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Polyimide polymer composites having a combination of
enhanced thermal and mechanical properties even
when subjected to service temperatures as high as 700°
F. are described. They comprise (a) from 10 to 50 parts
by weight of a thermoplastic polyimide resin prepared
from 2,2-bis[4-(4-aminophenoxy)phenylihexafluoropro-
pane and (b) from 90 to 50 parts by weight of continu-

Jous reinforcing fibers, the total of (a) and (b) being 100

parts by weight. Composites based on polyimide resin
formed from 2,2-bis[4-(4-aminophenoxy)phenyl]hexa-
fluoropropane and pyromellitic dianhydride and contin-
uous carbon fibers retained at least about 50% of their
room temperature shear strength after exposure to 700°
F. for a period of 16 hours in flowing air. Preferably, the
thermoplastic polyimide resin is formed in situ in the
composite material by thermal imidization of a corre-
sponding amide-acid polymer prepared from 2,2-bis[4~
(4-aminophenoxy)phenyllhexafluoropropane. It is also
preferred to initially size the continuous reinforcing
fibers with up to about one percent by weight of an
amide-acid polymer prepared from 2,2-bis[4-(4-amino-
phenoxy)phenyl]hexafluoropropane. In this way imidi-
zation at a suvitable elevated temperature results in the
in-situ formation of a substantially homogeneous ther-
moplastic matrix of the polyimide resin tightly and
intimately bonded to the continuous fibers. The resul-
tant composites tend to have optimum thermo-mechani-
cal properties.

6 Claims, No Drawings
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FIBER REINFORCED THERMOPLASTIC RESIN
MATRIX COMPOSITES

PROPERTY RIGHTS

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958, Public Law 85-568
(72 Stat. 435; 42 U.S.C. 2457).

This application is a division application Ser. No.
855,939, filed Apr. 25, 1986.

TECHNICAL FIELD

This invention relates to novel and eminently useful
fiber reinforced thermoplastic resin matrix composites
and their production.

BACKGROUND

Graphite and carbon fiber reinforced resin matrix
composites are finding increased use in many military
and industrial applications. The significant benefit of
resin matrix composites (or laminates) is weight savings
in structures and systems over those fabricated from
reinforced or non-reinforced metallic and ceramic ma-
terials without sacrifice of mechanical strengths. The
weight savings equate directly to increased energy effi-
ciency and payload capabilities. Composites are used
today in many primary airframe, missile, spacecraft and
vehicular structures, to cite a few applications.

A desire in the evolution and development of ad-
vanced fiber reinforced composites has been to apply
these materials in increasingly hostile thermal environ-
ments. A secondary goal has been to increase the inher-
ent impact strength of composite materials without
sacrificing their other desirable characteristics and
properties. In general, increased thermal stability is
gained by incorporating a significant aromatic and het-
erocyclic content into the matrix resin structure and
increased impact strength is gained by using thermo-
plastic matrix resins instead of thermosetting materials.

Significant improvements in the thermal stability of
thermosetting composite matrix resin materials have
been described by NASA in U.S. Pat. No. 3,745,149 for
norbornene terminated polyimides and by Hughes Air-
craft Company in U.S. Pat. No. 4,100,138 for ethynyl
terminated polyimides. These thermosetting polyimide
matrix resins are now used in primary structural appli-
cations where thousands of hours mechanical strength
integrity retention at 500° F. to 600° F. in air is required.
However, because these matrix resins are thermosetting
when fully cured, their impact strengths, in general, and
ability to resist severe microcracking on thermal cy-
cling, in particular, are suspect.

