical nature both on the mechanical properties and on the hydrolytic stability of the composite material.
2.

Experimental

Poly-4,4’-oxydiphenylene(pyromellitimide) (polyimide PMDA-ODA) was chosen as a matrix polymer to prepare
the nanocomposite films:

This is the most widely studied PI material, and is produced on an industrial scale (Kapton films [11] produced
by DuPont and similar film materials from other producers).
Carbon nanocones/disks (CNCs), nanofibers (CNFs), multi-walled carbon nanotubes in both pristine (MWCNTs),
and carboxylated (MWCNTs–COOH) states, as well as quasi-spherical cerium dioxide particles (CeO2 ) were chosen
as the active nano-sized fillers. CNCs, CNFs, and MWNTs are produced on an industrial scale and CeO2 particles
were synthesized at the Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences.
To obtain the MWCNTs–COOH the MWCNTs were subjected to surface modification before use by carboxylation in a boiling concentrated solution of nitric acid for 30 hours, followed by washing the resulting product in water
to a neutral pH and drying [5].
The characteristics of the nanoparticles used in this work are given in Table 1.
TABLE 1. Characteristics of the nanoparticles used in the work (size, density ρ, producer)
Nano-filler

Form

CNF

tubular

CNC

lamellar

MWCNT

tubular

CeO2

Quasispherical

Size
Diameters of 100 –150 nm,
lengths of 6 –10 µm
Cone heights of 0.3 –0.8 µm;
Diameter of cone base,
disc diameter of 1 – 2 µm;
Wall thickness of 20 – 50 nm
External diameter of 13 nm,
intestine diameter of 4 nm,
length of >1–20 µm
Mean diameter of 3.5 nm

ρ,
g/cm3

Aspect
ratio

Producer

2.0

∼ 102

Showa Denko Carbon Sales
(USA–Japan) [13]

2.0

∼ 102

n-TEC AS (Norway) [14]

2.1

∼ 103

Bayer Material Science AG
(Germany) [15]

7.65

∼1

Kurnakov Institute of
General and Inorganic
Chemistry RAS (Russia)

The two-stage syntheticmethod was used to prepare both the nanocomposite films and control PI ones [10]. To
prepare the nanocomposite films the nanoparticles of each type were introduced into the solutions of poly(amic acid)
(PAA PMDA-ODA), the precursor of the PI. A solution of PAA PMDA-ODA in N,N-dimethylformamide (DMF)
was provided by Sigma-Aldrich (catalog No. 575828). The nanoparticles were introduced into the polymer in the
following concentrations: 3 vol.% for CNC and CNF, and 1 vol.% for MWCNT and MWCNT–COOH. It was shown
in our previous studies [5, 12] being introduced into the polymer matrix in these concentrations the aforementioned
nanoparticles can be uniformly distributed in the latter and thereby the increase in the Young’s modulus value of the
material at least by 20 % can be achieved. CeO2 nanoparticles were used in the concentration of 0.55 vol.% only.
Because of high density of these nanoparticles (∼ 7.65 g/cm3 ) further increase in ceria concentration leads to their
precipitation in the PAA solution.
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To prepare a nanocomposite solution, the calculated amount of nanoparticles was sonicated in DMF for 1 hour;
the nanoparticles dispersion obtained was mixed with the required amount of PAA solution and the mixture was
homogenized by a mechanical stirrer. The duration of homogenization was 24 hours.
Films of the obtained nanocomposites or of unfilled PAA were prepared by casting the flat layers of the corresponding solutions on glass substrates using a slit die with an adjustable working gap with the subsequent drying of
the layers at 80 ◦ C for 2 hours. To obtain PI and PI-based nanocomposite films, PAA and PAA-based films were
cure by thermal treatment of the substrates with a heating rate of 3 ◦ C/min up to 360 ◦ C followed by treatment at this
temperature for 30 min. The thickness of the films obtained was 30 – 35 microns.
The hydrolysis of the films was performed in concentrated (30 %) NaOH solution. After exposure to this solution
at room temperature for different periods of time, the films were washed in distilled water to a neutral pH and dried.
Mechanical characteristics of the films were determined uniaxial extension using band-like samples which were
1 mm wide and 20 mm long. Experiments were carried out using AG-100kNX Plus universal mechanical tests system
(Shimadzu, Japan) at the extension speed of 10 mm/min. The Young’s modules E, yield stresses σy , tensile strengths
σb , and ultimate strains εb were determined by these tests. Seven samples of each type were tested with the subsequent
averaging of the results obtained.
Thermomechanical analysis (TMA) for determining the glass-transition point Tg was conducted on TMA 402
F1 Hyperion analyzer (Netzsch, Germany) with samples heated at a constant rate of 5 deg·min−1 under a stabilized
tensile stress of 0.2 MPa.
Thermogravimetric analysis (TGA) of the films was performed to determine the heat resistance indices τ5 and τ10
(the temperature values at which a polymer or a composite loses 5 % and 10 % of its initial weight, respectively, due
to the thermal destruction processes). A DTG-60 thermal analyser (Shimadzu, Japan) was used for these tests. The
samples were heated in an open crucible at a rate of 5 deg·min−1 in a self-generated atmosphere.
The density ρ values of the materials under study at a temperature of 20 ◦ C were determined by the flotation
method with small fragments of the samples in mixtures of carbon tetrachloride and toluene.
Microphotographs of the studied films surfaces were obtained using a Supra 55 VP scanning electron microscope
(Carl Zeiss, Germany).
3.

