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ABSTRACT: A series of polyacrylonitrile/polyimide (PAN/PI) composite films with different PAN contents are prepared under given

curing temperatures (250, 300, 350, and 400°C). The microstructure of the composite films is observed by SEM, and the thermal,

dielectric and mechanical properties of the composite films are determined. The results show that the self-assembly behavior of polya-

mic acid gives rise to connected network structure in the composite films and the variations in the microstructure of the composite

films cured at different temperatures show important effects on the properties of PAN/PI composite films. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Polyimide (PI) is a candidate polymer for a variety of applica-
tions such as packing materials, aerospace materials, circuit
boards and interlayer dielectrics due to its good dielectric proper-
ties, flexibility, excellent thermal stability, high tensile strength,
and good solvent resistance.'™ Composites incorporating the
merits of each component have attracted tremendous interests.*”
In recent decades, polyimide nanocomposites, such as carbon

10-14 and

nanotubes/PI composites,” graphene/PI composites
inorganic oxide nanoparticle/PI composites,'”'® have attracted
much attention for their integration in mechanical property,
thermal property, optical property, and electrical property of
each component. But in the process of preparing these compo-
sites, the same problem occurs that the dopant can not be easily

dispersed in the PI matrix for their compatibilities.

Polyacrylonitrile (PAN) is a semicrystalline organic polymer
resin with a linear molecular structure. Though it is thermo-
plastic, PAN degrades before melting under normal condition.
It can form highly oriented molecular structure when subjected
to a low temperature heat treatment. Thermally induced reac-
tions of PAN have been investigated by many researchers in the
recent decades."®* It has been widely accepted that the reac-
tions can be divided into two stages: thermal stabilization and
low temperature carbonization. Thermal stabilization usually
occurs between 200 and 300°C and low temperature carboniza-
tion occurs between 300 and 900°C.*> The heat treated PAN
yields novel properties including, but not limited to, low den-
sity, enhanced electrical conductivity,® high tensile strength,

© 2013 Wiley Periodicals, Inc.
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and Young’s modulus,” " due to the cyclization and conjuga-
tion during heat treatment. It brings good applications in ultra
filtration membranes,?®>?° hollow fibers for reverse osmosis®>>"
and fibers for textiles.*® For its high tensile strength, PAN fibers
are the most commonly adopted precursor for producing car-
bon fibers with superior tensile strength.”*>> And researchers
have also found that some functional groups, such as itaconic
acid,” fluoro groups,®® cobaltous chloride,”” and methyl acry-
late,”® can lower the temperature for stabilization of PAN and
increase its cyclization degree. The precursor of polyimide, pol-
yamic acid (PAA) has carboxylic acid group which probably
shows effect on the cyclization of PAN. And comparing to inor-
ganic particles, PAN can easily disperse in the PI matrix. Dop-
ing PAN into the PI matrix is in hopes of incorporating the
merits of the two and enhancing the dielectric property and
mechanical property of the PIL.

In this work, we prepared a series of PAN/PI composite films
with different PAN contents under different curing tempera-
tures. The thermo gravimetric analysis, dielectric constant,
stress—strain curves and microstructure of the composite films
were determined. According to the results of these determina-
tions, we discuss the influence of curing temperature on the
properties of the PAN/PI composite films.

EXPERIMENTAL

Materials
Pyromellitic dinahydride anhydride (PMDA, AR) and 4, 4'-
diamino diphenyl ether (ODA, AR) were purchased from
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Scheme 1. Synthetic Route for PAA.

Sinopharm Chemical Reagent (Shanghai, China), and recrystal-
lized from acetic anhydride and ethanol before use, respectively.
PAN with average molecule weight of 150,000 was purchased
from Aldrich. 1-methyl-2-pyrrolidone (NMP, AR) was obtained
from Sinopharm Chemical Reagent (Shanghai, China) and was
distilled over phosphorus pentoxide before use. CAN-24 con-
ductive silver paste purchased from Cambridge Nanotech LTD
(Xuzhou, China) was used as received.

Synthesis of Anhydride-Terminated Polyamic Acid (PAA)
ODA (19.046 g, 95.24 mmol) was added into a three-neck flask
with distilled NMP (160 mL) under the protection of nitrogen.
After the dissolution of ODA, the solution was cooled in an ice
bath for 0.5 h. PMDA (20.962 g, 96.16 mmol) was added with
vigorous stirring for 18 h. The synthetic route is shown in
Scheme 1. The reaction mixture was diluted to 200 mL with
NMP after maintained at room temperature for 36 h. The PAA
solution (0.2 g/mL) was transferred in an amber bottom and
reserved in a desicator for use.

