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ABSTRACT: Polymer-clay nanocomposites are well-
known high-performance materials with a superior tensile
modulus. However, in the case of composites with polyi-
mide (PI), additional functions require study because PI
is a high-performance material in itself. Significant
enhancement of thermal conductivity, which is closely
related to the state of clay dispersion, is expected for a
polymer-clay nanocomposite. In this study, variations in
the thermal diffusivity of PI-clay nanocomposite films
prepared by different methods were investigated. The
thermal diffusivity of PI-clay nanocomposite film
increased at low clay content only when unmodified clay

was used, where the clay morphology was a layered
structure dispersed on a nanometer scale. Moreover, the
thermal diffusivity could be enhanced by controlling
the tensile stress induced by spontaneous shrinkage of
the film during thermal imidization. These results dem-
onstrated that the thermal diffusivity of PI-clay nanocom-
posite films is significantly affected by the dispersion
and/or arrangement states of the clay. VC 2010 Wiley Period-
icals, Inc. J Appl Polym Sci 119: 3010–3018, 2011
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INTRODUCTION

Polymer-inorganic nanocomposites are becoming im-
portant materials nowadays. In particular, polymer-
clay nanocomposites are typical high-performance
materials with a superior tensile modulus.1–9 Mechan-
ical properties, heat resistance, and gas permeability
can be improved by the nanocomposite technique for
clay with low clay content because a clay platelet has
a high-aspect ratio, and the clay dispersion state
greatly affects the pathway of a diffusing gas10 and
volatile decomposition products.11 Polyimide (PI)-
clay nanocomposites can be prepared by using a com-
mon solvent method, in which poly(amic acid)
(PAA), a precursor of PI, and clay are separately dis-
solved in the same kinds of organic solvents, followed
by blending both solutions.10,12–22 Most of the studies
on PI-clay nanocomposites have been concerned with
their mechanical properties; however, in the case of
composites with PI, additional functions require
study because PI is an inherently high-performance

material with superior mechanical properties, good
flexibility, and high thermal and chemical stability.23

Therefore, we focus our attention on the thermal con-
ductivity of PI-clay nanocomposite films as a novel
function.
A few investigations have been reported on the

thermal conductivity in polymer-clay nanocompo-
sites, in which a lowering of thermal conductivity
was recognized.24–26 However, the enhancement of
thermal conductivity, which should be closely
related to the dispersion and aggregation state of
clay, is highly expected for polymer-clay nanocom-
posites under controlled conditions. In particular,
the thermal conductivity in nanocomposite films
decreased with exfoliated clay platelets but increased
with higher clay content (over 15 wt %) due to the
presence of clay agglomerates.26 This sounds reason-
able because exfoliated clay platelets not only dra-
matically increase the clay surface, resulting in
larger interfacial thermal resistance, but also reduce
the thermal conductivity of clay itself by one to three
orders of magnitude due to the size effect.26–29 This
knowledge indicates that enhancement of the ther-
mal conductivity of polymer-clay nanocomposites is
fairly difficult, but it could be possible by controlling
the ‘‘dispersion’’ and ‘‘arrangement’’ states of clay in
the polymer matrix. Therefore, in this study, varia-
tions in the thermal diffusivity of PI-clay
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nanocomposite films prepared by different methods
were extensively investigated.

First, we attempted to disperse unmodified clay
into a PI matrix for dispersion control because the
presence of clay agglomerates is necessary or advan-
tageous to enhance thermal conductivity. An increase
in thermal conductivity could be achieved with low
clay content if the clay is homogeneously dispersed
in a polymer matrix while maintaining its original
layered structure. However, nano-ordered dispersion
of unmodified clay is very difficult because an inor-
ganic clay mineral consisting of silicate layers has lit-
tle affinity for organic substances, that is, matrix poly-
mers and polar organic solvents. Hence, organically
modified clay (organoclay) has been widely used for
polymer-clay nanocomposites due to the good disper-
sion of single clay platelets on a nanometer scale.
Unfortunately, however, this advantage brings about
the opposite effect to the thermal conductivity of
nanocomposite films owing to an increase in interfa-
cial thermal resistance. In addition, there is concern
about the destruction of the clay by mechanical dis-
persion like ultrasonication.30 On the other hand, sev-
eral methods for direct dispersion of unmodified clay
into a polymer matrix have been proposed.31–34

Among them, we took notice of the solvent-exchange
method,33,34 which enables homogeneous dispersion
of unmodified clay in an organic solvent. This is very
advantageous because PI-clay nanocomposites should
be prepared using a common solvent method.

