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Abstract : Carbon/polyimide composites can be used for high temperature resistant materials with high
thermo-oxidatively stable materials. PMR-15 polyimide was synthesized from the three monomer reac-
tants, NE (5-norbonene-2,3-dicarboxylic monomethylester), BTDE (3,3',4,4"-benzophencne tetracarboxy-
lic dimethylester) and MDA (4,4-methylene dianiline). In this study, changes in chemical structure,
molecular weight, viscoelastic behavior, and volatile materials of the PMR-15 polyimide composites during
the cure reaction were investigated for establishing an optimum manufacturing condition. From the results
of analysis, a 2-step compression molding process can be established for the polyimide composites. In the
first step, a vacuum bag mold (with a vacuum hole in the press) was heated up to 210°C for degassing the

volatiles and by-products, and kept at 210°C for 60 minutes for pre-imidization. In the second step, com-
posites were cornpressed at 255 °C for proper lamination and stabilized at 320°C for cross-linking reac-

tions. The resulting composites showed excellent physical properties with the void-free feature. Post cure
effects on the mechanical and thermal properties of laminated composites were examined as a function of
time at 350 °C. Glass transition temperature {T, o) and thermal degradation starting temperature I

increased with the post-cure time whereas the transverse tensile strength decreased slightly.

Introduction

Research on high temperature matrices of com-
posite material for special applications at elevated
temperatures have been progressed steadily since
the early 1960'. General organic polymers used
as matrices for fiber reinforced composites melts or
thermally degrades above 300°C. One of the
most representative high temperature polymers
may be the polyimides which have excellent
thermo-oxidative stability resulted from the aro-
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matic ring unit and strong carbon-carbon linkage
in a polyimide main chain. However, its rigidity of
chemical structure raised glass transition tempera-
tures too high and made it hard or even impossi-
ble to process. Therefore, many studies have been
conducted to improve the poor processability and
the rigidity of polyimide resin’

One of the most successful achievements to
improve the processability of polyimide resin has
been the PMR (Polymerization of Monomer Reac-
tants) polyimide from the NASA Lewis Research
Center” Among the PMR series, "PMR-15" poly-
imide has excellent thermal properties and good
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processability as a composite matrix. PMR-15
polyimide composites reinforced with carbon or
glass fiber showed excellent mechanical proper-
ties and environmental stability at temperatures
up to 360 °C. Thus they have been used for the
structural material in the fields of aerospace and
military applications.?

Though the processability of PMR polyimide
resins has improved successfully, difficulties still
remain in the compression molding process due
to bubbling and volatizing in its complex cure
chemistry. Thus maost of the molding methods for
polyimide resin have been restricted to autoclave
molding, due to the remaining volatile materials.
The objective of this research is to establish the
optimum cure process of PMR-15 polyimide com-
posites in compression molding and to charactet-
ize the properties of the composites. Chemical
and physical characteristics of the polyimide resin
in each step of the processing were analyzed. The
properties of its fiber reinforced composites were
also investigated for identifying the property of
the cure process established in this study.

Experimental

Alcohol solutions of three monomer reactants
{Hysol Co.), 3,3'4,4"-benzophenone tetracarboxy-
lic dimethyiester (BTDE), 4,4'-methylene dianiline
(MDA} and 5-norbonene-2,3-dicarboxylic mono-
methylester (NE) were used as starting materials
for synthesizing PMR-15 polyimide. Cellion 6000
carbon fiber (3K) supplied by BASF Co, was used
as a reinforcement.

Curing behavior and physical properties of
polyimide resin and its composites were observed
and analyzed by using Fourier Transform Infrared
speciroscopy (FTIR), Gel Permeation Chromato-
graphy (GPC), Thermogravimetric Analyzer
(TGA) and Dynamic Mechanical Analyzer (DMA).

FTIR {Digilab model FTS-80) was used with the
KBr powder method for identifying the chemical
structure of heat treated imidized oligomer for 0,
30, 60, 90 and 120 min at 210°C. GPC (Waters
model 150-C) with an Ultrastyragel column in the
series of 500-100-100 A was used to analyze the
chemical structure and degree of imidization as a
function of time at 210°C. Tetrahydrofuran was
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used as an eluent with a flow rate of 0.7 mL/min.
Viscoelastic behavior of carbon/polyimide
prepreg and laminate was observed by DMA
(Dupont 982). A horizontal type sampling mount
was used to test the prepreg, while a vertical type
was used for cured laminate under a nitrogen-
atmospheric condition with a flow rate of 50 cc/
min. Oscillation amplitude was fixed at 0.2 mm.,
TGA {Dupont 951} with a Dupont 9900 Ther-
mal Analyzer was used to measure the quantity of
volatile materials and by-products in the curing
process. It was conducted under nitrogen-atmos-
phere conditions with a flow rate of 50 cc/min.
Unidirectional carbon/polyimide prepreg was
fabricated with a drum-winding machine using
the solution dipping method. Resin content and
fiber areal weights of the prepregs were 60 wt%
and 0.0165 g/em’, respectively. Carbon/polyim-
ide laminates were fabricated by using the com-
pression molding method developed in this study.
In the compression molding method, the compos-
ite was cured by using a press mold with a vac-
uum hale to apply a vacuum bag as shown in
Figure 1. In initial stage of the molding, the vac-
uum was applied for degassing volatiles and by-
products, and then the pressure was applied for
compressing the laminates after removing the
vacuum bag because the bagging materials with
the squeezed resin restrict a proper compaction of
the laminates. Post-cure of the composite was car-
ried out in a forced air-circulating oven at the pre-
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Figure 1. Vacuum bag lay-up for 2-step compression
molding of polyimide composites.
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determined post-cure temperature (350°C).

