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ABSTRACT: A new polyimide composite was developed
relying on the concept of in situ polymerization of monomer
reactants polyimide. High thermal conductive, low dielectric
constant and dielectric loss, and thermal-stable composites
were successfully demonstrated by incorporating aluminum
nitride powder into the polyimide. The weight percent of
aluminum nitride was up to 80%. The thermal and dielectric

properties follow the classic composite theories. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 89: 3913-3917, 2003
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INTRODUCTION

Polyimides (PIs) have widely been used as a standard
electronic material for making circuit boards."* How-
ever, they exhibit intrinsic low thermal conductivities
and fairly high thermal expansion coefficients, which
can cause problems in heat dissipation and thermal
fatigue failure in the electronic systems.’> Aluminum
nitride (AIN) is a nonoxidative ceramic with many
attractive properties, including high thermal conduc-
tivity, low thermal expansion, and excellent dielectric
properties.*” Therefore, AIN/polyimide composites
are expected to compensate to each other.>®’
Polyimide films and coatings are typically prepared
in a two-step process. For the powder-filled compos-
ites, however, it is difficult to completely remove the
residual solvent and by-products, which often results
in high void content and defects. The in situ polymer-
ization of monomer reactants (PMR) concept utilizes
the polymerization directly on the reinforcements dur-
ing the composite consolidation.'®* In a typical PMR
approach,'® reinforcements are impregnated with a
methanol solution containing an aromatic diamine, an
aromatic diester diacid, and a monoalkyl ester of
5-norbornene-2,3-dicarbonylic acid which is used as
an endcapper. The monomers undergo cyclodehydra-
tion to form a norbornene-endcapped, low molecular
weight imide prepolymer in the temperature range of
100-250°C. Volatile by-products produced at this
stage are easy to be removed. Additional polymeriza-
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tion of the norbonene endcaps occurs at high temper-
atures without volatile reaction by-products. Compos-
ites with void contents less than 1% can be prepared.

This article reports the preparation of PMR-type
polyimide composites with AIN powder as filler. The
resulting thermal and dielectric properties were also
studied.

EXPERIMENTAL
Preparation

The monomers of PMR-type polyimide used in this
study were provided by the Institute of Chemistry,
Chinese Academy of Science. They were 4,4'-methyl-
ene dianiline (MDA), diethyl ester of 3,3’ ,4,4'-benzo-
phenone tetracarboxylic acid (BTDE), and monoethyl
ester of 5-norbornene-2,3-dicarboxylic acid (NE), as
shown in Figure 1.

The mixture of the three monomers was first treated
under vacuum in sequence at 120-140°C for 120 min,
200-210°C for 60 min, and 220-250°C for 60 min to
form imide prepolymer, following the chemical reac-
tions shown in Figure 2.

Secondly, AIN powders were mixed with the imide
prepolymer by mechanical milling. The AIN power used
in this study was provided by The 43rd Institute, Min-
istry of Information Industry (Hefei, China). The average
particle size of the AIN powder is 2.0 um. The thermal
conductivity and the thermal expansion of the AIN pow-
der are 200 W/(m K) and 4X10°/°C, respectively.

Finally, composite discs were molded by hot com-
pression at 180 MPa and 320°C for 60 min, resulting in
AIN/PI composite specimens. Additional polymeriza-
tion of the norbonene endcaps in molding is shown in
Figure 3.
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Figure 1 The monomers of PMR-type PI.
Measurements solvent and volatile by-products. Therefore, carefully

The thermal conductivity was measured by C-MATIC,
Thermal Conductance Test, model TCHM-LT, accord-
ing to the steady heat flow meter method. Specimens
for the measurement were in the form of a disk with
diameter of 50 mm and a thickness of about 3 mm.

The dielectric properties were measured by a PL-
DETA Dielectric Thermal Analyzer, which can mea-
sure the dielectric constant and the dielectric loss with
increasing temperature in different frequencies. Spec-
imens for the dielectric property measurement were
also a disk with diameter of 30 mm and a thickness of
about 1 mm.

RESULTS AND DISCUSSION

It was experimentally found that the PMR impregna-
tion route was not perfect for preparing polyimide
composite with high solid filler concentrations. The
high AIN powder concentration often interferes with
the chemical reaction of monomers and the release of

preparation and experimental skill were crucial.