PI films are usually prepared by thermal imidiza-
tion via PAA films formed on substrates, because PI
is generally insoluble in organic solvents. During the
imidization process, large tensile stress is induced on
the PI films from substrates due to the spontaneous
shrinkage of PI films, and PI chains are thus oriented
in the film plane (in-plane direction).35 The degree of
in-plane chain orientation can be controlled by releas-
ing tensile stress from a fixed condition, that is, a
PAA film peeled from the substrate and thermal imi-
dized under an off-substrate condition exhibits small
in-plane/out-of-plane birefringence, which corre-
sponds to a lower degree of in-plane orientation. Fur-
ther, the arrangement of clay dispersed in a PI matrix
can be controlled by using the spontaneous shrinkage
behavior during the thermal curing of PI-clay films.
This approach utilizes the characteristic behavior of
PI films prepared from a PAA.

EXPERIMENTAL SECTION

Materials

The s-BPDA/ODA PI used in this study was pre-
pared from 3,4,30,40-biphenyltetracarboxylic dianhy-
dride (s-BPDA) and 4,40-oxydianiline (ODA) (Fig. 1),
which exhibits the highest thermal diffusivity along

the out-of-plane direction (a?) among 21 kinds of ar-
omatic and semiaromatic PIs.36–38 s-BPDA, pur-
chased from Wako Pure Chemicals Industries, Japan,
was dried at 170�C for 12 h under vacuum before
use. ODA, also purchased from Wako, was purified
by recrystallization in tetrahydrofuran, followed by
sublimation under reduced pressure. Clay (montmo-
rillonite, Kunipia F) was supplied by Kunimine
Industries Co., Japan. The cation exchange capacity
(CEC) of this clay was 110 meq/100 g. The initial
clay material (Kunipia F), dispersed in distilled
water, was combined with an appropriate amount
(equimolar to the CEC of the clay) of dimethyldis-
tearylammonium chloride, [(C18H37)2N

þ(CH3)2]Cl
�.

This solution was stirred to give an organically
modified clay precipitate, followed by filtering,
washing, and drying at 60�C. The resulting solid
cake was powdered for sample supply.

Preparation of PAA-clay solution

A PAA solution was prepared by mixing an equimo-
lar amount of dianhydride (s-BPDA) and diamine
(ODA) in N,N-dimethylacetamide (DMAc, purchased
from Aldrich, Japan, anhydrous grade). Dianhydride
was added to the diamine solution in a nitrogen-
purged glove box, followed by stirring in a tightly
sealed reaction flask at room temperature (RT) for 1
day. The clay solution was prepared by the solvent-
exchange method33,34 using a common solvent,
DMAc. Clay powder (3 wt % based on PI) was fully
dispersed in distilled water (clay-water suspension),
followed by the addition of an equal amount of
DMAc and stirring at RT for 1 day (clay-water-DMAc
suspension). The clay was homogeneously dispersed
in a mixture of water and DMAc. Fully exfoliated dis-
persion of the clay in DMAc was prepared by subse-
quent distillation of water under reduced pressure
(clay-DMAc suspension). The suspension thus
obtained was homogeneous and semitransparent
without colloidal precipitation, which is the same
state as a clay-water suspension in appearance. In
contrast, the clay was precipitated in the case of direct
blending of clay powder with DMAc, even after
adequate stirring. A separately prepared PAA solu-
tion and a clay-DMAc suspension were mixed by stir-
ring at RT for 1 day (PAA-clay suspension). An agi-
tated PAA-clay suspension was prepared by further
strong agitation of the PAA-clay suspension using a

Figure 1 Molecular structure of s-BPDA/ODA polyimide.
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THINKY Mixer ARE-310, in which the sample was
rotated at 2000 rpm for 7 min and deaerated at 2200
rpm for 2 min. Meanwhile, organoclay was directly
added to DMAc and stirred at RT for 1 day, followed
by blending with the PAA solution, as described
above (PAA-organoclay suspension).