Transverse tensile strength and modulus sensi-
tive to the matrix property of the laminate were
tested according to ASTM-D 638 method with
Instron model-8250. Thermal properties of the
carbon/polyimide laminates were also investi-
gated by using DMA and TGA.

Results and Discussions

It has been known that synthesis of PMR-15
polvimide proceeded is the result of following
chemical reactions’ : in the first step, intermediate
amic-acid prepolymer is produced from three
starting monomers and then polymerized at
210°C, resulting in imidized prepolymer (1500-
formula molecular weight (FMW)). In this step,
FMW of the polyimide is controlled by the stoichi-
ometric proportion of three monomers such as
n = 2.087 mol of BTDE with (n+1) mol of MDA
and 2 mol of NE. In the second step, a network
structure is constructed via reverse Diels-Alder
type crosslinking reaction and resin is fully consol-
idated. In addition, the imidization reaction of the
PMR polyimide occurred in the range of 120 to
210 °C while the cure reaction took place 320°C.°
Based on the above results, the complex cure
chemistry and viscoelastic behavior of PMR-15
polyimide were investigated. In Figure 2, FTIR
spectra of the monomer mixture before aging
show characteristic peaks of each monomer, such
as carboxylic O-H stretching peak from 2400 to
3300 cm™ in the monomeric NE and BTDE, -C-O
stretching peak from 1240 to 1290 cm®, and C=0
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Figure 2. FTIR spectra of monomer mixture (a) and imi-
dized oligomer (b) for 60 minutes at 210 °C.
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stretching peak at 1720 cm®. Also we can find
-N-H stretching peak at 3450 cm™ due to the pri-
mary amine. The imidized prepolymer shows the
gradual increase of C-N stretching peak of imide
group at 1380 cm™” and cyclic =C=0 stretching
at 1780 cm™.®" These changes of peak intensity
as the imidizing reaction time were quantitatively
calculated and represented in Table 1. In Table I,
changes of peak intensity over 60 minutes at
210 °C were relatively small, while the peak inten-
sities of C-N siretching and cyclic =C=0 stretch-
ing were increased rapidly until 60 minutes at
210 °C. From the FTIR analysis, the degree of
imidization occurred rapidly within 60 minutes at
210°C.

Figure 3 shows the degree of imidization and
molecular weight distribution of neat resin ob-
tained from GPC analysis as a function of time at
210 °C. It can be seen that the degree of polymer-
ization (n) of imidized oligomers was distributed
from n =0 to n = 4 in which a few unreacted
monomey or monomer adducts h = 0) were
included. Decrease of peak as reaction time
increased at 210°C is shown in Figure 3, espe-
cially in case of larger imidized oligomer {n = 4).

Because partially cross-linked or larger FMW
polyimide {n>4} which could not be dissolved in
THF/DMF solvent, was produced after 60 minutes
at 210°C, the related peaks in GPC were
decreased.

The peak over 60 minutes was mostly un-
changed, indicating a duration over 60 minutes at
210 °C gives almost same results. From the results
of FTIR and GPC, it can be thought that the heat
treatment at 210 °C for 60 minutes might be the
optimum condition for proper imidization.

Table 1. FTIR Peak intensities of PMR-15 Polyimide
as Heat Treatment Time at 210 °C

Peak Intensity of Peak Intensity of Cyclic

Dtglag 22 o C-N Strechingat =0 Streching at
1380 cm'! 1780 cm*
0 min 89 28
30 min 95 35
60 min 106 38
90 min 107 40
120 min 106 45
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Figure 3. GPC separated peaks of imidized oligomer as
a function of time at 210 °C.

The quantity of volatile materials and by-prod-
ucts generated by heating the neat resins are
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Figure 4. TGA curve of PMR-15 polyimide resin in con-
stant heating rate of 10 °C/min.
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Figure 5. Viscoelastic behavior of the carbon/polyimide
prepreg.

shown in Figure 4. The highest peak at 60°C was
caused by volatilization of the solvent (methanol)
and the broad peak at 130 °C was generated by
an amic-acid reaction with by-products (methanol
and water}. The peak at 210 °C was created from
the volatilization of methanol and water produced
by the imidization reaction. The last peak at
320 °C indicates volatilization of pentadiene asso-
ciated with cross-linking reaction. TGA results of
neat resin and prepreg obviously showed the pro-
duction of enormous quantity of volatiles and
reaction by-products as the temperature increase
up to 210 °C. Thus it can be easily seen that the
application of vacuum to PMR polyimide com-
pression molding was essential to eliminating the
solvents and by-products up to 210°C.