In our U.S. Pat. Nos. 4,477,648 and 4,521,623 we have
pointed out that a linear condensation polyimide based
upon a reaction of four-ring aromatic diamine, 2,2-
bis[(4-aminophenoxy)phenyllhexafluoropropane, and
pyromellitic dianhydride, as described in U.S. Pat. No.
4,111,906 to one of us, possessed promise as a matrix
resin for use in jet compressor stage stator bushings at
675° F. use temperature. However, the critical tempera-
ture increase from 675° F. to 700° F. required for the
new generation of advanced aircraft engines deleteri-
ously affects the performance of this polyimide. The
only other known resin which was thought to have
equal or higher promise at these high temperatures was
a resin once marketed by duPont as NR-150B. This was
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a linear condensation polyimide based upon single ring
aromatic diamines and 4,4'-(hexafluoroisopropylidene)-
diphthalic anhydride as described in U.S. Pat. No.
3,356,648. This resin, however, is no longer commer-
cially available.

The approach taken in our U.S. Pat. Nos. 4,477,648
and 4,521,623 in our quest for polymer systems suitable
for use at 700° F. (644° K.) in air at pressures up to 10
atmospheres involved provision of a polyimide made
from 2,2-bis[(2-halo-4-aminophenoxy)phenyl]hexa-
fluoropropane where the attached ortho halogen is
preferably chlorine. A polyimide made from 2,2-bis[(2-
chloro-4-aminophenoxy)phenyl]hexafluoropropane and
4,4'-(hexafluoroisopropylidene)diphthalic ~ anhydride
was found to have exceptional high temperature perfor-
mance. Unfortunately, this polymer is quite expensive
as it requires use of a pair of relatively expensive mono-
mers for its synthesis.

- THE INVENTION

Despite the prior findings and indications that polyi-
mides of the type described in U.S. Pat. No. 4,111,906
are not suited for service at 700° F., a way has now been
found by which it is possible to make effective use of
such polymers for service at 700° F. Pursuant to this
invention composites based on such polyimide poly-
mers are provided having a combination of enhanced
thermal and mechanical properties even when sub-
jected to service temperatures as high as 700° F., by
virtue of the presence therein of continuous fiber-rein-
forcement.

The composites of this invention are fiber-reinforced
composite materials comprising (a) from 10 to 50 parts
by weight of a thermoplastic polyimide resin prepared
from 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropro-
pane and (b) from 90 to 50 parts by weight of continu-
ous reinforcing fibers, the total of (a) and (b) being 100
parts by weight

Pursuant to a preferred embodiment of this invention,
the thermoplastic polyimide resin is formed in situ in the
composite material by thermal imidization of a corre-
sponding amide-acid polymer prepared from 2,2-bis[4-
(4-aminophenoxy)phenyl]hexafluoropropane

In another preferred embodiment of this invention,
the continuous reinforcing fibers of the composites are
initially sized with up to about one percent by weight of
an amide-acid polymer prepared from 2,2-bis{4-(4-
aminophenoxy)phenyllhexafluoropropane. While the
polyimide resin formed from the amide-acid polyimide
precursor used in the pre-sizing step may differ from the
polyimide formed or used as the thermoplastic compo-
nent (a) of the composites, it is preferable that these
materials be the same To illustrate, it is preferred to
pre-size or pre-coat the continuous reinforcing fibers
with an acid-amide polymer prepared for example from
2,2-bis[4-(4-aminophenoxy)phenylihexafluoropropane
and pyromellitic dianhydride and thereafter to impreg-
nate the pre-sized fibers with the same or an analogous
acid-amide polymer prepared from 2,2-bis[4-(4-amino-
phenoxy)phenyl]hexafluoropropane and pyromellitic
dianhydride. In this way imidization at a suitable ele-
vated temperature results in the in situ formation of a
substantially homogeneous thermoplastic matrix of
polyimide resin of 2,2-bis[4-(4-aminophenoxy)phenyl]-
hexafluoropropane and pyromellitic dianhydride
tightly and intimately bonded to the continuous fibers
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The resultant composites tend to have optimum ther-
mo-mechanical properties.

