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PREFACE

This is the proceedings of the High Temperature Polymer Matrix Composites
Conference held at the NASA Lewis Research Center on March 16-18, 1983.

The purpose of the conference was to provide scientists and engineers working
in the field of high temperature polymer matrix composites an opportunity to
review, exchange, and assess the latest developments in this rapidly expanding
.area of materials technology.

Technical papers were presented in the following areas:

1. Matrix Development

2. Adhesive Development
3. Characterization

4. Environmental Effects
5. Applications

Tito T. Serafini
Conference Chairman
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ACETYLENE TERMINATED MATRIX RESINS

I. J. Goldfarb, C. Y-C. Lee, F. E. Arnold, and T. E. Helminiak
Materials Laboratory
Air Force Wright Aeronautical Laboratories

The synthesis of resins with terminal acetylene groups have provided a
promising technology to yield high performance structural materials. Because these
resins cure through an addition reaction, no volatile by-products are produced
during the processing. The cured porducts have high thermal stability and good
properties retention after exposure to humidity. Resins with a wide variety of
different chemical structures between the terminal acetylene groups have been
synthesized in the Materials Laboratory, and their mechanical properties have been
studied. The ability of the acetylene cured polymers to give good mechanical
properties has been demonstrated by the resins with quinoxaline structures.
Processibility of these resins can be manipulated by varying the chain length
between the acetylene groups or by blending in different amounts of reactive
deluents. Processing conditions similar to the state-of-the-art epoxy can be
attained by using backbone structures like ether-sulfone or bis-phenol-A. The wide
range of mechanical properties and processing conditions attainable by this class
of resins should allow them to be used in a wide variety of applications.

INTRODUCTION

A variety of aromatic and aromatic heterocyclic oligomers with terminal
acetylene units have been reported (Ref 1-3) in recent years for use as addition
curable moisture resistant thermoset resins. Long term use temperatures for these
materials are in the range of 250-550°F with short term usage at 600-650°F
depending on the specific molecular structure between acetylene cure sites. A
substantial effort in our laboratory has been directed toward the synthesis and
characterization of acetylene terminated oligomers. These materials can be
classified into rigid (high T_) and flexible (Tow T_) systems. For higher use
temperatures, the rigid aroma¥ic heterocyclic o1igoﬁeric backbones are employed
which exhibit higher T 's after cure. Materials which process analogous to the
state-of-the-art epoxides require the more flexible (e.g. phenylene R systems)
where R refers to the functional group which imparts the flexibility to the
oligomeric backbone. This paper is an attempt to scope the chemistry and the range
of processing and mechanical properties presently attainable by this class of
resins. It is not a complete survey of previous work in this technology area but
selective resins are chosen to demonstrate their versatility and properties. The
data reported are in general not optimized because of the Timited quantities of
these resins.




CURE CHEMISTRY

Studies of various acetylene terminated monomers have demonstrated that the
polymerization is a free radical propogationof the acetylene moiety to a Tinear
conjugated polyene (Ref 4). The kinetic chain Tength of this reaction is unusually
short (6-8 acetylene units) and termination is first order. This early stage of
reaction of a difunctional acetylene is depicted in Figure 1. A proposed model to
account for these observations is as follows: A thermally induced free radical
probably involving two molecules of monomer initiates the propogation of one
acetylene per monomer unit into a conjugated polyene. This results in a
cluster-shaped species whose growth is inhibited by the steric hindrance of the
pendent groups attached to the acetylene. Although the free radical at the hub of
the cluster is still reactive, its growth becomes increasingly more difficult as
the reaction proceeds reaching a finite limit. Based on this model one would
predict a steady growth of free radicals to a high concentration. Electron
paramagnetic resonance of polymerizing acetylene terminated sulfone verifies such a
growth of free radicals to unusually high concentrations (Ref 5). Involvement of
the pendant acetylenes of a cluster in subsequent polyene formation reactions
yields a crosslinked network whose crosslink sites are the polyenes. This model
would lead to the prediction that a high degree of cure completion would be
required in order to obtain good tensile properties. In addition it would be
expected that the monomer size should influence the average polyene length and
hence the number of arms per cluster. This in turn would have a direct effect on
the network topology which should manifest itself in mechanical behavior. Studies
to explore the size effect are currently underway. Studies to date support the
proposed model with no evidence of any further reaction of the polyene species, but
trimerization to an aromatic species, although stericly improbable, is possible and
has been observed in small quantities. It has been demonstrated that
polymerization of acetylene terminated monomers can be initiated at lower
temperatures using transition metal-organic compounds (Ref 6). Although the effect
on network structure has not been determined, preliminary mechanical
characterization of initiated polymers indicates an effect may be present. As
might be expected for a free radical polymerization, cure studies in air and
nitrogen have clearly shown that the rate of cure is markedly reduced in
air (Ref 7). The mechanical properties are appparently favorably influenced by an
air cure (Ref 8). '

MECHANICAL PROPERTIES

To demonstrate that AT cured systems can attain good mechanical properties,
the results for a quinoxaline resin (ATQ) are shown as an example. This
quinoxaline resin, whose structure is as shown in Figure 2, is prepared by
endcapping quinoxaline oligomers with 3-(3,4-diaminophenoxy )phenylacetylene
(Ref 1). The neat resin mechanical properties of this system are listed in Table I
(Ref 9). The test specimens were post-cured at 700°F under nitrogen for 1 hour.
The fully cured T_ of this resin is 321°C. The data listed in Table I indicate
good tensile streﬂgth at room temperature. The resins have also been tested at
450°F. The mechanical properties at both temperatures are not affected by aging at
200°F, 94% humidity environment. This resin has also been evaluated as a matrix in
an unidirectional graphite composite. Prepreg tapes were prepared by drum winding
at room temperature using Hercules HT-S fiber and solutions of the ATQ resin in




methylene chloride (Ref 10). The laminates were fabricated in a press at 550°F for
2 hours under 200 psi pressure and post-cured in an oven at 600°F for 16 hours.

The composite data are listed in Table II (Ref 1). Again the properties are good
and seemingly unaffected after 30 days of aging at 160°F/95% relative humidity
environments. The ability of the cured AT systems to maintain high temperature
properties, even with relatively flexible backbones, can be demonstrated by the
mechanical properties of the bis-phenol-A_.(ATB) resin. The synthesis and
characterization of this resin are being reported elsewhere (Ref 11). The
structure is shown in Figure 3. The neat resin tensile data are listed in Table
1II. This resin has good retention of properties at 350°F. Again, aging in severe
wet environment (immersed in 160°F water till saturation) does not seriously affect
its mechanical properties. Preliminary short beam shear data of the ATB/graphite
composite (Ref 12) show values of 12 ksi at room temperature and 7.5 ksi at 350°F.

PROCESSABILITY

The AT resins can be used in a wide range of processing temperature and
conditions. Resins with high molecular weight and rigid backbones usually have
very short time in the melt state, and require rather extreme processing conditions
like compression molding at high temperature. At the other extremes, resins with
flexible backbones can exhibit the "tack and drape" characteristics of the
state-of-the-art epoxy resins. At moderately high temperature, this type of resin
remains in the liquid state for an extended period of time. Because they are
single component systems, these resins do not have the problems associated with
mixing-in high temperature melting components. An example of an AT system that
shows the high temperature processing characteristic is another quinoxaline resin
that is end-capped with 4-(3-ethynylphenoxy)benzil (Ref 1). The structure of this
resin (BATQ) is shown in Figure 4. This resin has a high uncured T_ of 185°C.
The isothermal viscosity curves as a function of cure time are showfl in Figure 5.
In order to mold this resin into tensile dog-bone specimens for testing, the resins
were processed at 180°C under 18 ksi pressure for 1 hour, then cured for 1 hour at
220°C in the mold under the same pressure. The tensile data of these specimens
after post curing at 250°C for 4% hours are quite good; with a tensile strength of
13.4 ksi and 13.1 ksi before and after moisture aging respectively. The viscosity
profile of the ATB however, is quite different. At 25°C, the viscosity of this
resin is 10° poise (as measured by dynamic measurement at 10 rad/sec) (see Fig.
6). At 80°C, the viscosity level is less than 1 poise and can be poured through
narrow channels of processing molds. Because of the low uncured viscosity, this
resin can be tailored to suit different viscosity requirements for specific
processing needs by B-staging the resin to appropriate degrees.

Molecular Weight Effect

By changing the molecular weight between the acetylene groups the
thermo-rheological profiles of a system can be drastically modified. Figure 5
shows the isothermal viscosity curves of a series of quinoxaline resins. The
lowest molecular weight structure, shown in Figure 4, is referred to as SBQ
(Ref 1). It is obvious that with decreasing oligomer chain lengths, the processing
window (time in melt state) is increased to allow easier processing. The fracture
toughness (K.) measurement of this series also indicate that the toughness
decreases with decreasing chain length (Fig. 7).




Reactive Diluents

Another approach that can improve the processability of a resin is to blend
it with reactive diluents (Ref 13). The BATQ described in the previous section is
very difficult to process because of its high uncured T_. When a reactive
diluent is blended in with a resin, the glass transitiofl temperature of the mixture
is lowered than the unblended resin. The mixture can then be processed at a
temperature unreachable by the unblended resin. Also because of the lower
processing temperature, the kinetic rate of the cure is slower as well, thus
affording further improvement of the processing window. Because of the reactivity
of the diluents, they will be incorporated into the final network during cure.

Both difunctional and monofunctional acetylene terminated phenylene oxide have been
used as reactive diluents with BATQ resin. The isothermal cure viscosity curves of
the blends are shown in Figure 8. Substantial improvement in processing can be
realized by the small amount of diluents added. At low concentration, the diluents
do not appear to adversely affect the mechanical properties of the resin. However,
at higher concentration, the properties of the resin can be seriously compromised.