Film preparation

PI (s-BPDA/ODA) without clay and four kinds of PI-
clay nanocomposite films were prepared by thermal
imidization of a PAA solution and PAA-clay suspen-
sions. The PAA solution and suspensions were spin-
coated onto silica substrates, dried at 70�C for 1 h,
and thermally imidized at 350�C for 1.5 h under
nitrogen gas flow at a heating rate of 5�C/min. In
this study, the nanocomposite films prepared from (i)
a PAA-clay suspension, (ii) an agitated PAA-clay sus-
pension, and (iii) a PAA-organoclay suspension are
called ‘‘PIC-1,’’ ‘‘PIC-2,’’ and ‘‘PIC-3,’’ respectively. All
films were cured on silica substrates. On the other
hand, a nanocomposite film prepared from a PAA-
clay suspension and cured under a no-tensile-stress
condition is called ‘‘PIC-4.’’ Here, a PAA-clay film
was peeled from the substrate after drying, and it
was attached onto the substrate again with small
pieces of PI tape, followed by thermally imidization.
The average thickness of these nanocomposite films
was 30 lm. The films thus obtained were easily
peeled off from the substrates after cutting the edges.
Here, no self-supporting film was obtained when the
film was prepared from a directly blended suspension
of unmodified clay with DMAc in a PAA solution.

Measurements

X-ray diffraction (XRD) measurements were per-
formed by using a Rigaku MiniFlex operating at
35 kV and 15 mA with nickel-filtered Cu Ka radia-
tion. The scan was carried out in the 2y range of
3–40� with an angle interval of 0.01� and a scan
speed of 1�/min. Two-dimensional XRD measure-
ments for edge-view observation were performed by
using a Rigaku UltraX18 X-ray generator operating
at 40 kV and 50 mA with nickel-filtered Cu Ka radi-
ation and a flat imaging plate. Polarized attenuated
total reflectance (ATR) Fourier transform infrared
(FT-IR) spectra of films were measured using a
Nicolet Avatar 320 spectrometer attached with a
Spectra-Tech Thunderdome single reflection ATR
attachment (incident angle is 45�) and an aluminum
wire-grid ZnSe polarizer. The internal reflection ele-
ment in the ATR attachment is made of germanium
crystal with a refractive index of 4.0. ATE denotes
the polarized absorbance of reflected light for the
transverse electric (TE) direction that is parallel to the
film surface (¼AX(Y)), and ATM denotes that for the

transverse magnetic (TM) direction that is perpendic-
ular to the film surface (¼AY(X) þ AZ). We defined the
differential absorbance (DA) as ATM � 2ATE because
ATM is double of ATE when the absorption of film is
isotropic. Transmission electron microscopy (TEM)
observations of the films were conducted with a JEOL
JEM-200CX electron microscope operated at 200 kV
and a JEOL JEM-1010BS electron microscope operated
at 100 kV. The samples were embedded in an epoxy
resin, and the assembly was cut into thin sections 55–
80 nm thick for TEM observation. Thermal diffusivity,
which is a predominant factor in thermal conductiv-
ity, was selected for evaluation of the thermal conduc-
tivity of the films. The thermal diffusivity of the films
along the thickness direction (a?) at RT was measured
by temperature wave analysis36–43 using an ai-Phase
Mobile 1u (ai-Phase Co., Japan), in which the sensing
probe size was 0.25 � 0.5 mm. In the analysis, three
values were measured for each film, and the average
value was recorded as the thermal diffusivity.