Fabrication of the PAN/PI Composite Films

PAN was dissolved in NMP with given concentrations and then
the PAN solution was added to a fixed quantity of PAA solution
to yield a mixture with required PAN content. The contents of
PAN in the composites were designed to 0, 2.5, 5.0, 7.5, and
10.0 wt %. The mixture was stirred with magnetic stirrer for 12
h at room temperature and followed by sonication in ultrasonic
bath (100 W, 50%) for 0.5 h. Then the blend was cast into a
glass mold. The glass mold was transferred to a vacuum oven
and dried at 60°C for 5 h to remove NMP, and the PAN/PI
composite film was cured at 150°C for 1 h and 250°C for 1 h
stage by stage. The film prepared as described above was
divided into four equal pieces. Three of them were respectively
cured at 300, 350, and 400°C for 10 min in muffle furnace.

Measurements

The thermo gravimetric analysis (TGA) of the composite films
was operated on TA Instruments SDT-Q600 with the heating
rate of 10°C/min. And the tests were operated in N, atmosphere
with the gas flow rate of 100 mL/min. Morphology of the cross-
section of composite films was observed using FEI Sirion scan-
ning electron microscope (SEM). Prior to observation, the
specimens were wetting-off by liquid nitrogen and sprayed with
gold nanoparticles by a BAL-TEC SCDO005 sputter coater. Thick-
nesses of the composite films were measured by a digital thick-
ness gauge (Time Group INC-TT230). Mechanical tests were
conducted on a Rheometric Scientific DMTAS5 at ambient tem-
perature. And the composite films were cut into bone-shaped
sheets. The upper grip was fixed and the lower grip descended
at a rate of 0.6 mm/min. The dielectric constants of the
composite films were tested with a Hioki 3532-50 impedance
analysis instrument (Ueda, Nagano, Japan). Before this determi-
nation, the specimens of each kind of composites were cut into
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square with the length of 1 ¢cm, and the thickness of each piece
of samples was measured. Thereafter, conductive silver paste
was brushed to a specific area on both sides of the specimen for
dielectric constant testing. Following the same procedure
described above, the specimen of pure PI was also prepared and
tested for comparison.

RESULTS AND DISCUSSION

Thermal Properties of the Composite Films

To evaluate thermal properties of the composite films cured
with different temperatures, thermo gravimetric analysis (TGA)
of the composite films were determined. According the data of
TGA, we calculated the derivative thermo gravimetry (DTG)
curves and obtained the initial decomposition temperatures
(Tinitia)> temperatures of maximum degradation (Tj,,,) and res-
idues at 800°C (Rgggec) of PT and PAN/PI composites. As shown
in Figure 1(a), the pure PI films cured at 300, 350, and 400°C
have no weight loss between 200 and 500°C, while the PI film
cured at 250°C shows steady weight loss under that temperature
range. This is because that the dehydration-cyclization happened
during the imidization procedure of polyamic acid makes the
weight of PI film loss, and the imidization of the polyamic acid
can not completely finish until the curing temperature raised to
300°C or a higher temperature. Figure 1(b,e) show that the
weight loss of the composite films cured at 250°C increases
with the content of PAN between 200 and 500°C, while the
TGA curves of 5.0 wt % PAN/PI composite films cured at 300,
350, and 400°C hardly show any weight loss in Figure 1(c). It
means that the thermal stabilization of PAN is not totally fin-
ished at 250°C and the PAN/PI composite film cured at a tem-
perature higher than 300°C shows thermo stability. The TGA
curves of neat PI, 2.5, 5.0, 7.5, and 10.0 wt % PAN/PI compos-
ite films cured at 350°C are shown in Figure 1(d), and the rele-
vant DTG curves of films cured at 350°C are shown in Figure
1(f). From the Figure 1(d,f), we can observe that the addition
of PAN slightly decreases the thermo stability of PI.

Adding PAN into PI would slightly decrease the Tj,.s of the
composites, either the films are cured at 250 or 350°C, while
the films cured at 350°C have much higher Ti,as than the
films cured at 250°C (higher than 300°C), as shown in Table I.
The Rgopecs of films cured at 350°C are also higher than those
cured at 250°C. Although the addition of PAN slightly decreases
the thermo stability of PI, the composite films still maintain
good thermal stability (Tiyias > 500°C).