CONCLUSIONS

The acetylene terminated resins are a promising thermoset technology because
of its addition cure reaction, good thermal properties and excellent properties
retention after exposure to humid environments. By incorporating appropriate
chemical structures between the terminal acetylene groups, one can obtain matrices
with good mechanical properties after cure. The wide range of viscosity profiles
before cure attainable by these resins makes them a versatile technology for
designing thermoset systems for specific application requirements.
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TABLE I
Mechanical Properties of Neat Resin ATQ
Test Temperature Tensile Strength MPa (ksi)
Dry Wet
RT 98(14) 98(14)
450°F 27{(3.8) 32(4.5)
TABLE II

ATQ/HT-S Composite Properties

Propert RT 500°F 300°F Aged* 450°F Aged*
Flexurai Strength - ksi 721 192 221 138

Flexural Modulus - Msi 19.5 18.1 19.5 19.1
Short Beam Shear - ksi i5 - C -

*30 days at 71°C 95% RH.

TABLE [II
ATB Neat Resin Mecnanical Propertieés
RT 200°F 350°F
Dry  Aged* Dry Aged* OUry Aged*
Elongation at Break ~ % 3.5 3.1 4.4 3.4 6 7
Tensile Strength - ksi 9.8 8.5 8.3 7.2 5.8 5.5

*Immersed in 160°F water i1l saturation.




FIGURE 1. Early Stage of Cure.
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FIGURE 2. Molecular Structure of ATQ.
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FIGURE 3. Molecular Structure of ATB.
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AN IMPROVED PROCESSIBLE ACETYLENE-TERMINATED POLYIMIDE
FOR COMPOSITES

Abraham L, Landis and Arthur B, Naselow
Hughes Aircraft Company
Technology Support Division

HR600P is the newest member of a family of thermosetting acetylene-substituted
polyimide oligomers. This oligomer is the isoimide version of the oligomer known as
HR600P and Thermid 600,* Although both types of material yield the same heat resis-
tant end products after cure, HR600P has much superior processing characteristics.
This is attributed to its lower melting temperature (160 + 10°C, 320 + 20°F) in
contrast to 2020C (396°F) for Thermid MC-600, its longer gel time at its processing
temperature (16-30 minutes vs 3 minutes), and its excellent solubility in low boiling
solvents such as tetrahydrofuran, glymes, or 4:1 methyl ethyl ketone/toluene mix—
tures, These advantages provide more acceptable coating and impregnation procedures,
allow for more complete removal at lower temperatures, provide a longer pot life or
working time, and allow composite structure fabrication in conventienal autoclaves
used for epoxy composite curing. The excellent processing characteristics of HR600P
allow its use in large area laminated structures, structural composites, and molding
compositions, The HR600P and HR60XP, where X is the degree of polymerization of the
oligomer, materials will be produced in the future by National Starch and Chemical
Company , Bridgewater, New Jersey.

DISCUSSION

In 1961, research was initiated, under U.S. Air Force Material Laboratory
sponsorship (reference 1), aimed at the development of high temperature resins for
composites which cure by addition reactions., A unique system of resins was developed
based on the homopolymerization of an acetylene end group by heat alone. These
oligomers were difunctional acetylene-~terminated polyimides, sufficiently low in
molecular weight and having the necessary structural features to impart solubility
and fusibility during their processing.

Polyimides in general tend to be insoluble, intractable materials., Even as low
molecular weight prepolymers special consideration had to be given to the polymer
backbone to impart fusibility and solubility to the acetylene-terminated polyimide
prepolymer. Numerous combinations of aryldiamines, difunctional aromatic acid
anhydrides and 3-aminophenylacetylene finally gave a composition of an oligomer
depicted by Figure 1 which had reasonably good processibility,

*Gulf 0il Chemical Company Trade Mark
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Figure 1. Specific designations: Thermid 600 when n = 1,

n

HR-60X when n = X.

This oligomer was prepared by the reaction of benzophenonetetracarboxylic dianhydride
(BTDA), 1,3-bis(3—amin0phenoxy)benzene (APB) and 3-aminophenylacetylene (APA) in

molar ratios of 2:1:2, By varying the molar ratio of the reactants, the value of n,
also called the degree of polymerization DP, could be varied. The oligomer with a

DP of one was found to be very promising both as a molding and as a matrix resin and
was initially licensed to Gulf 0il Chemical Company and marketed under the trade

name Thermid 600, It has found utility as matrix resin for glass and graphite
reinforced composites, chopped graphite reinforced molding compounds, adhesives for
titanium, self-lubricating composites, bearing retainers, adhesives for other poly-
imides such as Kapton, and matrix resin for printed wiring boards., Thermid 600 has
the proven ability to meet both long term (under 5509F) and short term exposure

(6ver 550°F) with minimal degradation of mechanical properties, In the past, these
resins have had limited acceptability because their high melting point and rapid cure

.

allow a very limited time at viscosities acceptable for processing.

Also, the resins have a relatively limited solubility in common solvents., The
processing window becomes even smaller with higher DP oligomers. In the past, a
number of approaches have been tried to improve the processibility of these oligomers.
For example, the incorporation of acetylene—terminated reactive diluents met with
limited success because of the lack of mutual solubility of the oligomer and diluent.

A new approach was tried several years ago to improve the processibility of
these oligomers. It was found that, under specific conditions, an isomeric form of
these oligomers can be made which has a lower melting temperature and is soluble

in a wide variety of common solvents when compared to the imides, This isomeric
form is the iminolactone or isoimide form and is depicted by the structure shown in

Figure 2,

N —vWA—

Cc
0
Figure 2. - Isoimide form of oligomer.
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This structure is metastable and readily converts irreversibly to the imide
form, either by heat or by catalysis. There are numerous references in the liter—
ature to this phenomenon (reference 2 and 3). The formation of the isoimide struc—
ture is through the cyclodehydration of the amic acid precursor by selected dehy-
drating agents. Thus, depending upon the cyclodehydration method used, the imide
or isoimide structure is formed, This is depicted in Figure 3.
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Figure 3. - Imide-Isoimide formation and conversion.

Because of the number of isomers possible for the isoimide compared to the imide and
due to its asymmetry, the isoimide version of the Thermid 600 is known as HR600P
oligomer. It is prepared by chemical rather than thermal cyclodehydration of the
amic acid precursor. Generally, the HR600P has an isoimide content greater than

80 percent. The theoretical structure is depicted in Figure 4,

-
c o]
He=C N/—-c‘ 5 C=\N o o N;C ¢ C-\-N C=CH
\C C/ \C C/
[ [ Il [
Q o] o [¢]
n=1
Figure 4. - HR600P Acetylene-terminated polyisoimide oligomer.
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The spectrum for the imide form is depicted in Figure 5 and that of the isoimid:
version in Figure 6. The I.R. spectrum of the imide form shows the expected C=0
(sym 1707-1730 cm"l, asym 1776-1794 cm—l). The I.R. spectrum of the isoimide shows
0=0 at 1789-1841 cm~l, C=N at 1680-1730 cm~l, and a characteristic broad band base
at 900-950 cm~l which can be attributed to the lactone ring with an exo-double bond,
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Figure 5. - HR600P Acetylene-terminated isoimide oligomer.
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Figure 6. - Thermid MC-acetylene-terminated polyimide oligomer.
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A study reported in the literature with N-substituted phthaloisoimide, Figure 7,

0
i
C=N . C\\
N
0 X /,N
v c X
" 1]
o) Isoimide Imide 0

Figure 7. - Configurations of isoimide and imide forms of N-substituted
phthaloisoimide.

shows a significant difference in melting point of the isoimide form over that of
the imide. Table T depicts this difference. The dramatic decrease in melting
point is very significant. Also, the solubility of the isoimide form in a number
of common solvents in which the imide version is sparingly soluble is greatly
increased,

TABLE I - Melting Points Of Comparable Imides and Isoimides (reference 3)

N-Substituted M.P,0C
Phthaloisoimide 1 Imide | Isoimide
C6H5 - 207-8 110-2
o—CH3C6H4 - 180-1 135-6
p—CH3OC6H4 - 203-4 112-4
o—CH30C6H4 - 158-9 116-7

The structure of the acetylene-terminated isomeric oligomers differs from that
of the corresponding imide oligomers only in the arrangement of atoms in the func-
tional heterocycle formed. Thus, the preparation of both oligomers requires the
same stoichiometry of the reacting monomers but different reaction conditions. The
acetylene-terminated polyisoimide analogous to Thermid MC-600, and having a degree
of polymerization of 1 (DP=1), is referred to an HR600P in this discussion, The DP
and DPy materials are referred to as HR602P and HR60XP, respectively., The HR600P
oligomer melts at about 150-160°C, whereas Thermid MC-600 melts at 195-2050C. Also,
HR600P has excellent solubility in such solvents as tetrahydrofuran, glyme, N,N=-
dimethylacetamide, N-methylpyrrolidone and other amide or ketone solvents,
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Upon heating and curing the HR600P converts to a thermally and oxidatively
stable polymer having good physical properties. Figure 8 compares the infra-red
spectra of molded and cured specimens of HR600P and MC-600, The similarity of the
spectra is striking. The enhanced processibility permits the use of a wider range
of DP's than has been possible with acetylene-terminated polyimides. Oligomers with
high DP's are still very processible and have been particularly useful for coatings
where flexibility and toughness are important. The fabrication of good quality
composites using conventional autoclaving techniques (starting with a cold mold and
curing at moderate temperatures) has been demonstrated, Sharp angular shapes were
molded from graphite fiber composites. Such shapes are very difficult to produce
with other high performance polyimides.
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Figure 8. - Comparison of infrared spectra of molded and cured (700 °F/16 hrs

air) of MC-600 and HR600P resins.
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Praperties and Processibility of HR60XP Oligomers

The uncured resin is a dry, free flowing, yellow powder, Its properties are

shown in Table II.