Results and discussion

The important problem to be solved while planning this investigation was to choose the criterion to be used to
evaluate the intensity of the impact of hydrolyzing medium upon the materials studied.
This criterion that we have used in this work is the extent of the variation of the mechanical and thermal characteristics of the material caused by the exposure to an aqueous alkaline solution. During our preliminary investigations
we have evidenced the very sensitive respond to these properties upon the hydrolytic degradation of both the pristine
PI films and nanocomposite ones containing the nanofillers of different types.
First of all it was necessary to evaluate the starting level of the properties of the film materials under study. This
evaluation makes it possible to compare the impact of different nanofillers upon the material’s properties.
As it was repeatedly shown [1–9,12], the mechanical and thermal properties of the material are sensitive regarding
to the introduction of active nanosized fillers into the polymer. Therefore, before studying the hydrolytic stability of
PI-based composites, it was necessary to evaluate the degree of effectiveness of the fillers chosen as modifiers of the
mechanical and thermal properties of the polymer.
The results of mechanical and thermal tests of the samples of the matrix PI film and composites based on it in the
initial state are presented in the Table 2.
From the data presented it follows that not only the geometric characteristics of nanoparticles (shape, aspect ratio),
but also the nature of their interaction with polymer matrix have a substantial influence on the degree of effectiveness
of any filler.
CNCs were shown to be the most favourable modifier of the PI. The introduction of these nanoparticles into the
material made it possible to increase the Young’s modulus by 28 %. The introduction of two other nanofillers, namely
CNF and MWCNT–COOH into PI led to a less pronounced increase in the stiffness of the material (by only 14 %).
The least influence on the mechanical characteristics of PI is exerted by MWCNT and quasi-spherical nanoparticles –
CeO2 . The introduction of CeO2 nanoparticles into the PI matrix did not produce any positive effect on the mechanical
properties of the material. This situation should be expected taking into account the geometric characteristics of these
nanoparticles.
Aromatic PIs are widely known as heat-resistant polymeric materials [8]. For the matrix PI used in the work,
the glass transition temperature Tg is 360 – 370 ◦ C, and the process of intense thermal destruction of films begins at
temperature range from 500 ◦ C and above. Composite materials containing CNC, CNF and MWCNT in the initial
state are characterized by the same values of heat resistance and glass transition temperature. Only for the composite
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TABLE 2. Mechanical characteristics and glass transition temperatures of the matrix PI and
nanocomposite films studied in the work
No