The DMA result of carbon/polyimide prepreg
with a constant heating rate of 10°C/min is
shown in Figure 5. From Figure 5, we can find
the characteristic viscoelastic behavior of the
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PMR-15 polyimide composite in which the fre-
quency change indicates a measure of medulus
or viscosity.*® Frequency decreased due to the
monomer melting occurred in a temperature
range from 50 to 150 °C and then rapidly incre-
ased in a range of 150 to 210°C as a formation
of linear imide prepolymer. In the range from 230
to 270 °C, it decreased rapidly due to the melting
of imide prepolymer. It is obvious that the pres-
sure for compression should be applied in that
temperature region. Finally, frequency increased
again as the cross-linking reaction with the NE
group at the chain end until 350 °C was reached.

Summarizing the above results, we can estab-
lish 2-step compression molding as the optimum
cure process by considering volatiles, by-products
and the viscoelastic behavior of polyimide resin.
In the first step, for the removal of volatiles and
reaction by-products, the polyimide laminate with
the vacuum bag lay-up (at a vacuum level of
2mmHg) as in Figure 1 was heated up from
room temperature to 210 °C, and retained at that
temperature for 60 minutes for the pre-imidiza-
tion reaction. Then the vacuum bag was removed
immediately without any decrease in tempera-
ture, For the second step, composite was heated
up to 255 °C for 30 minutes to obtain the maxi-
murn flow of laminate in which pressure (600 psi)
to remove the void of composite should be
applied. It was then brought up again to 320°C
and kept for 90 minutes at that temperature for
the cross-linking reaction.

Figure 6 and 7 reveal TGA and DMA curve
according to the cure cycle obtained from this
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Figure 6. TGA curve of carbon/polyimide prepreg for
the cure cyicle established in this study.
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study. TGA and DMA results of carbon/polyimide
prepreg as the cure cycle were similar to those of
Figure 4 and 5. The density of the composites
prepared by 2-step processing is 1.67 g/cmi, a rel-
atively high value compared to that of other poly-
imide composites.” In addition, the density of the
same carbon/ polyimide composite, compression
molded without 2-step processing is approxi-
mately 1.54 g/cm’ with the void containing fea-
ture. This clearly indicates the success of the
compression molding process of polyimide com-
posites developed in this study.

Fabricated carbon/polyimide laminates show
excellent physical properties as well as high trans-
verse tensile strength (65 MPa) and tensile modu-
lus (9.7 GPa). Glass transition temperature (T;) of
the carbon/polyimide composite was shown at
322 "C, and thermal degradation starting temper-
ature (T4} of that appeared at 398 °C. The polyim-
ide composite fabricated in this study has a very
high temperature resistance and thermo-oxidative
stability.

The effect of the post-cure to improve the
thermo-oxidative stability of polyimide compos-
ite was verified with DMA and TGA analysis.
Variations of T, and T, as a function of post-cure
time at 350 °C are also shown in Figure 8. From
the results, T, and T increased with the post-cure
time because of an increase in the cross-linking
density during post-cure.” The effects of post-cure
on mechanical properties are shown in Figure 9.
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Figure 7. Viscoelastic behavior of carbon/polyimide pre-
preg for the cure cyde established in this study.
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Figure 8. Glass transition temperature and thermal de-
composition temperature of carbon/polyimide composites
as the post-cure time at 350 °C.
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Figure 9. Transverse tensile strength and modulus of car-
bon/polyimide composites in the post-cure time at 350+ °C.,

Transverse tensile strength decreased, while
transverse tensile modulus remained nearly
unchanged for the post-cure time at 350°C.
Conclusions

Analyses show that during the synthesis of
PMR-15 polyimide resin, an enormous quantity
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of volatiles such as methanol and water generated
from the imidization reaction until 210°C was
produced. The optimum condition for proper imi-
dization is keeping the resin for 60 minutes at
210 °C under vacuum. We can establish the opti-
mum compression molding process for the carbon/
polyimide composites as follows : first, vacuum
(2 mmHg) must be applied to the compression
mold for 60 minutes at 210 °C with a vacuum bag
lay-up in order to remove the volatile materials.
Second, pressure is applied at the peint of mini-
mum viscosity (255 °C} in order to eliminate the
void and compress the laminate. Then the cure is
completed by keeping the laminate at 320°C for
90 minutes. The transverse tensile strength and
tensile modulus of the carbon/polyimide compos-
ite fabricated in this study were 65MPa and
9.8 GPa, respectively. Thermal resistance and
thermo-oxidative stability of carbon/polyimide
composite were remarkably improved by the
post-cure treatment.
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