TABLE II - Properties of HR600P

Melting Range

320 + 20°F (160 + 10°C

Gel Time (see Figure 9)

Traditional Method

6-7 minutes @ 190°C
6 minutes @ 218°C

Rheometrics

30: minutes @ 190°0C
8 minuteg @ 210°C

Solubility

tetrahydrofuran
dimethylformamide

4:1 methyl ethyl ketone/toluene
N-methylpyrrolidinone
Cellosolve

Molecular Weight

M 2600
w
Mp v 1100

Viscosity (Rheometric

Minimum 2.3 x 10% poise @ 190°C
3.6 x 103 poise @ 2100C

Time to reach 107 poise !
8 minutes @ 1900C

8 minutes @ 2100C
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Figure 10 depicts a comparison of the differential scanpning calorimetric curves
(DSC) for HR600P and Thermid MC~600, The increase in the width of the HR600P curve
over the MC-600 indicates a wider processing window. The neat resin can be molded
below 400°F (210°C) by compression molding. By postcuring through a controlled
temperature cycle up to 600°F (3169C) and then at 700°F (371°C) for approximately
eight hours in air, a Tg of approximately 6620p (350°C) can be achieved, which is
approximately that obtained for Thermid MC~600,

32 122 212 302 392 82 572 662 752 842
] I 1 | I I ] I I

NITROGEN ATMOSPHERE
AATE: 20°C/MIN (38°F/MIN}

EXO

aT

. *FROM GULF OIL
THEAMID 600* CHEMICALS CO.

ENDQ

I | ] | i ! ] I |

[ 50 100 150 200 250 300 35¢ 400 450 500

S TEMPERATURE, °C
Figure 10. - Differential scanning calorimetry curves for Thermid MC-600 and
HR600P resins.

Some select thermal mechanical properties for the molded HR600P oligomer are
shown in Table ITI,

TABLE IIT - Select Thermal Mechanical Eroperties of Molded HR600P Oligomer

Neat Resin Properties Values
Tensile Strength 8500 psi at 21°C (70°F)
(Specimen size, 2 in. gauge length)
(Rate at loading, .05 in./min.) 4000 psi at 316°C (600°F)
Tensile Modulus 730,000 psi at 21°C (70°F)

180,000 psi at 3169C (6000F)

Elongation at Break 1.2% at 21°C (700F)

4.2% at 316°C (600°F)
G

lass Transition Temperature, 300°C after 8 hrs. @ 370°C air postcure
Tg by TMA 3500C after 15 hrs.@ 370°C air postcure
3309C after 4 hrs, @ 4009C air postcure
3549C after 8 hrs. € 400°C air postcure

Density 1.34 g/ce
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Composites

The high processibility of the HR600P oligomer makes this oligomer particularly
amenable to the state-of-the-art autoclaving molding techniques. The processibility
is compared to two other high temperature, high performance resins, namely LARC-160
and NRC-150 in Figure 11, It should be noted that with the HR600P oligomer, the
part can be easily formed at 3750F starting with a cold mold. After several hours,
the part can be removed from the autoclave and postcured in an oven, This cannot
be easily accomplished with the other two resins.

Typically, a glass clogh prepreg is prepared by coating the cloth with a lacquer
containing 25 percent by weight of HR600P resin in tetrahydrofuran containing one
percent of N-methylpyrrolidinone., In the case of graphite, the tow is coated with
the same lacquer using a dip tank and a collimation drum. The prepreg is placed
between Mylar film to preserve tack and drape. Tetrahydrofuran is used to reacti-
vate the tack and drape. The bulk may be reduced every fourth ply by vacuum bagging
for thirty minutes, After the final ply, the layup is oven dried at 140°F for 16
hours under vacuum. The debulked preform is then molded using the cycle shown in
Figure 11, A typlcal postcure involves 1500F to 4500F in 2 hours, hold at 450°F

700
(¢]
600 - 600°F
550°F
T 500
e
2' o
425°F
oo
£ 400/ C 3920F
o 375°F] B
17}
a.
2 _
- 300 347°F _—LARC-160
HR-600P
200
D D D .

A = APPLY VACUUM

B = INCREASE PRESSURE TO 100 PSIG
C = INCREASE PRESSURE TO 200 PSIG
D = REMOVE FROM AUTOCLAVE

A | | | | | | | |
0 100 200 300 400 500 600 700 800 900

TIME (MINUTES)

100

Figure 11. - Comparison of autoclave cycles of HR60OP with high
performance resins LARC-160 and NR-150.
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for 1 hour, 450°F to 600°F in 2 hours, hold at 600°F in 3 hours, 600°F to 700°F

in 1.5 hours, and hold at 7009F for 6 hours. 1In the case of compression molding,
it is necessary to introduce about 5 percent by weight of Cab-0-Sil to the resin
to prevent excessive squeeze-out of the resin or to advance the resin to a suit-

able viscosity for molding.

Recent rest results of HR600P HTS unidirectional graphite laminates show that
the strength retention properties are good. It is difficult to compare this data
with that of Thermid 600 since those laminates were made by compression molding
techniques whereas HR600P laminates were made by vacuum bag autoclaving techni-
ques, Figures 12 and 13 depict the change in flexural strength and shear strength
as a function of heat aging in air at 550°F up to 1000 hours., Most noteworthy is
the small change in these values when measured at room temperature, It should be
noted that these measurements were made on samples prepared by an unoptimized
process,

140
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VOID CONTENT 5:7%
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Figure 12. - Change in flexural strength as function of air aging at 550 °F.
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Figure 13. - Change in shear strength as function of air aging at 550 °F.
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Coatings and Films

Good quality films and coatings could be made from the HR60XP oligomers
having DP's of five or greater. High solid content resins can be formulated
in a solvent mixture containing tetrahydrofuran and N-methylpyrrolidone. After
dyring, these coatings can be cured at the usual cure temperature where homo-
polymerization of the acetylene group takes place (500-600°F), Steel test speci-
mens coated with HR605P oligomer and cured at 600°F had excellent-corrosion and
moisture resistance. Good quality films could be cast from lacquers formulated
from HR605P and HR610 oligomers.
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PMR POLYIMIDES FROM SOLUTIONS CONTAINING MIXED ENDCAPS

Peter Delvigs
National Aeronautics and Space Administration
Lewis Research Center

Previous studies have shown that partial substitution of p-aminostyrene (PAS)
for the monomethylester of endo-5-norbornene-2, 3-dicarboxylic acid (NE) lowered
the cure temperature of PMR polyimides from 316 to 260° C, but the modified PMR
polyimides required higher compression-molding pressures than state-of-the-art
PMR-15. In this study PMR polyimides were prepared employing three endcaps: NE,
PAS, and endo-N-phenyl-5-norbornene-2,3~dicarboximide (PN). The effect of PN addi-
tion on the processing characteristics and glass transition temperatures of graphite
fiber-reinforced PMR composites was studied. The room temperature and short-time
316° C mechanical properties of the composites were determined. The weight loss
and mechanical property retention characteristics of the composites after exposure
in air at 316° C were also determined.

INTRODUCTION

Studies at NASA Lewis Research Center led to the development of a class of
readily processable polyimides known as PMR polyimides (refs. 1 and 2). The
commercially available version known as PMR-15 uses an alcohol solution of three
monomer reactants: 4,4'-methylenedianiline (MDA), the dimethylester of
3,3',4,4"'-benzophenonetetracarboxylic acid (BTDE), and the monomethylester of
5-norbornene-2,3-dicarboxylic acid (NE) as an endcapping reagent. Because of its
excellent processability and thermo-oxidative stability, PMR-15 has made it pos-
sible to design and fabricate composite structures for use at temperatures up to
316° C. Final curing of PMR-15 requires temperatures in the range of 288 to 316° C,
preferably the higher temperature. These requirements exceed the capability of
many existing autoclave facilities which were originally acquired for curing epoxy
resins. A lower-curing-temperature PMR polyimide would be more compatible with
existing facilities and increase the applications of PMR polyimides.

A previous study showed that the use of an alternate endcap, m-aminostyrene,
Towered the final cure temperature of PMR polyimides from 316 to 260° C (ref. 3).
However, the glass transition temperatures (T,) of these polyimides were in the
range of 270 to 280° C, 1imiting their use to temperatures not exceeding 260° C.

More recently, PMR polyimides were prepared from monomer solutions containing
equimolar amounts of NE and p-aminostyrene (PAS) endcapping reagents (ref. 4). It
was shown that these polyimides (designated PMR-NV polyimides) could be cured at
260° C, and exhibited Tq values in excess of 325° C. Compression-molded graphite-
fiber/PMR-NV composites exhibited short-term mechanical properties as well as
mechanical property retention characteristics at 316° C equivalent to those of
PMR-15 composites. The PMR-NV composites, however, exhibited considerably reduced
resin flow during compression molding. In order to achieve void-free composites,
it was necessary to double the molding pressure compared to state-of-the-art PMR-15
composites.

The purpose of this study was to investigate the effects of incorporating an

additional endcap, endo-N-phenyl-5-norbornene-2, 3-dicarboximide (PN), on the
processing characteristics and properties of PMR-NV polyimides. Compression-molded
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Celion 6000 graphite fiber-reinforced composites were fabricated from monomer solu-
tions containing MDA, BTDE, equimolar amounts of NE and PAS, and various amounts of
PN. The resin flow characteristics of the PMR-NV polyimides were determined. The
effect of various postcure conditions on the T. values of the composites was
studied. The room temperature and short-time 316° C mechanical properties of the
composites were determined. Composite weight loss and mechanical property reten-—
tion characteristics as a function of exposure time in air at 316° C were also

determined.