The thermoplastic polyimide resins utilized pursuant
to this invention are characterized by consisting essen-
tially of recurring units of the formula:

o]
[
C CF3
7\ |
R N o]
N\ /7
ﬁ - CF3
(o]

wherein R is an organic group of 5 to 22 carbon atoms
which may be an aliphatic radical, including alicyclic,
or an aromatic radical having one or more benzene
rings or fused polynuclear rings. Polyimide polymers of
this type and their synthesis are described in U.S. Pat.
No. 4,111,906, all disclosure of which is incorporated
herein by reference. Most preferably, R in the above
formula is an aromatic group such as a benzene, biphe-
nyl, or naphthalene group.

The amide-acid precursors of the above polyimide
resins may be depicted by the following idealized for-
mula in which R is as defined above:

-0

i
HO—C C—OH CF3
. 7 |
R N o) C
/7 N\ /71 |
c ¢ H CF3
I il
o)

A wide variety of polycarboxylic acids, polycarbox-
ylic acid esters, polycarboxylic acid halides, and dian-
hydrides may be used in producing thermoplastic polyi-
mides of 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoro-
propane. U.S. Pat. No. 4,111,906 identifies a number of
suitable materials for this use. Pyromelilitic dianhydride
is a particularly preferred comonomer for this use. Or-
dinarily the polyimide polymer will have an average
molecular weight of at least about 10,000.

The thermoplastic polyimide resin may be preformed
and then used in fabricating the composites of this in-
vention. However, as noted above, it is preferable to
produce the corresponding amide-acid polymer in the
known manner (note for instance Example II of U.S.
Pat. No. 4,111,906) and combine this material with the
continuous reinforcing fiber (and, if desired, with other
components such as antioxidants, thermal stabilizers,
fire retardants, pigments, light stabilizers, fillers, and the
like) to form a prepreg or precursor of the composite of
this invention. The resultant prepreg is then heated to a
suitable elevated temperature to cause imidization and
in situ formation of the thermoplastic polyimide resin to
occur.

Various types of continuous reinforcing fibers may be
used in the composites of this invention. Among such
suitable materials are carbon fibers, ceramic fibers, met-
al-coated or metal-containing graphite fibers, silicon
carbide fiber, silicon nitride fiber, boron nitride fiber,
and the like. The continuous fiber may be used in fila-
mentary form or it may be employed in the form of a
yarn or as a fabric of plain weave, satin weave, twill
weave, basket weave, or the like. If desired, the com-
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posite structure may comprise parallel aligned continu-
ous filaments extending along the maximum dimension
of the structure, the fibers being bonded together with
one or more of the above-depicted thermoplastic poly-
imide resins which intimately contacts substantially the

whole of the surfaces of the filaments, the composite
additionally containing a particulate filler such as taic,
mica, wollastinite, titania, metal powder, graphite, pow-
dered glass, or like substance.

As noted above, the composites of this invention
should contain (a) from 10 to 50 parts by weight of a
thermoplastic polyimide resin prepared from 2,2-bis[4-
(4-aminophenoxy)phenyllhexafluoropropane and (b)
from 90 to 50 parts by weight of the continuous rein-
forcing fibers, the total of (a) and (b) being 100 parts by
weight. If the content of the continuous reinforcing
fibers is above about 90 parts by weight per hundred

parts of (a) and (b), the fixing of the fibers in the matrix
tends to be insufficient and formation of voids is likely
to occur. On the other hand, if the content of the contin-
uous reinforcing fibers is below abcut 50 parts by
weight per hundred parts of (a) and (b), the resultant
composite tends not possess the enhanced thermo-
mechanical properties made possible in accordance
with this invention. For best results, the composites will
generally contain from about 30 to about 45 parts by
weight of (a) and from about 70 to about 55 parts by
weight of (b), the total of (a) and (b) being 100.