RESULTS AND DISCUSSIONS

The variations in the clay dispersion states were first
investigated using XRD measurements. Figure 2
exhibits the XRD patterns recorded in the process of
preparing the PAA-clay suspension. The basal spac-
ing of clay powder, estimated from the peak posi-
tion, was � 1.2 nm. No clay reflection was detected
during the solvent-exchange processes, that is, clay-
water, clay-water-DMAc, and clay-DMAc suspen-
sions, although a (100) reflection of the clay
appeared for the directly blended suspension of clay
in DMAc (not shown). Furthermore, no characteristic
reflection of the clay was observed for the XRD pat-
tern of the PAA-clay suspension after blending the

Figure 2 Comparison of the XRD patterns recorded dur-
ing PAA-clay suspension preparation using the solvent-
exchange method. The XRD pattern of clay powder is also
plotted as a reference.
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PAA solution and clay-DMAc suspension. This
means that the clay was fully exfoliated without
forming a layered structure even in the organic sol-
vent (DMAc) and with PAA chains in the suspen-
sion state. Figure 3 exhibits the XRD patterns
recorded during the thermal imidization of a PAA-
clay film. The broad (001) reflection peak appearing
at 2y ¼ 6� for PAA-clay film indicates that the lay-
ered clay structure was reconstructed in the film
during drying at 70�C. The basal spacing was � 1.5
nm, which is larger than that of the original clay (1.2
nm). After thermal imidization at 350�C (PIC-1 film),
the clay (001) reflection peak became sharp and
shifted to a higher 2y of 7�, which corresponds to
that for the original clay powder. This indicates that
the clay morphology in the PIC-1 film is a layered
structure, and the original layered structure was
recovered from the exfoliated clay platelets during
the drying of the solvent. Furthermore, densification
of the layered structure was accelerated during ther-
mal imidization at elevated temperatures.

A model for the structural formation in PI-clay
nanocomposite film during imidization is illustrated
in Figure 4. First, the clay platelets are uniformly dis-
persed in the PAA-clay suspension, but these clay
platelets generate nano-agglomerates having a

‘‘house-of-cards’’ structure, in which the edge-to-edge
and the edge-to-face interactions between the dis-
persed platelets form a kind of percolation struc-
ture.44–47 Thus, with evaporating water and solvent
from PAA-clay suspension during drying and ther-
mal imidization, the local concentration of the clay
was increased and the interactions between the clay
platelet and ambient organic materials (DMAc and
PAA molecules) were weakened. Moreover, the clay
platelets in the film were gradually immobilized with
the progress of imidization because the structure of PI
main chains is more rigid than that of PAA. These
chemical and spatial restraint effects reduce the dis-
tance between the clay platelets with the collapse of
the house-of-cards structure and lead to recovery
from the exfoliated clay platelets to the original lay-
ered structure. Chen et al.20 reported the structural
change in PI-clay and PI-organoclay nanocomposite
films that occurred during thermal imidization. The
variation in the interlayer distance observed in the PI-
organoclay film is similar to that observed in this
study. Namely, the clay (001) reflection appeared
with solvent drying, and the clay interlayer distance
was decreased by imidization. This clearly indicates
that unmodified clay platelets prepared by the sol-
vent-exchange method have preferable interactions
between the clay platelet and ambient organic materi-
als, which has an effect similar to organically modi-
fied clay. However, in this study, the clay interlayer
distance was recovered to the same extent as the origi-
nal clay after imidizaiton because unmodified clay
was used. TEM observation was carried out to charac-
terize the clay dispersion state in PIC-1 film, as shown
in Figure 5. No clay agglomerates are observed on a
micrometer scale, which is very unusual behavior for
conventional polymer-unmodified clay nanocompo-
sites. The domain size of the clay is � 30 nm along the
thickness direction, indicating that the dispersed do-
main has a layered structure consisting of several pla-
telets, not of a single platelet (� 1 nm). Therefore, a
dispersion morphology with both remarkable nano-
size dispersion and a layered structure with the origi-
nal clay interlayer distance was newly achieved in the
PI-clay nanocomposite film using unmodified clay
with the solvent-exchange method.

Figure 3 Comparison of the XRD patterns for PAA-clay
and PIC-1 films. The patterns of clay powder and PI film
without clay are also plotted as references.