EXPERIMENTAL PROCEDURES
Monomers and PMR Solutions

The monomers used in this study are shown in table I. The dimethylester of
3,3',4,4'—benzophenonetetracarboxy]ic acid (BTDE) was prepared by refluxing a sus-
pension of the corresponding dianhydride in a calculated amount of anhydrous metha-
nol until the solid dissolved, and then for an additional 2 hr to give a 50 wt %
solution of BTDE. The endo—N‘phenyl—5—norbornene—2,3_d1carboximide (PN) was pre-
pared as follows: a solution of endo-5-norbornene-2,3-dicarboxylic anhydride
(41.0 g, 0.25 mole) and aniline (24.2 g, 0.26 mole) in N, N-dimethylacetamide
(50 m1) was stirred at room temperature for 10 min, then heated to reflux for
1 hr. The solution was cooled to below 100° C, and water was added to cloudiness.
After cooling in ice, the precipitate was filtered, washed with a mixture of water
and N, N-dimethylacetamide (2:1), and dried in a vacuum at 60° C. The crude prod-
uct was recrystallized from methanol to yield 52.9 g (88 %) of PN, m.p. 142.5 to
143° C. The other monomers shown in table I were obtained from commercial sources
and used as received.

Prepreg solutions were prepared at room temperature by dissolving the monomers
in a calculated amount of anhydrous methanol to give solutions containing 40 wt %
solids. The stoichiometric ratios of the reactants used in this study are shown in
table II. Differential scanning calorimetry (DSC) measurements were performed by
evaporating small aliquots of the prepreg solutions to dryness, then staging for
1 hr at 150° C. The runs were performed in a commercial pressure DSC cell under
50 psi of nitrogen at a heating rate of 10° C/min.

Composite Fabrication

Prepreg tapes were made by drum winding and impregnating Celion 6000 graphite
fiber with PMR solutions calculated to give composites having approximately
58 vol % fiber. The prepreg tapes were dried on the rotating drum for 1 hr, then
dried further at room temperature overnight. The tapes were removed from the drum,
cut into 10.16 by 10.16 cm pliies and stacked unidirectionally into a preforming
mold, 11 plies thick. The stack was imidized for 1 hr at 150° C under a pressure
of approximately 690 Pa. After staging the stack was placed into a matched metal
die and a thermocouple attached to the die. The die was inserted into a press pre-
heated to 260° C, and a pressure of 3.45 MPa was applied when the die temperature
had reached 232° C. After reaching 260° C, pressure and temperature were main-
tained for 2 hr. The composites were then cooled to 204° C prior to removal from
the mold. The control composites (prepared from solutions without added PN) were
fabricated using the same procedure, except that a molding pressure of 6.89 MPa was
employed.
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Composite Testing

Postcure and isothermal exposure of the compos1tes was performed in forced air
convection ovens having an air change rate of 100 cm 3/min. A1l composites were
postcured by heating to 316° C during 2 hr, holding at 316° C for 24 hr, followed
by heating at 343° C for 16 hr. Prior to specimen preparation the composites were
jnspected for acceptance by an ultrasonic C-scan technique. The fiber content was
determined by H,S04/H,0, digestion. Glass transition temperatures (T4) were deter-
mined with a thermal mechanical analysis (TMA) apparatus using a pene%ration probe
at a heating rate of 10° C/min. The probe was loaded with a 5-g weight.

Resin flow during cure was calculated according to the following equation:
W

.2
N] + W2

x 100 (1)

where
F  resin flow, wt %
Wy weight of resin in molded composite as determined by acid digestion method

W, weight of staged prepreg - weight of molded composite after removal of resin
flash

Isothermal exposure at 316° C was carried out using 0.508 by 10.16 cm speci-
mens. The thickness of the specimens varied from 0.188 to 0.201 cm.

Flexural strength tests were performed in accordance with ASTM D-790 using a
three-point loading fixture and a span of 5.08 cm. The span/depth ratio ranged
from 25.3 to 27.0. The rate of center loading was 1.27 cm/min. Interlaminar shear
strength tests were performed essentially in accordance with ASTM D-2344 at a con-
stant span/depth ratio of 5. Elevated temperature tests were conducted in an envi-
ronmental heating chamber following a 15-min soak at the test temperature. The
reported mechanical property values are averages of four or more tests at each
condition.

RESULTS AND DISCUSSION

It has been demonstrated (ref. 5) that addition of PN to PMR-15 increases the
resin flow during compression molding. It was felt that incorporation of this
additive in the PMR-NV polyimide system would increase the resin flow to a level
that would permit compression molding of the composites at pressures not exceeding
3.45 MPa. It remained to be demonstrated that addition of PN in amounts up to
10 mole -percent would not significantly increase the final cure temperature of the
PMR-NV composites above 260° C. The monomer stoichiometry of the PMR-NV formula-
tions used in this study is shown in table II. Differential scanning calorimetry
(DSC) analysis of the various formulations indicated that it is feasible to cure
the resins at 260° C. A typical DSC scan is shown in figure 1 for the PMR-NV15-PN10
formulation that had been staged for 1 hr at 150° C. The DSC scan exhibits a melt
endotherm peaking at about 225° C, and a single reaction exotherm centered at about
285° C. This exotherm temperature is comparable to that of PMR-NV15 without added
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PN, and is substantially lower than the cure exotherm temperature of 340° C for
PMR-15 (ref. 6).

The chemistry of the PMR-NV resins prepared from solutions containing the
three endcaps is shown in figure 2. Most of the methanol solvent is first evapora-
ted at room temperature. The prepreg is then staged for 1 hr at 150° C. During
this step the PAS, NE, MDA, and BTDE monomers react to form the endcapped imide
oligomer structure shown in figure 2. Water and methanol are evolved during this
cyclodehydration step. The PN monomer is unreactive during this step. It should
be pointed out that the structure shown for the endcapped imide oligomer is an
idealized one, reflecting the overall stoichiometry of each monomer formulation.

It is to be expected that the actual composition consists of a mixture of oligomers

having varying chain lengths.

The final cure is carried out under a pressure of 3.45 MPa at 260° C without
the evolution of volatile reaction by-products to yield a crosslinked polyimide.
The cure probably occurs through a very complex set of reactions. A detailed study
of the cure mechanism was beyond the scope of this investigation. A few comments,
however, can be made regarding the most likely cure reactions. Some possible
crosslinking reactions are outlined in figure 3. If only styryl endcaps were
present, a straightforward addition reaction of the vinyl groups could be expected
to yield the substituted polystyrene structure shown in Scheme A. The thermal
polymerization of norbornenyl endcaps follows a more complex mechanism. It is well
established that the first step is a retrograde Diels-Alder reaction to yield a
substituted maleimide and cyclopentadiene. It has been proposed that these species
coreact to yield the structure shown in Scheme B (ref. 7).

When both styryl and norbornenyl endcaps are present, the crosslinking mecha-
nism is very likely more complicated. It is expected that some homopolymerization
of the styryl endcaps occurs. It is more likely that the styryl endcaps coreact
with the Diels-Alder reversion products, as shown in Scheme C. Another possibility
is the coreaction of styryl and intact norbornenyl endcaps (Scheme D).

A study of resin flow was performed on unidirectional composites prepared from
unsized Celion 6000 graphite fiber and the various monomer solutions listed in
table II. The prepreg was imidized at 150° C because it had been shown in the pre-
vious study (ref. 4) that imidization at temperatures above 150° C caused a signi-
ficant level of resin advancement due to the presence of styryl endcaps. The
imidized prepreg was placed in a mold at room temperature and inserted into a press
preheated to 260° C. Pressure was applied when the temperature of the prepreg
stack reached 232° C, and final cure was conducted for 2 hr at 260° C. A cure
pressure of 3.45 MPa was employed in this series of experiments, compared to
8.27 MPa used for PMR-NV formulations containing no added PN (ref. 4). The results
are summarized in figure 4. It can be seen that both the PMR-NV15 and PMR-NV12.5
formulations exhibited a resin flow level of less that 0.5 percent, compared to
3.85 percent for PMR-15. The incorporation of five mole percent of PN caused a
significant increase of flow, to 2.6 percent for PMR-NV15-PN5 and 3.4 percent for
PMR-NV12.5-PN5. Addition of ten mole percent of PN further increased the flow to
levels comparable to that for PMR-15. Ultrasonic C-scan examination indicated that
all panels prepared from formulations containing PN exhibited no voids.

It is well known that PMR-15 polyimides must be subjected to a free-standing
postcure in air at 316° C for at least 16 hr to achieve a sufficiently high glass
transition temperature (T4) for 316° C applications. In the previous study
(ref. 4) it was found tha% a postcure cycle of 24 hr in air at 316° C was necessary
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to achieve T. values above 320° C for PMR-NV. However, when the latter postcure
cycle was used for PMR-NV composites containing PN, the T4 values did not exceed
316° C (table III). Interlaminar shear strength tests performed at 316° C exhibi-
ted thermoplastic failure. The low Tq values are not surprising, since incorpor-
ation of monofunctional PN segments is expected to decrease the crosslink density
of the polymer structure and hence decrease the Tq. Consequently, a study of
postcure conditions to increase the Tq of the PN-containing PMR-NV composites was
performed. The results are shown in table III. It can be seen that extending the
postcure time at 316° C from 24 to 48 hr did not produce a significant increase in
T. values. An attempt was made to postcure the composites at 343° C. However,
b?ister1ng of the specimens occurred in several instances, even when the tempera-
ture was gradually increased to 343° C during 4 hr. It is possible that after the
cure at 260° C some residual unreacted norbornenyl endcaps remain, and release
volatiles during the postcure causing blister formation. When the composites were
postcured for 24 hr at 316° C, followed by 343° C for 16 hr, no blistering
occurred. It can be seen in table III that the T4 values of all composites were
increased to levels suitable for 316° C applications.