Filler

E, GPa

σy , MPa

σb , MPa

εb , %

Tg , ◦ C

1

—

2.44±0.07

101 ± 2

178±3

93±8

370

2

CNC

3.13 ± 0.07

112 ± 2

131±5

29±3

370

3

CNF

2.78±0.07

104 ± 4

116 ± 3

30 ± 5

370

4

MWCNT

2.37 ± 0.11

101 ± 2

122 ± 11

33 ± 5

370

5

MWCNT–COOH

2.78 ± 0.08

98 ± 1

136 ± 4

62 ± 7

375

6

CeO2

2.49 ± 0.05

88 ± 3

103 ± 5

29 ± 5

371

films containing CeO2 and MWCNT–COOH the pronounced depression of the thermal stability and some increase of
the glass transition temperature were registered. The former effect is inherent to ceria-containing PMDA–ODA-based
films [9].
In our previous studies [16, 17], we have selected the extremely severe medium to investigate the hydrolysis of
PI films taking into account high hydrolytic stability of these materials. These conditions results in a rather intensive
process of hydrolytic destruction of PMDA–ODA control film just in the first hours of the experiment. A marked
decrease in all the mechanical characteristics of the material was observed after 1 hour of exposure in alkaline medium,
and after 40 hours of hydrolysis, the film completely degrades when removed from the hydrolytic bath (Fig. 1).
The introduction of nanoparticles into PI in all cases led to a marked decrease in hydrolytic stability (Fig. 1).
Films of nanocomposites filled with MWCNT completely degrade even after 3 hours of hydrolysis. The introduction
of CNC, CeO2 , and CNF into the polymer matrix made it possible to obtain films slightly more resistant to hydrolysis:
the complete destruction of these materials was recorded after 4 – 5 hours of exposure in an alkaline solution. The film
containing nanotubes subjected to a surface pretreatment, namely MWCNT–COOH is characterized by the highest
resistance to hydrolytic destruction: only after 10 – 12 hours of hydrolysis the film began to break into fragments,
which made further research difficult.
Note that exposure in an alkaline solution leads to a successive increase in the thickness (pronounced swelling)
of the samples of both PI and composites based on it (Fig. 1e). Moreover, for the composite films a successive
acceleration of this process along with the increase of the hydrolysis duration was registered. The thickness of the
samples was measured after washing and removing water from their surface before mechanical testing.
The impact of the hydrolysis upon the surface morphology of both PI and nanocomposite films is presented in
Fig. 2.
It is known that the swelling of a polymeric material during the sorption of some aggressive medium results in a
decrease of the number of inter molecular interactions in this material,resulting in a decrease in the strength of polymer
products [18]. These effects were registered while analyzing the kinetics of the process of hydrolytic destruction of
the films under study. The formation of micro-cracks at the films’ surface registered by SEM method (Fig. 2b),
undoubtedly facilitates the propagation of the aggressive medium – alkaline solution into the polymer volume. The
mechanical stresses caused by the incorporation of this solution into the cracks of the in homogeneously swollen
material provoke the further destruction of the films [19]. The nanocomposite films, along with the aforementioned
effect’s tendency to accelerate the decomposition, the additional cracking at the boundaries “polymer–nanoparticles”
with the formation of pores at these regions (the inferent SEM picture of the surface of nanocomposite containing
CNCs exposed to hydrolysis during 3 h is presented in Fig. 2d). The micro- and nano-sized inhomogeneities formed
at the phase boundaries during the nanocomposite films production because of the imperfect compatibility of the
polymer and nanoparticles can give rise to these pores.
To elucidate the extent of the compatibility of the nanoparticles with the PI matrix, insured during the formation
of composite films, the expected density values of the nanocomposite films under study were calculated by using the
additive scheme of composite formation [7]:

670

E. N. Bykova, I. V. Gofman, et al.

F IG . 1. (a) Tensile strength σb , (b) ultimate strain εb , (c) glass transition temperature Tg , (d) heat
resistance index τ10 , (e) thickness d/d0 , of the films tested vs. the hydrolysis duration: (I) unfilled
PI, (II) PI–CNC, (III) PI–CNF, (IV) PI–MWCNT, (V) PI–MWCNT–COOH, and (VI) PI–CeO2 ;
d0 stands for the initial thickness if the film tested

ρcalc = ρP I × CP I + ρnano × Cnano ,

(1)

where ρcalc is the density of an“ideal” nanocomposite containing no pores; ρP I and ρnano denote the densities of
the polymer and the nanoparticles introduced into it; whereas CP I and Cnano denote their volume fractions in the
nanocomposite, respectively.
As it was noted in [7], this calculation does not provide precise values of density of the nanocomposite materials
under consideration because of the rather poor accuracy of the information concerning the nanoparticles’ density
values (producer’s data). However, these results can give the reliable estimation of the tendency to the variation of free
volume caused by the introduction of the nanoparticles into polymer.
The experimental density values of all studied nanocomposites were found to be inferior to calculated values
(Table 4). This result testifies to the presence of a certain excess free volume in the composite films. Its value is
sufficiently small: the ratio of the experimental density of the sample to the calculated one in all cases wasn’t less than
0.994. The maximum value of this ratio corresponds to a composite containing carboxylated nanotubes (ρexp /ρcalc =
0.999, Table 4). The composites containing CeO2 (ρexp /ρcalc = 0.998), CNC and CNF (ρexp /ρcalc = 0.996) are
characterized by slightly less dense packing. The highest value of the excess free volume was observed for the PI–
MWCNT composite (ρexp /ρcalc = 0.994).
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F IG . 2. SEM images of surfaces of the films: (a) PI in the initial state, and (b) after 25 hours of
hydrolysis; (c) PI–CNC composite in the initial state, and (d) after 3 hours of hydrolysis
TABLE 3. Thermal stability of the matrix and nanocomposite films investigated in the work
No