Microscopic Analysis

The morphology of the composites was investigated by SEM.
Figures 2 and 3 present the cross-section images of neat PI and
5.0 wt % PAN/PI composite films with different magnifications.
From the SEM images, it can be observed that the defects
between the interfaces of the two polymers are not obvious
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Figure 1. (a) TGA curves of neat PI cured at 250, 300, 350, and 400°C. (b) TGA curves of the composite films with different PAN contents cured at
250°C. (c) TGA curves of the 5.0 wt % composite films cured at 250, 300, 350, and 400°C. (d) TGA curves of the composite films with different PAN
contents cured at 350°C. (e) DTG curves of the composite films with different contents cured at 250°C. (f) DTG curves of the composite films with dif-

ferent contents cured at 350°C.

when the films were cured at a lower temperature (250 and
300°C), and the PAN particles are well distributed throughout
the films. The cross-sections of the PI films cured at both 250
and 400°C are very neat, as shown in Figure 2(a,d). The micro-
structures of the composite films cured at 250 and 300°C do
not change obviously compared to the PI film. However, as the
increase of the curing temperature (the composite film cured at
either 350 or 400°C), an interesting phenomenon is observed
that a connected network structure arises and runs throughout
the cross-sections of the film as shown in Figure 2(e,f). These
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enormous differences can be interpreted from Figure 3 (the
magnification of Figure 2).

When the PI film is cured at 250°C, a refreshing phenomenon
is shown in Figure 3(a): lots of homogeneous rigid sphere par-
ticles are embedded in the cross-section of pure PI film. We
hypothesize these rigid sphere particles are caused by self-
assembly of PI. To the best of our knowledge, there are few
reports about the self-assemble behavior of PI except X. Liu
et al. find that polyimide bearing carboxy end-groups can
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Table I. The Initial Decomposition Temperatures ( Tinitial), Temperatures of Maximum Degradation (Timax), and Residues at 800°C (R800°C) of PI and

PAN/PI Composite Films Cured at 250 and 350°C

Tinitial (°C) Trmax (°C) Reoo-c (%)
Sample 250°C 350°C 250°C 350°C 250°C 350°C
Pl 199.5 541.7 599.9 599.9 56.72 62.05
2.5% 1952 533.4 610.9 602.7 5451 60.64
5.0% 194.5 530.3 600.4 602.7 55.97 64.91
7.5% 193.8 522.6 606.4 600.9 57.59 62.17
10.0% 185.5 517.8 599.7 597.5 56.49 60.33

self-assemble under low concentration in a single good sol-
vent.”” We believe the self-assemble mechanism of PI in this
work is different from that reported by Liu et al, and this self-
assembly may be caused by phase separation. We will continue
to study this part of work in-depth in the future. When increas-
ing the curing temperature of the PI film to 400°C, these rigid
spheres disappear as shown in Figure 3(d). It could be caused
for that the rigid spheres are destroyed after imidization and
cross-linking reaction of polyamic acid as increasing the curing
‘[ernpera‘[ure.‘m_42

The addition of PAN obviously changes the microstructure of
the PI. When the composite film is cured at 250°C, the interfa-
ces between the spheres and the matrix become blurry. And
when increasing its curing temperature to 300°C, the rigid
spheres almost disappear and some rodlike particles arise in the
composite film [square in Figure 3(c)] for the thermal stabiliza-
tion of PAN molecule chain.**** Figure 3(e,f) show the cross-
sections of the composite films cured at 350 and 400°C,
respectively. The rodlike particles in Figure 3(c) fade away while
some quasi carbon whiskers appear in the matrix. The quasi
carbon whiskers form connected network structure running
throughout the films. These phenomena could be caused by the
cyclization of PAN, which makes the PAN form conjugated
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structure. The conjugated macromolecule chain caused by the
cyclization increases the differences of polarities between PAN
and PI, which makes the molecule packing difficult, resulting in
interfacial-phase separation.”® Besides, some defects (lots of
macropores) appear in the composite films as shown in Figure
3(e,f). Comparing to the composite film cured at 350°C, the
macropores of the composite film cured at 400°C increase and
the size of the macropore becomes larger. These defects are
most likely caused for the free shrinkage behavior of PAN dur-
ing the process of cyclization and cross-linking reaction.*>**

Dielectric Results

A complex dielectric permittivity consists of a real part and an
imaginary part. The real part of the complex permittivity is
often referred to as the dielectric constant (¢') and the imagi-
nary part is referred to as the dielectric loss (¢). The dielectric
constant is a measure of the amount of energy from an external
electrical field stored in the material, while the dielectric loss is
a measure of the amount of energy dissipated in the dielectric
material due to an external electric field. The total polarizability
of the dielectric is the sum of the contributions due to several
types of displacement of charges produced in the material by an
applied field. Generally, the dielectric constant of a composite
material arises as a result of the polarization of the molecules.