Using the cure and postcure schedules established in the previously described
resin flow and postcure studies, a new series of 10.16 by 10.16 cm unidirectional
composites were fabricated from unsized Celion 6000 graphite fibers and each of the
resins listed in table II. Ultrasonic C-scan examination of the composites after
postcure indicated that they were free of defects. The room temperature and ini-
tial 316° C mechanical properties of the composites are summarized in table IV. It
can be seen that both the 25° C properties and short-term 316° C properties of the
PMR-NV composites containing PN are essentially equivalent to those of the control,
PMR-NV15, composite. Furthermore, the PMR-NV composite properties are equivalent
to those of state-of-the-art PMR-15 composites (ref. 4).

The weight loss characteristics of the composites after exposure in air at
316° C are shown in figure 5. There appears to be a slight trend toward higher
weight loss with increasing PN content, as well as decreasing formulated molecular
weight values. This can be attributed to increase of alicyclic content in both
cases. However, the differences are not considered to be significant.

The interlaminar shear strength (ILSS) retention characteristics of the com-
posites after exposure and testing in air at 316° C are compared in figure 6. The
composites prepared from formulations containing PN exhibit slightly lower ILSS
values after long term exposure at 316° C, compared to those of the control sam-
ple. This is probably due to the Tower matrix modulus values resulting from incor-
poration of the monofunctional PN segments into the polymer chain. It has been
shown (ref. 8) that composite ILSS is influenced by the modulus of the polymer
matrix. Therefore, the lower ILSS values are probably due to the lower matrix
modulus resulting from incorporation of the monofunctional PN segments into the
polymer chain.

The flexural strength retention characteristics of the composites are shown in
figure 7. A1l composites exhibit an increase in flexural strength up to approxi-
mately 900 hr of exposure at 316° C. This increase can be attributed to an increase
of favorable crosslinking reactions of the resin matrix. The PN-containing compos-
ites exhibit slightly lower flexural strength values during this period, but on
further exposure their flexural strength values are essentially equivalent to those
of the control composite.
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Tht flexural modulus values of the PN-containing composites (shown in figure 8)
coincide quite closely with those of the control. This is to be expected, since

composite modulus is a fiber-dominated property.

CONCLUSIONS

Based on the results of this investigation, several conclusions can be drawn.
PMR polyimide composites prepared from monomer solutions containing equimolar
amounts of the monomethylester of endo-5-norbornene-2, 3-dicarboxylic acid (NE) and
p-aminostyrene (PAS) and 5 to 10 mole percent of endo-N-phenyl-5-norbornene-2,
3-dicarboximide (PN): (1) can be compression-molded at 260° C compared to 316° C
for state-of-the-art PMR-15 composites; (2) exhibit resin flow comparable to that
of PMR-15 composites; (3) require a postcure temperature of 343° C compared to
316° C for PMR-15 composites; (4) exhibit room temperature and short-term 316° C
mechanical properties essentially equivalent to those of control composites; (5)
exhibit slightly lower interlaminar shear strength values during 1500 hr of expo-
sure and slightly lower flexural strength values during 900 hr of exposure in air
at 316° C, compared to those of control composites.
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TABLE . - MONOMERS USED FOR POLYIMIDE SYNTHESIS

STRUCTURE NAME ABBREVIATION
0
I
, C—O0Me |
@ MONOMETHYL ESTER OF ENDO-5-NORBORNENE- NE
N C—OH 2, 3-DICARBOXYLIC ACID
i
0
H -@—CH‘:CHZ P - AMINOSTYRENE PAS
s C \ ENDO-N-PHENYL-5-NORBORNENE - PN
2, 3-DICARBOXIMIDE
o
o
MeO ~ U
@_ _@/ C — OM, DIMETHYL ESTER OF 3, 3, 4 4 - BENZO- BTDE
N c —OH PHENONETETRACARBOXYLIC ACID
o o
HoN -@—CHZ—@ NHy 4, & - METHYLENEDIANILINE MDA
CE-83~0540
TABLE 1. - COMPOSITION OF PMR-NV POLYIMIDES
RESIN PN MOLES OF REACTANTS
MOLE
percent | PAS | NE | MDA | BTDE | PN
PMR-NV 15 (CONTROL) 0 1 1 2.5 2.5 0
PMR-NV 15-PN 5 5 1 1 2.5 2.5 |0.368
PMR-NV 15-PN 10 10 1 |1 2.5 25 | .18
PMR-NV 12.5-PN 5 5 1 1 2 2 .316
PMR-NV 12.5-PN 10 10 1 1 2 2 . 667
€s-83-0957
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GRAPHITE FIBER/PMR-NV POLYIMIDE COMPOSITES

TABLE 11l, - GLASS TRANSITION TEMPERATURES OF CELION 6000

RESIN Tg. °C AFTER POSTCURE

24hr @ Shre | 2ahre3e’c

316° C 3°C | +16hr@3a® ¢
PMR-NV 15 328 332 358
PMR-NV 15-PN 5 314 320 353
PMR-NV 15-PN 10 303 8 38
PMR-NV 12.5 3% 335 358
PMR-NV 12.5-PN 5 316 32 34
PMR-NV 12, 5-PN 10 304 30 34

CS-83-0941

TABLE IV, - MECHANICAL PROPERTIES OF CELION 6000 GRAPHITE
FIBER/PMR-NV POLYIMIDE COMPOSITES?

RESIN INTERLAMINAR FLEXURAL? FLEXURALD
SHEAR STRENGTH, MPa | STRENGTH, MPa | MODULUS, GPa
2°¢ | 36°¢C 2°¢ | °c | 2°¢c [ 316°¢C
PMR - NV 15 n3 | 5.3 170 | 960 127 116
PMR-NV 15-PN 5 109 | 4.6 7% | 950 121 112
PMR-NV 15-PN 10 n2 | %6 170 | 910 120 112
PMR-NV 12.5-PN 5 n2 | 4.6 18% | 940 123 115
PMR-NV 12.5-PN 10 10 | 8.9 180 | 900 125 113
@ POSTCURED 24hr IN AIR AT 316° C PLUS 16 hr IN AIR AT 343 C
€s-83-0562

b NORMALIZED TO 60 v/o FIBER
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Figure 3. - Possible crosslinking reactions
of PMR-NV polyimides.
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Figure 4. - Resin flow of PMR-NV polyimides.
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Figure 5. - Weight Toss of Celion 6000 graphite fiber/PMR-NV
polyimide composites in air at 316° C.
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Figure 6. - Interlaminar shear strength of Celion 6000

graphite fiber/PMR-NV polyimide composites exposed
and tested in ajr at 316° C.
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fiber/PMR-NV polyimide composites exposed and tested

in air at 316° C.
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MATRIX RESIN DEVELOPMENT AT NASA LANGLEY RESEARCH CENTER

Terry L. St. Clair
National Aeronautics and Space Administration
Langley Research Center

The polymer program at NASA Langley Research Center has as a focus the
synthesis and characterization of polymers for aerospace applications.
Requirements for these materials vary according to the specific programs.

The synthesis effort involves preparation of polymers for both intermediate- and
high-temperature applications. The systems under investigation are
thermoplastics, thermosets, and hybrids of these two.

The characterization effort includes a wide variety of programs, such as
methodology development, general testing, and specialized studies. This work
deals with the elucidation of polymer behavior in composite, adhesive, and film
applications for the various aerospace applications.

FOCUS

o Polymer Synthesis
- Thermoplastics
- Pseudothermoplastics
- Thermosets
o Characterization
- Methodology Development

- General Testing
- Specialized Studies

POTENTIAL APPLICATIONS

0 Matrix Resins
o Adhesives

o High Performance Films
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TAILORING POLYMER STRUCTURES
TO CONTROL PROPERTIES

The oxidative stability and color (transparency) of linear aromatic polymers
can be tailored by altering chemical groups that bridge the aromatic rings. In

0
the figure below, the -C- (carbony1) bridging group is in the dianhydride-
derived portion of the polymer and the -o- (oxygen) bridging group is in the
diamine-derived portion of the commercial polyimide. When this polyimide was
tested at 350°C the polymer film lost half of its initial weight in 80 hours.
Other experimental polyimides were prepared and tested in the same manner, but
the bridging groups were altered as shown in the fiqure. With the carbonyl
bridge in both components (LARC Polyimide I), oxidative stability was improved
by a factor of 2 without affecting the color transparency. Altering the
structure by placing the oxygen bridge in both components (LARC Polyimide II)
provided a polymer film with good transparency (colorless) and oxidative
stability comparable to the commercial polyimide.

These results indicate the progress we are making in understanding how to
control properties by tailoring the chemical structure of the polymer. For
polymer coatings we can achieve good transparency without sacrificing oxidative
stability, or the structure can be altered to achieve excellent gains in
thermooxidative stability (ref. 1).




TOUGH SOLVENT RESISTANT POLYSULFONES

Polysulfones are engineering thermoplastics which are widely used in a variety
of applications. They exhibit an excellent combination of processability,
mechanical properties including impact strength, and cost. Their use, however,
is generally restricted to environments where there is no exposure to polar
organic solvents. Polysulfones are prone to solvent attack, especially in a
stressed condition, undergoing solvent-induced crazing and cracking. As a
result their use as structural adhesives and composite matrices on aerospace
vehicles has been restricted.

Several synthetic routes are under investigation to transform polysulfones into
solvent resistant materials while retaining their attractive properties. As
shown in the figure, cured polymers from polysulfones endcapped with crosslink-
able groups exhibit better solvent resistance and higher use temperatures than
commercial polysuifone. As the solvent resistance of the polymer is improved,
there is a corresponding loss of toughness. Acceptable trade-offs can be made
by adjusting the molecular weight to maximize the attractive features without
severely compromising other properties (e.g., toughness and thermoformability).
This approach, along with other routes, offers the promise of providing poly-
sulfones with improved solvent resistance, thereby making them more acceptable
for use as structural adhesives and composite matrices on airplanes (ref. 2).