Figure 4 Structural formation model for PI-clay nanocomposite film.
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The thermal diffusivity along the out-of-plane
direction (a?) of the PIC-1 film was estimated to be
18.47 � 10�8 m2/s, which is higher than that for the PI
film without clay (16.00 � 10�8 m2/s). This is note-
worthy because thermal conductivity was improved
in the clay nanocomposite with low clay content, 3 wt
%, whereas more than 15 wt % clay content was
needed in a previous report.26 The major difference
between previous studies and the present one is the
dispersion state of the clay. Previous research covered
only polymer-organoclay nanocomposites, where the
clay dispersion state was essentially exfoliated and/
or intercalated. Consequently, the clay platelets
served as a resistance to heat transmission, and so
thermal conductivity decreased. In contrast, a layered
structure was reconstructed in the PIC-1 film. The lay-
ered clay structure enhances thermal conductivity.
Furthermore, a clay agglomerate having a house-of-
cards structure in the PAA-clay solution was expected
to be involved in a percolation network, which leads
to an increase in thermal conductivity with low clay
content. These findings point to the fact that the ther-
mal conductivity of a polymer-clay nanocomposite is
essentially dominated by the clay dispersion state.

Considering the effect of the clay dispersion mor-
phology on thermal diffusivity, two approaches
were carried out: one was strong agitation of a PAA-
clay suspension using a mechanical mixer (PIC-2
film), and the other was a PI-organoclay nanocom-
posite (PIC-3 film). Comparing the XRD patterns
(Fig. 6), the clay (001) reflection of PIC-2 film is
broader than that of PIC-1 film, indicating a decrease
in dispersed clay domain size by the mechanical
mixing. On the other hand, additional appearance of
clay (001) reflection at a lower 2y for PIC-3 film
reveals the formation of partial intercalated structure
with wider basal spacing of � 2.5 nm. Figure 7
presents the TEM images of these films. A layered
clay structure similar to PIC-1 film is observed for
the former, but the clay domain size in the thickness
direction is partially smaller [15–25 nm, Fig. 7(a)]. In
contrast, a typical intercalated structure with clay
platelets, which is entirely different from PIC-1 and
PIC-2 films, was observed for PIC-3 film [Fig. 7(b)].
This structure is frequently observed in conventional
polymer-organoclay nanocomposites. The thermal
diffusivities (a?) of these films with different clay
morphologies are summarized in Figure 8. The a?
value of PIC-2 film with layered but thin clay struc-
tures is comparable to that of PI film without clay
but lower than that of PIC-1 film, indicating that a

Figure 5 TEM images of PIC-1 film. The arrows indicate
the thickness direction. The dark lines correspond to clay
platelets. The clay domains in (a) are enlarged in (b).

Figure 6 Comparison of the XRD patterns for PIC-1, PIC-
2, and PIC-3 films.

Figure 7 TEM images of (a) PIC-2 and (b) PIC-3 films.

Figure 8 Thermal diffusivities (a?) of PI-clay nanocom-
posite films with different clay morphologies.
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certain amount of layer thickness is required to over-
come the large interfacial thermal resistance of clay.
A further decrease in a? was observed for PIC-3
film having an intercalated structure. Thus, only the
effect of interfacial thermal resistance of clay was
added to polymer-clay nanocomposites with exfoli-
ated and/or intercalated clay morphologies. Another
possibility for the decrease in a? is the structural
imperfection of clay because structural regularity
affects the lattice vibrations in nonmetallic solids,
that is, phonons are scattered at the lattice defects
and interfaces. On this point, the formation of the
original layered structure of clay was advantageous
to increase the a? of PI-clay nanocomposites. Com-
paring the clay dispersion morphology evaluated by
TEM observation with the experimental values of
a?, a trend is very clear; that is, a? decreases with
the transformation of clay dispersion from a layered
structure to a single-clay-platelet structure. These
results demonstrate that enhancement of thermal
conductivity for a polymer-clay nanocomposite
requires homogeneous dispersion of a layered clay
structure having an appropriate layer thickness and
a percolation network.