Filler

τ5 , ◦ C

τ10 , ◦ C

1

—

505

534

2

CNC

506

529

3

CNF

497

524

4

MWCNT

506

537

5

MWCNT–COOH

470

504

6

CeO2

370

425

TABLE 4. Experimental and calculated density values of the nanocomposite films studied in the work
Filler

ρexp , g/cm3

ρcalc , g/cm3

ρexp /ρcalc

CNC

1.423

1.428

0.996

CNF

1.423

1.428

0.996

MWCNT

1.408

1.417

0.994

MWCNT–COOH

1.416

1.417

0.999

CeO2

1.441

1.444

0.998
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As it was shown in previous studies [16, 17] and confirmed by the described work, a clear correlation is observed
between the excess free volume determined in the densitometric experiment and extent of the hydrolytic stability of
composites.
It would be interesting to trace such correlation by analysing the results obtained during the mechanical tests of
the composite films. According to previously obtained data [7], the degree of intensity of the impact of nanoparticles
introduced into the PI matrix upon the mechanical characteristics of the material (the difference between the properties
of the nanocomposite and the initial PI) decreases along with the increase of the excess free volume formed during
the formation of the nanocomposite material. Indeed, the main reason of the formation of excess free volume in a
nanocomposite material is the incomplete compatibility of the nanoparticles with the polymer matrix. This lack of
compatibility leads to a decrease in the local density of the material in the phase boundaries. The described effect
naturally produces a negative influence on the mechanical characteristics of the material. However, the results of our
tests are not entirely consistent with the above consideration. Indeed, it follows from the comparison of the calculated
and experimental density values that a very dense and defect-free packing is realized in a nanocomposite film filled
with cerium oxide (the ratio of the experimental density to the calculated one is 0.998). But the introduction of just
these nanoparticles into the PI matrix led to a minimal increase in film stiffness (Table 4).
In fact, this apparent contradiction is caused by the well-known fact: the intensity of the variation of the mechanical properties of a matrix polymer caused by the introduction of some nanofilleris determined not only by the
intensity of interaction of the composite’s components, but also by ability of the nanoparticles used to create a rigid
carcass inside the polymer volume. This frame can bear the mechanical load applied to the material and distribute it
in the volume of the sample [1, 2]. The effectiveness of the impact of this framework on the properties of the material
increases along with the increase in the aspect ratio of the nanoparticles introduced into the polymer [1, 2, 20]. For
quasispherical cerium oxide nanoparticles, the value of the aspect ratio is close to 1, while for other nanofillers used in
the work, it is 2 – 3 orders of magnitude higher. Given this circumstance, the result of mechanical tests of composites
with cerium oxide should be treated as quite regular.
4.

Conclusions

Based on the data presented, the following main conclusion can be drawn: the introduction of the nanoparticles of
different types into the poly(pyromellitimide) matrix, regardless of their shapes and chemical nature, along with some
positive effects, can provoke a decrease in the hydrolytic stability of the material. This effect is caused by the increase
in the excess free volume in the process of the nanocomposite formation. The excessive free volume facilitates the diffusion of the hydrolyzing agent into the volume of the film during its aging in an alkaline medium (film swelling) that
causes an increase in the extent of destructive action of the hydrolytic attack on the material. It is possible to increase
the packing density of the composite due to the surface functionalization of the nanoparticles before their introduction
into the polymermatrix. This enhancement of the material’s density will insure the decrease in its permeability to
hydrolyzing solution. In our work, this effect was realized by the chemical pretreatment (carboxylation) of MWCNT:
while these nanoparticles were used as nanofiller the material was formed with the increased packing density as compared to that of a composite filled with the untreated MWCNT. However, even in this case, the hydrolytic stability of
the composite film still remains somewhat lower than that of the initial PI.
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