OFORMABLE POLYSULFONES

 CROSSLINKED

X - CROSSLINKING
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N-PROPARGYL-SUBSTITUTED AROMATIC POLYAMIDES

A study was conducted to crosslink methyl-substituted polyamides via pendent
propargyl groups for the purpose of improving the applicability of this resin
as a matrix for Kevlar fiber composites. Films of the polyamides containing
1-33% propargyl diamine were successfully crosslinked by heating in air at
280°-300°C. The thermal crosslinking of the latent propargy! groups was
evidenced by a rise in the glass transition temperature of the films with
increasing propargyl concentration, a loss in solubility, and the disappearance
of propargyl-related peaks from the infrared film spectra. Thermal crosslink-
ing was accomplished with a slight loss in thermooxidative stability.

From the results of this investigation, propargyl-containing polyamides have
been determined to be feasible matrices for polyamide fiber (Keviar) composites.
These materials are processable at advantageously low temperatures and are
thermally crosslinkable at temperatures below the relaxation temperature of

the fiber. Compatibility of these resins with aromatic polyamide fibers gives
them high potential for success as matrix resins for Kevlar composites (ref. 3).

D.S.C. SCAN GLASS TRANSITION TEMPERATURE
T AS A FUNCTION OF TIME
dT/dt =20°C/min-1 210
33,
STATIC AIR 200 o
320°C , 190 5%
EXOTHERM T, "C g
MAX
170 2 1%
Tg = 1500C 160 v
envol 1 F ) gy 150 | 1 |
l 50 150 250 350 5 5 10 15
TEMPERATURE, "C TIME AT 280°C (min)
C=C C=C
CH CH,0 0 0 0
3 13 I ( ‘ i
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HOT MELT PROCESSABLE POLYIMIDE

Linear aromatic polyimides are a class of polymers which are generally not
processable via conventional thermoplastic or hot-melt techniques. This class
of polymer is, however, exceptionally thermally stable and has high glass

transition temperatures. It is also resistant to attack by common organic
solvents.

Linear aromatic polyphenylene oxides and sulfides, on the other hand, are more
easily processed than the polyimides, generally exhibit lower glass transition
temperatures, and still have relatively good thermal stability, although not

equal to the polyimides. These systems also do not possess solvent resistance
equal to the polyimides.

A novel linear aromatic polyphenylene ethersulfideimide has been synthesized
which has some of the favorable characteristics of each parent system. The
polymer has been molded, used as a resin, and cast into thin films. A limited
characterization indicates this system can be processed via conventional
thermoplastic techniques and may have a wide variety of applications (ref. 4).

MELT EXTENDABLE
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CROSSLINKING OF POLYPHENYLQUINOXALINES

In an attempt to overcome the shortcomings of thermoplastics without severely
compromising their attractive features, work was initiated using polyphenyl-
quinoxalines (PPQs) as a model system to demonstrate a general concept. Latent
pendent groups (e.g. ethynyl and phenylethynyl) were incorporated on the linear
molecules. These groups undergo a thermally induced reaction to provide con-
trolled crosslinking. In this way, molecules are tied together (see figure)
such that there is a significant improvement in their elevated temperature per-
formance (e.g. creep resistance) and, more importantly, in their fluid and sol-
vent resistance.

As indicated in the table, the Tq of a cured PPQ containing 5% of ethynyl
(C=CH) or phenylethynyl (C=C-¢) groups was substantially higher than the parent
PPQ void of latent crosslinking groups. At the 10% pendent group level, the
cured PPQ containing the crosslinking groups became totally insoluble. Prelim-
inary adhesive evaluation has also shown a marked increase in the 288°C lap
shear strength. This concept is now being extended to polysulfones, which are
Tower temperature thermoplastics than PPQs, and it appears to be applicable to
other thermoplastics such as polyesters, polyamides, and polyimides. This novel
route offers the potential of modifying existing thermoplastics, particularly
polysulfones, to improve their performance and make them acceptable for struc-
tural uses on future aircraft and spacecraft (ref. 5).
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ACETYLENE-TERMINATED PHENYLQUINOXALINES

A series of acetylene-terminated phenylquinoxaline (ATPQ) oligomers of various
molecular weights were prepared and subsequently chain-extended by the
thermally induced reaction of the ethynyl groups. The processability and
thermal properties of these oligomers and their cured resins were compared with
those of a relatively high molecular weight linear polyphenylquinoxaline (PPQ)
with the same chemical backbone. The ATPQ oligomers exhibited significantly
better processability than the linear PPQ but the PPQ displayed substantially
better thermooxidative stability. Adhesive (Ti/Ti) and composite (graphite
filament reinforcement) work was performed to evaluate the potential of these
materials for structural applications. The PPQ exhibited better retention of
adhesive and laminate properties than the ATPQ resins at 260°C after aging for
500 hr at 260°C in circulating air (ref. 6).

OBJECTIVE: IMPROVE THE PROCESSABILITY AND HIGH TEMPERATURE PERFORMANCE OF PPOS
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ADDITION POLYIMIDE ADHESIVES

Addition polyimide oligomers have been synthesized from 3,3',4,4'-benzophenone
tetracarboxylic acid dianhydride and 3,3'-methylenedianiline using a variety of

latent crosslinking group

s as end caps.

The nominal 1300-molecular-weight

imide prepolymers were isolated and characterized for solubility in amide,

chlorinated, and ether solvent
temperature; and thermal stabi

strengths of th
temperatures be

s; melt-flow and cure properties; glass transition
lity on heating in an air atmosphere. The

general structure of the prepolymer and the end caps is shown below.

e polyimides were obtained both at ambient and elevated
fore and after aging at 232°C.

Adhesijve

Properties of the novel addition

polyimides were compared to a known nadic end-capped adhesive, LARC-13 (ref.
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THERMOPLASTIC POLYIMIDESULFONE

Aromatic polysulfones, a class of high-temperature engineering thermoplastics,
have a major deficiency in their tendency to swell and dissolve in many common
solvents. This solvation can cause structural components which are fabricated
from these polymers to be susceptible to damage by these solvents and thereby
lose their structural integrity.

Aromatic polyimides, conversely, are a class of polymers which are known to be
resistant to solvents, but they are generally not processable via thermoplastic
means. These polyimides are known to be exceptionally thermally stable and
like polysulfones and other thermoplastics their use temperature is governed by
the softening temperature of each system,

A novel polymer system that possesses the processability of the polysulfones
and the solvent resistance of the polyimides has been synthesized and charac-
terized as a film, unfilled molding, filled molding, and adhesivse. The struc-
ture of this polyimidesulfone (PIS02) is shown below along with some adhesive
and molding data (ref. 8).
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LARC-TPI

A linear thermoplastic polyimide, LARC-TPI, has been characterized and
developed for a variety of high-temperature applications. In its fully
imidized form this new material can be used as an adhesive for bonding metals
such as titanium, aluminum, copper, brass, and stainless steel. LARC-TPI is
being evaluated as a thermoplastic for bonding large pieces of polyimide film
to produce flexible, 100% void-free laminates for flexible circuit applica-
tions. The further development of LARC-TPI as a potential molding powder, com-
posite matrix resin, high-temperature film, and fiber will also be discussed
(ref. 9).
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MEASUREMENT OF INTERLAMINAR FRACTURE TOUGHNESS BY COMPOSITE DOUBLE CANTILEVER
BEAM TEST

The use of the double-cantilever-beam (DCB) test to measure the fracture tough-
ness (Gy.) of adhesives between metal adherends is well known. The applica-
tion of %he test to composite materials in which the crack is initiated in and
propagated between two zero plies at the midplane is just now being pursued
after the initial work of Bascom et al. (ref. 10). (See left-hand figure below.)
Using a width-tapered DCB specimen, these investigators observed a noticeable
improvement in fracture toughness of graphite cloth composites made with rubber-
toughened epoxies or thermoplastics (P-1700 polysulfone) compared with state-
of-the-art 2500F or 3500F cure epoxy systems. (See right-hand figure below.)

An extension of this work to laminates constructed from unidirectional tape
(ref. 11 and right-hand figure) indicates that the Gi. fracture toughness of the
matrix varies widely and unpredictably depending upon the type of reinforc-
ement. This work also shows that the Gy, fracture toughness of neat resin
cannot be used to predict the Gy. value of composites made from that resin.
However, the general trend seems to hold that neat resin Gyc values are rela-
tive indicators of and can help rank fracture toughness in the corresponding
composites.

NASA is pursuing an in-depth study of the composite DCB test in which the
effects of matrix material, strain rate, specimen dimensions, stacking
sequence, and environment are being investigated. A detailed analysis of the
failure mechanics of various DCB specimens is also being done to help guide
the development of an appropriate pure Mode I interlaminar fracture test
‘method. Key investigators at the National Bureau of Standards, Hercules,
Inc., and the University of I1linois, Urbana, are participating in this study.
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ELASTOMER-TOUGHENED POLYIMIDE ADHESIVES

Addition polyimides are presently being considered as candidate high-
temperature adhesives for bonding composite materials and metals such as tita-
nium on future aircraft and spacecraft. These thermoset polyimides undergo
cure by an addition reaction involving unsaturated end groups that causes them
to be highly crosslinked, insoluble, and extremely brittle.

The elastomer- (rubber) toughening process has been one of the most successful
methods for modifying polymer toughness. Incorporation of small amounts of
rubber into a polymer matrix has resulted in the significant enhancement of

fracture resistance.