) 400°C.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40283
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Figure 3. SEM with high magnification of PI film cured at (a) 250°C, (d) 400°C, and 5.0 wt % PAN/PI composite films cured at (b) 250°C, (c) 300°C,

(e) 350°C, (f) 400°C.

The dielectric constant increases with an increase in the polariz-
ability. The dielectric constant of a composite has contributions
from interfacial, orientation, atomic, and electronic polariza-
tions. The interfacial polarization occurs in a composite as a
result of the difference in the conductivities or the polarizations
of the matrix and fillers. The orientation polarization is pro-
duced when polymers containing polar groups are placed in an
electric field. In this work, random oriented PAN doping in the
PI matrix changes the structure of the total composite and leads
to some physical effects in the composite such as the orientation
and interfacial polarizations.*

To evaluate the dielectric property of the composite films, the
devices were fabricated with the structure of silver paste/com-
posite film/silver paste. And we only test dielectric properties of
the films cured at 300, 350, and 400°C in this work, avoiding
the error caused by self-assembly behavior of polyamic acid.
Figure 4 shows the dielectric constants and dielectric losses of
the composite films cured at different temperatures. When cur-
ing temperature of the films are 300 and 350°C, as shown in
Figure 4(a,b), the dielectric constants increase with the addition
of PAN in the PI matrix. It is mainly because that conjugated
molecule chain of the cyclized PAN increases the differences of

polarity between cyclized PAN and PI matrix, which enlarges
the orientation and interfacial polarizations of the composite
film. On the contrary, when curing temperature of the compos-
ite film reaches to 400°C, the dielectric constants decrease with
the addition of PAN, as shown in Figure 4(c), for the increase
of air macropores in the composite resulted by the shrinkage of
PAN.*"? Usually the polarization decreases with the increase in
frequency, this is the chief reason why the values of ¢ increase
with decreased frequency as shown in Figure 4.>> The dielectric
losses of the composite films were approximately 0.01. As
described above, the cyclization of PAN will change the polarity
of the PAN and make the PAN shrink, so optimizing curing
temperature is particularly important for the preparation of the
PAN/PI composite film.

Mechanical Properties

Typical stress—strain curves of the composite films cured at 350
and 400°C with different PAN contents are shown in Figure 5.
When the PAN/PI composite films are cured at 350°C, the elon-
gations of the films are enhanced first and then decrease as the
PAN contents increase, while the tensile strengths of the com-
posite films decrease first and then increase, as shown in Figure
5(a). The 2.5% PAN/PI composite film has the largest
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Figure 4. Dielectric constants and dielectric loss of the composite films cured at (a) 300°C, (b) 350°C and (c) 400°C.
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Figure 5. Tensile stress—strain curves of the PAN/PI composite films cured at (a) 350°C and (b) 400°C.

elongation and the lowest tensile strength. It is mainly because
that the quasi carbon whiskers generated by the cyclization of
PAN run through the PI matrix and they can form connected
network structure easily as shown in Figure 2(e), which could
enhance the mechanical property of the composite films.*
Nevertheless, as the PAN content increases further, the defects
of the composite films increase for the aggregation of cyclized
PAN, and it will reduce the elongation of the composite films.
When the curing temperature rises to 400°C, PAN shrinks obvi-
ously, while PI cannot deform with the PAN, which will leave
lots of macropores in the composite films. This would reduce
the mechanical properties of the films, even though the quasi
carbon whiskers are helpful in enhancement of mechanical
properties. As shown in Figure 5(b), the shrinkage behavior of
PAN plays dominant role, and the elongations of the films are
decreased sharply. The results show that the addition of PAN
and the curing temperature can significantly change the
mechanical properties of the PI film.

CONCLUSIONS

In conclusion, we prepared a series of PAN/PI composite films
with different PAN contents and discussed the effect of curing
temperature on properties of the composite film. When the
films are cured at 250°C, an interesting phenomenon is found
in the PI film: the incompletely imidized polyamic acid self-
assembles to rigid sphere. This is conducive for PAN to distrib-
ute uniformly and form connected network structure through-
out the PI matrix. As the curing temperature is raised to 350°C,
the rigid spheres in the films disappear for imidization and
cross-linking reaction, while 3D interconnected quasi carbon
whiskers network arises in the composite films. The composite
films cured at 350°C show enhanced mechanical property and
increased dielectric constant. Further increasing the curing tem-
perature to 400°C, many macropores are generated in the com-
posite films for the shrinkage behavior of PAN, resulting that
the dielectric constants and elongations of the composite films
decreased. We hope this work will pave the way for an optimal
solution to prepare PAN/PI composite materials.
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