A very characteristic factor of clay is the signifi-
cant anisotropy of its thermal conductivity, which is
attributed to the high aspect ratio (200–2000)2 and
large interfacial thermal resistance of clay platelets.
Thus, it is assumed that the thermal properties of a
polymer-clay nanocomposite can be controlled by
varying the clay arrangement. In this study, we
attempted to change the clay arrangement by using
the spontaneous shrinkage phenomenon of PAA
films during thermal imidization.35,48 Figure 9 exhib-
its the XRD pattern of PIC-4 film cured under a no-
tensile-stress condition. Compared with PIC-1 film
cured on the substrate, the clay (001) reflection of
the former is weaker and broader than the latter,

though the peak position is the same. This indicates
the changes in the clay arrangement and/or the dis-
arrangement of the layered clay structure. Figure 10
presents the TEM images of PIC-4 film. Since the
thickness of layered clay [� 30 nm, Fig. 10(b)] is sim-
ilar to that in PIC-1 film [Fig. 5(b)], these films have
the same clay dispersion structure, that is, a dis-
persed layered structure together with the original
interlayer distance. However, an important differ-
ence is recognizable between the films regarding the
clay arrangement in the PI matrix. Layered clays are
arranged parallel to the film surface (i.e., an ‘‘in-
plane arrangement’’) for PIC-1 film [Fig. 5(a)], which
is popular in spin-coated polymer-clay nanocompo-
site films. In contrast, layered clays are partially
arranged normal to the film surface (i.e., a ‘‘partial
out-of-plane arrangement’’) for PIC-4 film [Fig.
10(a)]. This means that the clay arrangement can be
varied by spontaneous shrinkage during thermal
imidization, without disarrangement of the layered
structure. The orientation state of a polymer-clay
nanocomposite film could be evaluated using polar-
ized FT-IR measurement.49–54 It should be noted that
the 1080 cm�1 band of a montmorillonite is assigned
to the ‘‘out-of-plane’’ Si-O stretching vibration mode,
perpendicular to a clay platelet,55 which is sensitive
to the layered arrangement and exhibits significant
dichroism by polarized FT-IR measurement.51,52,54–57

Figure 11(a,b) exhibit the polarized ATR FT-IR spec-
tra and the differential absorbance (DA) spectra of
PI, PIC-1, and PIC-4 films. The DA values of out-of-
plane Si-O mode at 1080 cm�1 are opposite between
PIC-1 and PIC-4 films, that is, PIC-1 film is positive
but PIC-4 film is negative, meaning that the amount
of perpendicular-arranged out-of-plane SiAO bonds
for PIC-1 film is larger than that for PIC-4 film.
These imply the transformation of the clay arrange-
ment from in-plane (PIC-1 film) to out-of-plane
(PIC-4 film) direction. These differences were ana-
lyzed by edge-view XRD measurements, a useful an-
alytical method to evaluate the clay orientation along
the thickness direction.5,58–60 The edge-view images
of PIC-1 and PIC-4 films are respectively, presented

Figure 9 XRD patterns of PIC-1 and PIC-4 films. The pat-
tern of clay powder is also plotted as a reference.

Figure 10 TEM images of PIC-4 film. The clay domains
in (a) are enlarged in (b).
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in Figure 12(a,b). Clay (001) reflections with an arc
shape were observed parallel to the thickness direc-
tion for both films, indicating that the layered direc-
tion of clay is mainly parallel to the thickness direc-
tion; that is, layered clay had an in-plane
arrangement. However, the clay (001) reflection of
PIC-4 film is more isotropic than that of PIC-1 film,
indicating that the clay arrangement transformed
from in-plane to out-of-plane in the free-shrinkage
film. The clay arrangements were quantitatively ana-
lyzed by comparing the azimuthal profiles extracted
along the azimuthal angle at the clay (001) reflection
peak of the edge-view images of PIC-1 and PIC-4
films, as respectively shown in Figure 12(a,b). The
azimuthal profiles are plotted in Figure 12(c), in
which a clear broadening of the clay (001) reflection
peak is observed. The peak of PIC-4 film is broader
than that of PIC-1 film. For a detailed analysis, the
full width at half maximum (FWHM) of the clay
(001) reflection peaks were evaluated from the peak
separation using the Gaussian function in the azi-

muthal profiles, as shown in Figure 12(c). The
degree of clay orientation in the film plane (D) was
evaluated from eq. (1).