This chart illustrates the effects of various added elastomers on the T-peel
strength and adhesive fracture energy of a high-temperature addition poly-
imide, LARC-13 (ref. 12).
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MECHANISM OF CURE IN NORBORNENE END-CAPPED IMIDE MODEL COMPOUNDS

Norbornene end-capped imide oligomers such as LARC-160, PMR-15 and LARC-13 dis-
play considerable promise for extensive use in various aerospace adhesive and
composite applications (ref. 13). These materials were developed in a success-
ful effort to retain the good thermal perfomance of linear condensation poly-
imides while improving overall processablity. However, very little is known
about the mechanism by which these end-capped oligomers cure. This stdy (ref.
14) was designed to increase our fundamental understanding of the fate of the
norbornene end-capper as the oligomer is heated.

Model compound I was heated to 285°C in air to yield a partially soluble pro-
duct mixture that was separated by high-pressure 1iquid chromatography (HPLC)
into three main fractions (A, B, and C). Spectroscopic techniques (NMR, FTIR,
MS) were used to prove that the thermal reaction products were geometric isomers.
Peak C, the only HPLC peak observed before heating, was starting material and
proved to be the kinetically favored endo-endo isomer, II. Peaks B and A were
shown to be the endo-exo (III) and exo-exo (IV) configurations, respectively.
Further work proved that each isomer thermally isomerized to an equilibrium
mixture of all three before further curing reactions took place that rendered
the mixture insoluble.

Calorimetry and thermogravimetric analysis indicated that these materials
behave differently in air than in nitrogen, suggesting different mechanisms of
cure depending upon atmosphere. The data obtained is consistent with a reverse
Diels-Alder mechanism leading to loss of cyclopentadiene in nitrogen and a more
direct chain extension without weight loss in air.
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EFFECT OF PENDENT ALKYL GROUPS ON POLYIMIDE PROPERTIES

An investigation was conducted to determine the effect on glass transition
temperature (Tg), thermal stability and toughness of a polyimide when alkyl
groups are attgched pendent to the backbone. A series of polymers was prepared
in dimethylacetamide (DMAc) using benzophenone tetracarboxylic dianhydride
(BTDA) and five different p-alkyl-m,p'-diaminobenzophenones as monomers. The
chemical structures are shown in the figure. The alkyl groups varied in length
from C1 (methyl) to C9 (nony1).

Poly(amic) acid solutions in DMA. were vacuum cured to 280°C to afford flexi-
ble polyimide films whose Ty decreased with increasing alkyl group length, as
determined from thermomechanical analysis. The largest effect, a 70°C decrease
in T. to 193°C, was observed for the polymer containing the nonyl pendent
group compared to the Tg of the control polymer (R = H). During thermogravi-
metric analysis (air, 5°C/min. heating rate), the control exhibited a 10%
weight loss at 525°C; the nonyl pendent polymer showed a 10% weight loss at
425°C. The thermooxidative stability of the other films fell between these
extremes. Although no increase in the area under the stress-strain curve was
observed during film tensile tests, an increase in elongation with a corres-
ponding decrease in tensile strength was noted with increasing alkyl length.

The results of this study indicate that alkyl groups attached pendent to a
polyimide backbone can be used to vary the Ty over a wide temperature range.
This approach may offer a means of lowering %he processing temperature of poly-
imides without a significant reduction in thermal stability (ref. 15).
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FILM LAMINATING

A need exists in the aerospace industry for reliable flexible electrical
circuitry that can withstand extreme temperature variations and retain flexi-
bility. Problems to date have been due partially to the presence of voids in
film laminates caused by volatiles generated by the adhesive and/or the inher-
ent rigidity of some adhesives. Because it is both flexible and imidized prior
to bonding, LARC-TPI shows much potential as a high-temperature adhesive for
laminating large areas of polyimide film.

A film-laminating process has been developed whereby films primed with a thin
coat of LARC-TPI adhesive are bonded together using temperature and pressure.
As an alternate process, LARC-TPI polyamic acid adhesive film may be imidized
by heating prior to being sandwiched between polyimide film. When using either
process to prouce flexible circuits, a conductive metal may be interposed
between layers of the polyimide film. Metal-containing laminates have been
made using aluminum, brass, copper and stainless steel sheets or foils (ref.
16).

L Polyimide film | LARC-TPI | Polyimide film | LARC-TPI
P TR
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METAL IONS IMPROVE POLYIMIDE PROPERTIES

Polymer films are attractive for various aerospace applications such as antenna
surfaces, adhesives, coatings, etc. However, covalently bonded polymers inher-
ently lack the electrical conductivity desirable to resist spacecraft charging
or to act as a Faraday Cage and even the most stable polymers developed to date
have limited temperature capability.

Several options are available to increase electrical conductivity in a polymer
film: (1) mix metallic flakes or powders into the formualtion; (2) laminate
metallic/polymer films; and (3) add complex metallic ions to the backbone of
the polymer structure. The latter is a very attractive option because the
potential for conductivity increases with less increase in the characteristi-
cally Tow polymer film density than is experienced with the other options, but
this application has had relatively little attention until recently.

Recent research activity has demonstrated the potential of certain selected
metallic ion additions to a polyimide to increase electrical conductivity in a
£ilm and high-temperature performance in an adhesive. The addition of the
aluminum-ion complex increased adhesive shear strength significantly at 275°C
and 300°C. Even more dramatic was the increased electrical conductivity of
polyimide films when palladium- and palladium/1ithium-ion complexes were
added. Electrical conductivity at room temperature was increased by 8 orders
of magnitude.

This research is now directed towards elucidation of the mechanisms of electri-
cal (and thermal) conductivity in these metallic ion containing polymers to
provide a rational basis for the selection of the most effective ion additions

for specific property improvements (ref. 17).
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A STUDY OF THE MUTAGENICITY OF AROMATIC DIAMINES

Aromatic diamines are a class of chemicals that are vital for the preparation
of high-performance polymers, including the polyurethanes, epoxies, polyamides,
and polyimides. However, a number of them are toxic to humans. During the
past decade Langley's polymer research has resulted in the synthesis of a
broad collection of aromatic diamines with systematic variations in their
chemical structures. Although the main reason for acquiring these chemicals
was for polymer research, they were also used for a study to learn if any
aspects of their chemical structures could be used to predict the mutagenic
tendencies of diamines. Mutagenicity is a toxic feature of chemicals that

is related to the carcinogenicity of the chemicals.

This comprehensive study has been performed by the Monsanto Research Cor-
poration of Dayton, Ohio on Langley-supplied amines. The investigation dis-
closed that steric and chemical structural characteristics could be useful in
predicting which of the diamines might be mutagenic. The chart below summar-
izes those results for the steric or spatial isomers (horizontal) of four
chemical series (vertical) of aromatic diamines. For example, in general, the
electronegative chemical groupings (C = 0 and especially SOp) that join the
two aniline functions cause the resulting diamines to be less mutagenic (a
smaller number or absence of +'s). Conversely, the electropositive coupling
groups (CHp and especially 0) cause the diamines to be more mutagenic. Also,
the first three steric isomers on the left tend to be more mutagenic than the
three on the right. Unfortunately, many of Langley's accomplishments in
polyimide structure-property studies have been achieved using the meta, meta'
diamine isomers (third from the left) which are quite mutagenic. But this
study also showed that the meta, para' isomers (second from the right) are
generally nonmutagenic, so they might be used for polyimides since they give
gq]ymers with properties not very different from those made with the meta, meta'
jamines.

It is expected that this investigation will extend the usefulness of this novel
group of diamine starting materials beyond the original polymer-oriented objec-
tives by providing toxicologists with the means to predict the mutagenic
tendencies inh~rent in aromatic diamines.

z | QK (:}z(:>-§:>z<:2 OO OO Q=0
CHy | #att+ it +E + - -
C=0| 44+, wbber b - - -
S0, |+ NT . - - -
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CODE: +++++ = VERY STRONG MUTAGEN; ++++ = STRONG; +++ = MODERATE;
++ = LOW; += VERY LOW; - = NONMUTAGENIC, NT = NOT TESTED
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SUMMARY

The polymer program at LaRC involves exploratory studies in polymer science.
These include the synthesis of novel polymers and their characterization.

Polymer synthesis programs involve the development of novel thermoplastics,
pseudothermoplastics, and thermosets. These systems are prepared to elucidate
strucure-property relationships involving thermal capabilities, toughness, pro-
cessability and environmental stability. Recent investigations have led to the
development of more easily processable polyimides, solvent-resistant polysul-
fones and polyphenylquinoxalines, and tougher high- and intermediate-temperature

polymers.

Characterization efforts have included high—pressure liquid chromatography
methodology, the development of toughness tests for fiber-reinforced compos-
ites, a study of electrical properties of metal-ion-filled polyimides, and  a
study of the mutagenicity of aromatic diamines. Also the mechanism of cure/
degradation of experimental polymers has been studied by rheology, mechanical
behavior, separation techniques and spectroscopy. Some of these programs have
involved the degradative crosslinking of alkyl-containing polyimides, the
separation and identification of crosslinked phenylquinoxalines, the rheologi-
cal behavior of hot-melt polyimides, and the elucidation of the cure of norbor-
nene endcapped imides.

o Synthesis Program for Polymers

o Characterization of Monomers and Po1yhers

o Development of Polymers for specific applications
- Matrix Resins
- Adhesives

- Films
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BISMALEIMIDES AND RELATED MALEIMIDO POLYMERS AS MATRIX RESINS
FOR HIGH TEMPERATURE ENVIRONMENTS

John A. Parker, Demitrius A. Kourtides, and George M. Fohlen
National Aeronautics and Space Administration
Ames Research Cente-

Bismaleimides are being increasingly used as matrix resins for graphite-
reinforced composites. The monomers are cured by a thermally-induced addition
reaction to give highly cross-linked, void-free network polymers having good physi-
cal properties with higher thermal stability, higher char yield, better fire resis-
tance, and Tower water absorption than currently used epoxy systems.