The composite material of this invention may be in
the form of a sheet or planar laminate, or it may be in
the form of a three-dimensional shaped article suitable
for ultimate uses. The sheet-like fiber-reinforced com-
posite can be formed most advantageously by impreg-
nating or coating the continuous fiber substrate with the
amide-acid precursor of the thermoplastic polyimide
resin to form a prepreg. The prepreg is then heated to a
suitable elevated temperature to cause imidization to
occur whereby the thermoplastic polyimide resin is
formed in situ in the prepreg. Laminated structures are
readily produced by stacking a suitable number of plies
of the prepreg in a compression mold and then applying
heat and pressure, usually in stagewise fashion, to the
resultant prepreg lay-up to effect lamination. Three-di-
mensional shaped articles may be formed in a similar
fashion by use of suitably shaped molds. Operations

such as impregnation, coating, mixing, lamination and
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molding are well-known to those skilled in the art and
well-documented in the literature.

In producing the prepregs the thermoplastic poly-
imide or the amide-acid precursor thereof may be used
in the form of a hot melt, a solution, an emulsion, a
suspension, or etc. These materials may be applied to or
impregnated into the base material of continuous fiber
reinforcement by means of dipping, spraying, immer-
sion, hand-laying, or use of typical coaters such as a bar
coater, a roll coater, a doctor knife, or the like.

The practice and advantages of this invention will be
still further apparent from the following illustrative
examples.

EXAMPLE 1
Polymer Production

In a flame-dried 100-mL 4-necked resin kettle
equipped with an overhead stirrer and gas inlet adapter
was dissolved 10g of - 2,2-bis[4-(4-aminophenoxy)-
phenyllhexafluoropropane (4-BDAF) in 40 g of dried
dimethylsulfoxide (DMSO) under an argon atmo-
sphere. Then 3.9 g of pyromellitic dianhydride
(PMDA) was added portionwise over ca. 7 minutes
(25% w/w solids content). After all the PMDA was
added, the mixture became somewhat warm and vis-
cous. The mild exotherm subsided after ca. 30 minutes,
and the viscous amber-colored solution was stirred for 2
more hours, then decanted into a container.

The sample of the 25% w/w solution of the 4-
BDAF/PMDA amide-acid polymer in DMSO was
placed in an aluminum dish and put in a vacuum oven.
Heating and partial vacuum was applied to remove the
solvent, then increased to 200° C. and less than 1 mm
Hg for 3 hours to effect imidization. The imidized resin
sample was then post-cured in an air-circulating oven at
371° C. for 16 hours to yield a reddish-brown powdery
thermoplastic polyimide polymer.

EXAMPLE 11
Composite Production

An amide-acid polymer sample of 4-BDAF/PMDA
prepared in a similar manner to that described in Exam-
" ple I was used to impregnate Celion 12000 filament
count carbon fiber sized with 0.7% by weight 4-
BDAF/PMDA. A 400 g quantity of 4-BDAF/PMDA
amide-acid polymer was solution coated from a methyl
ethyl ketone diluted DMSO solution onto 600g of Ce-
lion fiber to give unidirectional continuous fiber rein-
forced prepreg consisting of 409% by weight resin. The
prepreg was dried and imidized by heating at 200° C.
This Celion/4-BDAF/PMDA prepreg was em-
ployed to fabricate composites as follows. The prepreg
was cut into rectangular pieces of 8 inches length X3
inches width and stacked to a nominal 0.10-inch thick-
ness. Seven to eleven plies were required to attain the
desired thickness, depending on the prepreg sample.
The prepreg lay-up was placed in a match-die mold and
compression molded by the following sequential pro-
cess:
1. Stage at 400° F. with minimum contact pressure
(less than 100 psia) for one hour.

2. Increase pressure to 1,000 psia and increase temper-
ature to 730° F.

3. At 730° F., increase pressure to 3000 psia and in-
crease temperature to 800° F.

4. Hold at 800° F. and 3000 psia for two hours.
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5. Cool to 400° F. under 3000 psia pressure, then

remove composite from mold.