D ¼ 180� FWHMðdeg :Þ
180

(1)

The D values thus obtained were 0.73 and
0.60 for PIC-1 and PIC-4 films, respectively, which
indicate that the transformation of the clay
arrangement from the in-plane (PIC-1 film) to the
out-of-plane direction (PIC-4 film) was developed
by the spontaneous shrinkage of PI films during
thermal imidization.
The thermal diffusivities (a?) and the degree of

clay orientation in the film plane (D) observed
for the PIC-1 and PIC-4 films are summarized in
Figure 13. A higher increase in a? was achieved for
the latter than the former, which accords with the
decrease in the in-plane orientation of clay; that is,
the layered clay has a higher out-of-plane arrange-
ment. In other words, a transformation of the clay

Figure 11 (a) Polarized ATR FT-IR spectra for PI, PIC-1,
and PIC-4 films. (b) Differential absorbance (DA) spectra
estimated from TE and TM spectra in Figure 11(a).

Figure 12 Edge-view images of (a) PIC-1 and (b) PIC-4
films. The thickness direction is horizontal in the images.
(c) Azimuthal profiles extracted along the azimuthal angle
at the clay (001) reflection peak for the edge-view images.
The schematic of azimuthal extraction of the profile is rep-
resented by the white dotted line in the inset image.
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arrangement leads to an increase in a?. This result
demonstrates that the thermal conductivity of a
PI-clay nanocomposite film can be enhanced by con-
trolling the tensile stress induced by shrinkage dur-
ing thermal curing. The thermal resistance of clay in
a nanocomposite film decreases with an increase in
the out-of-plane orientation of layered clay due to
the large aspect ratio of the clay platelet. Moreover,
thermal conduction paths are partially formed along
the out-of-plane orientation of layered clay involving
a percolation network because the paths are gener-
ated parallel to the clay surface in a clay platelet.
The functions of these aspects lead to the enhance-
ment of thermal diffusivity of PIC-4 film.

In summary, a new material design for a PI-clay
nanocomposite film with high thermal diffusivity was
attempted in this study, using the solvent-exchange
method and the spontaneous shrinkage of PI films dur-
ing thermal imidization. The function, that is, thermal
diffusivity, was developed only by using unmodified
clay because the solvent-exchange method introduced
the dispersion of layered clay and generated a percola-
tion network through the spontaneous shrinking,
which introduced the transformation of the clay
arrangement from the in-plane to the partially out-of-
plane direction. Control of the dispersion and/or
arrangement of clay causes significant changes in the
thermal diffusivity of PI-clay nanocomposite film. Con-
sequently, these approaches are promising methodolo-
gies for building a new polymer-clay nanocomposite
exploiting the intrinsic characteristics of bulk clay.

CONCLUSIONS

The effects of clay dispersion and arrangement on
the thermal diffusivity (a?) of PI-clay nanocompo-
site films were investigated. Unmodified clay was
fully exfoliated in DMAc and PAA solutions using
the solvent-exchange method, although the exfoli-
ated clay platelets recovered the original layered

structure during thermal imidizaiton due to the
decrease in interaction between the clay platelet
and ambient organic substances. The clay morphol-
ogy obtained for PIC-1 film was a ‘‘dispersed lay-
ered structure’’ on a nanometer scale having an
original interlayer distance without agglomerates.
The a? of PIC-1 film with a dispersed layered
structure clay morphology was higher than that of
PI film without clay, whereas the a? of PIC-3 film
prepared from organoclay having an intercalated
structure morphology was lower. Thereby, the a?
of PI-clay nanocomposite film increased with lower
clay content only when unmodified clay was used.
Furthermore, the a? of PIC-4 film was markedly
enhanced because the clay arrangement was trans-
formed from the in-plane to the partially out-of-
plane direction by the spontaneous shrinkage of the
film during thermal imidization. These results dem-
onstrate that the thermal diffusivity of PI-clay
nanocomposite films can be controlled by changing
the dispersion and/or arrangement states of clay.
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