There are problems with maleimides, however, such as solvent retention 4n the
prepregs, high temperature often needed for curing, and the brittleness of the
polymers due to the high cross-1ink density obtained in network polymers.

The monomeric bismaleimides are relatively easy to make with a wide variety of
structural variation available for property modification. The structural modifica-
tions to be described will include a variety of aromatic diamines. Phosphorous-
containing aromatic di- and triamines have been made into bis— and trismaleimides
to give polymers that will not burn, even in pure oxygen. Some maleimides based on
the cyclotriphosphazene nucleus give good polymers having excellent thermo-oxidative
stability as measured by high char yields in air at 700 °C.

Other modifications that will be described are those that are designed to
improve the fracture toughness. The diamines, for instance, can be extended by
reactive dianhydrides to give lengthened bismaleimides. By decreasing the cross-
1ink density, the brittleness is expected to be reduced. Some of the systems de-
scribed have also been modified by reactive elastomers to impart toughening.

Coreaction of bismaleimides with other thermostable reactive monomers such as
vinylstyrylpyridines or stilbazole combine the good properties of both types of
resins with a lowering of the curing temperature required. Among some of the
maleimide resins it is possible to find systems that will be useful for continuous
service at 300 °C (570 °F).

INTRODUCTION

This paper reviews some of the important structure-property relationships that
exist for bismaleimides and related polymers as they influence the potential appli-
cation of this class of polymers when used as matrix resins for fibrous composites
in high-temperature environments. Of special interest is the use of these polymers
as binders for fire-resistant secondary 1ightweight composites for aerospace appli-
cation. Some consideration is given to the potential application of this class of
resins for long-time use as secondary structures and as elastomeric-toughened pri-
mary structures at temperatures in excess of 300 °C. The advantages and 1imitations
of state-of-the-art bisimides with respect to high-temperature use, fireworthiness,
processability, and environmental stability are described.
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Polymers have been prepared by modification of the basic maleimido structures
and by polymerization mechanisms which eliminate thermalliy-weak bonding units.
Easily thermally degraded aliphatic linkages (also contributing to brittleness) and
pivotal groups such as methylene and isopropylidene have been replaced with phos-
phonates and cyclotriphosphazenes. Virtually completely fire-resistant polymers
with 1imiting oxygen indices of 100 have been obtained. The effect of microstruc-
tural changes on the pyrolysis mechanisms in both inert and air environments has
been demonstrated. Polymers have been found with residue weights in excess of
80 percent in air at 700 °C. Substantial retention of mechanical properties sug-
gests a new upper limit for polymer application. The role of residual solvent on
high-temperature properties of bismaleimides has been found to be extremely dele-
terious. Hot-melt systems have been devised by chain extension and copolymeriza-
tion with reactive oligomers to eliminate the use of solvent and to reduce the cure
temperature and internal strains.

A key objective of this paper is to introduce a new class of bisimide copoly-
mers derived from the polymerization of vinyl stilbazole oligomers which can be
processed without solvent, cured under somewhat lower temperature conditions than
standard epoxides (165 °C), and gives a resulting matrix resin with a glass-
transition temperature and polymer decomposition temperature in excess of 400 °C.
It appears that the stilbazole chain unit provides a thermally-stabilizing effect
on the aliphatic linkage resulting from the vinyl addition polymerization as well
as a "buried" or thermally-reactive functionality to cross-1link the polymer at tem-
peratures in excess of 500 °C. This results in the high char yield (50 percent or
greater) needed for fire resistance but allows for greater chain flexibility at use
temperatures. This unique combination of bismaleimide and vinyl stilbazole as
addition copolymers provides a wide range of formulation possibilities to tailor
the matrix resin to a variety of high-temperature and fire-resistant applications.

Bismaleimides

Generically, these polymers refer to those matrix resins for application in
fibrous composites which contain at least two maleimido groups prepared through the
reaction of maleic anhydride. Generally this is a two-step reaction involving the
formation of an amide acid intermediate followed by ring closure to give maleimido
end groups. Primary aromatic diamines are shown in figure 1. The resulting oligo-
mers are soluble in acetone, tetrahydrofuran, and N-methylpyrolidone. As simple
bisimide derivatives of aromatic diamines they are generally high-melting solids of
low viscosity which polymerize rapidly at temperatures sTightly above their melting
point. When fully cured these simple bisimides exhibit high glass temperatures in
excess of 350 °C, and anaerobic char yields greater than 60 percent, but are
extremely brittle due to their high cross-1ink density.

These polymers made a brief appearance in the late sixties for applications
requiring somewhat higher-temperature resins than conventional epoxides for glass-
fiber reinforced composites. There is a very limited need for matrix resins, with
modest improvements in thermal stability when compared with epoxy resins. Simple
bisimides, such as those derived from methylenedianiline with a melting point of
202 °C, are soluble in polar solvents and are extremely difficult to process as
mentioned above. For these reasons they found no significant application. However,
these simple bisimides exhibit high char yields of 60 to 70 percent as measured
anaerobically at 600 °C with very little thermoplasticity in the fire environment.
It has been a major objective of current research to overcome the 1imitations of
processing and brittleness of bisimides and at the same time retain the excellent
fireworthiness and high-temperature stability of the basic bisimide system.
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Several modifications of bisimide structure have appeared commercially. The
Keramide resin systems presumably take advantage of the opportunity of adding an
aromatic amine across the maleimido double bond to introduce an aliphatic secondary
amine bridge, as shown in figure 2. This reaction increases the molecular weight
of the bisimide precursor and introduces a point of chain flexibility. One observes
easier processability, lower melting point, better solubility, more controlled vis-
cosity, and reduced cure rate (better reaction control). The chain extension also
reduces the glass temperature and inherent brittleness to some degree. Keramide
601, which is typical of this class of bisimide modification in fiber-glass com-
posites, is probably good for continuous application at 150 °C for 50 000 hr with
good electrical properties. It has found wide use in circuit board applications
and in some cases may be preferred over epoxy resins. The presence of the Michael
addition product introduces a point of thermal instability in the imide chain which
suppresses the char yield and thermal stability, thus impairing the use of this
class of resins in high-temperature and fire-resistance applications.

A second modification of the microstructure of bisimide matrix resins is found
in M-751, as shown in figure 3. There the bisimide prepoiymer has been chain
extended by increasing the chain length of the diamine by the reaction of
p-phenylene diamine with m-aminobenzoid acid, giving the bisimide shown as B. In
addition, the prepolymer is further chain extended by including an equal molar
amount of an amine-terminated maleimide which also reacts in situ by Michael addi-
tion. This so called "eutectic" mixture increases molecular weight, reduces the
melting point, increases viscosity, and moderates the reactivity of the maleimido
double bond during processing. As will be seen, this molecule sti11 has several
points of thermal instability; the Michael product and the phenylene-methylene
bridge. Although the aromatic amide reacts at high temperature to eliminate water
and hydrogen, it appears that the carbon-nitrogen bond is retained. As a conse-
quence, M-751 is characterized by a high anaerobic char yield of greater than
60 percent.

This class of polymers has two specific limitations for use as easily process-
able high temperature resins. In fiqure 4, the results of the differential scan-
ning calorimeter, DSC, are shown. An endotherm at 125 °C characterizes the melting
point and an exotherm at 275 °C displays the DSC curing temperature. The melting
point and viscosity of the melt taken together do not permit hot-melt processing as
solvent is required. The high temperature needed to fully cure M-751 (275 °C)
1imits 1ts use in conventional composite processing where cures at 160 °C are more
appropriate.

In 1976 Kourtides et al. (ref. 1) demonstrated the unusual fire resistance of
M-751 in secondary composite structures intended for application as interior panels
for mass transportation. Parker (ref. 2) showed that the anaerobic char yield in
the range of 45 to 65 percent accounted for a unique and optimized combination of
flammability and ablation properties. This optimized combination of properties in
secondary structures such as interior panels gave rise to a maximum time to flash-
over and minimum smoke and toxic gas emissions, as well as good fire-retardant
properties.

Table 1 compares the relative ranking of the flammability characteristics, the
limited oxygen index, and the percent optical transmission with the measured
anaerobic char yields of M-751, H-795, and other matrix resin polymers. It can be
seen that the improvement of bismaleimides is some two to three times better than
the epoxide-based composite system. The same relative ranking of flammability is
seen in both glass and graphite compositions.
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The high-temperature pyrolysis reactions occurring in one flamming combustion
mode have been found to correlate rather well with the anaerobic char yield at 600
to 800 °C. As will be seen, there are parallel correlations with polymer decompo-
sition temperatures and glass temperatures of some systems. Anaerobic char yield
alone should not be used as a criterion for high temperature thermo-oxidative sta-
bility. The general quantitative pyrolysis reactions of simple bisimides can be
simply accounted for by ring coalescence of the aromatic and bisimide rings with
the elimination of water and hydrogen. The resulting carbon-nitrogen ring system
s usually stable in air up to 400 °C and is rapidly oxidized to zero char yield at
temperatures greater than 500 °C. Fortunately, in the fire case the rate control-
1ing pyrolysis reactions take place in an essentially anaerobic environment where
the effect of thermo-oxidative stabiliity is minimal.

As will be seen, phosphorous modification of the maleimido matrix resins pro-
vides both thermal and thermo-oxidative stabilities. The only factor which 1imits
the general acceptance of M-751 and H-795 bismaleimides for superior fireworthy
composite structures is the high temperature required for curing compared with
standard epoxy systems.

Structural Composites from Maleimido Matrix Resins

Bismaleimides cure without the evolution of small volatile molecules by the
thermal polymerization of the maleimide double bond. This feature of these mole-
cules is a significant advantage in obtaining void-free composites. Thermal degra-
dation induced by "backbiting" reactions of unreacted amino and carboxylic acid
groups is virtually eliminated.

Unfortunately, as pointed out above, the poly-addition reaction exhibit