The unidirectional composites prepared by this pro-
cedure were postcured unrestrained at 700° F. for 16
hours in flowing air. Representative thermo-mechanical
properties of a representative post-cured Celion
12,000/4-BDAF/PMDA laminate are presented in the
ensuing Table. The values shown each constitute the
average of three data points.

TABLE
Representative Thermo-mechanical Properties
Short Beam Shear Strength (Ksi)® Flexural Strength (Ksi)®
75°F. 700°F. % Retention 75°F. 700° F.
5.7 2.9 50.9 87.1 42.7

“Determined at span ratio of 4:1
"Determined at span ratio of 16:1

% Retention
49.0

It will be seen from the above data that the compos-
ites of this invention retained their mechanical proper-
ties to a substantial extent even after exposure to 700° F.
in air for 16 hours. A corresponding representative
post-cured laminate made from Celion 12,000 and a
thermoplastic polyimide resin made from a 95:5 mole
percent mixture of p-phenylene diamine:m-phenylene
diamine and 2,2-bis-(3,4-dicarboxyphenyl)hexafluoro-
propane dianhydride (produced according to U. S. Pat.
No. 3,356,648) exhibited retention values of 41.9% on
short beam shear strength and 41.3% on flexural
strength when subjected to the same test procedures.

Inasmuch as this invention is susceptible to consider-
able variation in its practice without departing from its
true spirit, it is not intended that this invention be lim-
ited by the exemplifications presented herein. Rather,
what is intended to be covered is as set forth in the
ensuing claims.

We claim:

1. A process of forming a fiber-reinforced composite
which comprises

(2) forming a prepreg thermoplastic lay-up made of a

stack of plies composed of a (i) thermoplastic poly-
imide resin prepared from the imidization of a po-
lyamic acid of the formula

[
HO—C C—OH
N\ 7
R N o]

7 N\ /]

C C H

Il Il

0] 0
i
CF3 H

where R is an organic group of 5 to 22 carbon atoms
which may be an aliphatic radical, including alicyclic,
or an aromatic radical having one or more benzene or
fused polynuclear rings and (ii) continuous reinforcing
fibers, the composite having from 10 to 50 parts by
weight of said resin and from 90 to 50 parts by weight
of said fibers;
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7
(b) compression molding said thermoplastic poly-
imide lay-up by applying thereto progressively
increased pressure and temperature in stages;
(c) cooling said compression molded thermoplastic
-polyimide lay-up while under pressure;

(d) heating the lay-up resulting from step (c) while
unrestrained in air at a temperature of at least 700°
F. i

2. A process of claim 1 further characterized in that
the continuous reinforcing fibers in said prepreg lay-up
are composed substantially of carbon fibers.

3. A process of claim 1 further characterized in that
the thermoplastic polyimide resin in said prepreg lay-up
is a thermoplastic polyimide resin prepared from 2,2-
bis{4-(4-aminophenoxy)phenyllhexafluoropropane and
pyromellitic dianhydride.
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4. A process of claim 1 still characterized by sizing
the continuous reinforcing fiber with said polyimide
prior to impregnating the fiber with the amide-acid
polymeric precursor. i

5. A process of claim 1, further characterized in that
the plies of said stack of plies are produced by impreg-
nating continuous reinforcing carbon fiber with an
amide-acid polymeric polyimide precursor produced
from 2,2-bis{4-(4-aminophenoxylphenylihexafluoropro-
pane and pyromellitic dianhydride and heating the re-
sultant prepreg to a temperature high enough to cause
the amide-acid polymer to be imidized.

6. A process of claim 5 still further characterized by
sizing the continous reinforcing fiber with a polyimide
produced from 2,2-bis[4-(4-aminophenoxy)phenyl]hex-
afluoropropane and pyromellitic dianhydride and there-

after impregnating the sized fiber with said precursor.
* ok ok kK