Figure 4 shows the SEM micrographs of AIN/PI
composites prepared by the PMR route, with respect
to different AIN weight percents. As shown in the
micrographs, all the specimens look void free and
fully dense. The AIN powders are well dispersed in
the polyimide matrix. The weight percent was as high
as 80 wt % AIN. This indicates that the experimental
preparation was successful.

The thermal conductivity of AIN/PI composites in-
creases dramatically with the AIN volume fraction,
shown in Figure 5. The highest conductivity of about
438 W/(m K) in the range of the experiment was
obtained, which is more then ten magnitudes higher
than that of the original polymer, suggesting that AIN
is an effective component for increasing the composite
thermal conductivity.

Many theoretical and empirical models have been
developed to describe the mixing role of two-phase
composite systems.'®>> However, an accurate calcu-
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Figure 2

The sequence of chemical reactions of the PMR-type prepolymer.
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Figure 3 Additional polymerization of the norbonene endcaps.

lation of the thermal conductivity of composites with
high concentrations seems at the moment impossible,
because it needs extensive information such as the
position of the particles and the relationship between
the particles. The most common for predicting the
thermal conductivity are Maxwell’s equation and
Bruggeman’s equation:

)\2 + 2)\1 - 2V2 ()\1 - /\2)

AC - Al )\2 + 2)\1 + V2 ()\1 - )\2) (1)

\ 2)

N )\2 - )\C ()\1)1/3

where A, A;, and A, stand for the effective thermal
conductivity of the composites, matrix and filler
particles, respectively. V, is the volume fraction of
filler.

Maxwell’s equation is an exact solution for the ef-
fective conductivity of randomly distributed and non-
interacting spheres in a continuous medium. How-
ever, it does not take into account the mutual interac-
tion of the particles®®*'; thus it is not a satisfactory
treatment for our composites in high volume fraction
range. Figure 5 shows that the experimental data hold
well with Maxwell’s equation only if the AIN volume
fraction is less than 20%.

A 20 wt% AIN

B 50 wt% AIN

C 80 wt% AIN

Figure 4 SEM micrographs of AIN/PI composite materials (X1k)
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Figure 5 Theoretical curves and experimental data of AIN/PI composites in comparison.

Bruggeman’s equation is derived by consideration
of neighboring particles as the incremental dispersed
particles and existing composite as the surrounding
medium at each stage, and then integration of thermal
conductivity.”>** It can be also found in Figure 5 that
Bruggeman’s equation fits better with the experimen-
tal data in all ranges of the AIN volume fraction,
compared with Maxwell’s equation.

The dielectric properties of AIN/PI composites
were also varied with AIN volume fraction (Fig. 6).
They were measured in room temperature with 50 Hz,
1 kHz, and 0.1 MHz, respectively. The dielectric con-
stant varies from 2 to 4 for the AIN volume fraction
from 0 to 62%, and it is obviously lower than that of
AIN itself of about 8.
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A theoretical model to describe the dielectric con-
stant of composites is reported® as

3Vf (g2 — &)

1+ g+ 281 — Ve, — 1)

e =g

(3)

where ¢ stands for the dielectric constant of compos-
ites, &; and &, for matrix and dispersed particles, re-
spectively. Vyis again the volume fraction of the par-
ticles. The theoretical curve according to eq. (3) is
compared in Figure 6 with the experimental data.
There is a good agreement. The dielectric loss of the
composites is shown in Figure 6(B). They are all below
0.003, with a big data scatter.
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Figure 6 The dielectric properties of AIN/PI composites as function of AIN volume fraction.
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Figure 7 Plot of the dielectric properties of AIN/PI composites against temperature.

PIis a high-temperature resistant polymer. The tem-
perature-dependent dielectric properties of our
AIN/PI composites are shown in Figure 7. The vol-
ume fraction of AIN was constant of 62% for all the
specimens. Both the dielectric constant and dielectric
loss are generally stable with temperatures up to
220°C. The thermal stability is an important factor for
electronic systems.

CONCLUSION

1. PMR-type PI composite specimens were success-
fully prepared with a wide range of AIN concen-
trations, up to 80 wt %. The composite specimens
made were fully dense.

2. High thermal conductive PI/AIN composites
were obtained. The thermal conductivity of the
composites obeys the Bruggeman’s equation
more obviously than the Maxwell’s equation in
all ranges of AIN volume fraction studied.

3. The dielectric constant of PI/AIN composites var-
ies from 2 to 4 for AIN volumes fraction from 0 to
62%. The dielectric loss is lower than 0.003. Both of
them were found stable with temperature.
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