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NOTICE

The invention disclosed in this document resulted from

research in aeronautical and space activities performed under
programs of the National Aeronautics and Space Administration.
The invention is owned by NASA and is, therefore, available for
licensing in accordance with the NASA Patent Licensing

Regulation (14 Code of Federal Regulations 1245.2).

To encourage commercial utilization of NASA-owned inventions,
it is NASA policy to grant licenses to commercial concerns.
Although NASA encourages nonexclusive licensing to promote
competition and achieve the widest possible utilization, NASA
will consider the granting of a limited exclusive license,
pursuant to the NASA Patent Licensing Regulations, when such a
license will provide the necessary incentive to the licensee to

achieve early practical application of the invention.

Address inquiries and all applications for license for this
invention to NASA Patent Counsel, Lewis Research Center, Mail
Code 500-318, 21000 Brookpark Rd., Cleveland, OH 44135.
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LOW TEMPERATURE CROSS LINKING POLYIMIDES

Low temperature~curing polyimide resins are provided
by reacting a polyfunctional amine, a polyfunctional ester,
and a styrene derivative end-capping agent to form a pre-
polymer. The prepolymer can be cross-linked at a relative-
ly low temperature. This provides a distinct advantage
over previously known systems which require higher temp-
erature for cross linking.

Polyimide resins are noted for their high thermal
and oxidative stability, high strength at elevated temp-
eratures, and for many outstanding physical and chemical
properties useful in high temperature applications. A
distinctly advantageous system, previously known, involv-
es reacting, in solution in an organic solvent, a poly-
functional amine, a polyfunctional ester, and an end-
capping agent to form a prepolymer which can be cross-
linked by heating to form a polyimide resin. This sys-
tem permits facile impregnation of fabric with the pre-
polymer for fabricating polyimide resin-reinforced fi-
brous materials. It is a distinct advantage of the pre-
viously known system that the prepolymer is soluble in
organic solvent. A disadvantage of the earlier system
is the requirement for a relatively high cure temperature
of over 250°C. The present system has all the advantages
of the previously known system with the added advantage of
a low temperature cure.

Novelty appears to reside in the selection of a sty-
rene derivative as an end-capping agent. Suitable end-
capping agents include m-aminostyrene and are readily ob-
tained. Selection of this type of end-capping agent pro-
vides, for the first time, a polyimide system which is
cross-linkable at relatively low temperature and which
retains the advantageous properties of otherwise similar
previously known polyimide resins.
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POLYFUNCTIONAL AMINE, POLYFUNCTIONAL ESTER
AND STYRENE DERIVATIVE END-CAPPING AGENT
DISSOLVED IN SOLVENT TO FORM IMPREGNATING

SOLUTION.

v

SOLUTION IMPREGNATED INTO FIBROUS MATERIAL

v

SOLVENT REMOVED FROM IMPREGNATED FIBROUS

MATERIAL.

DRIED FIBROUS MATERIAL CUT INTO PLURALITY
OF PIECES WHICH ARE THEN STACKED

\

STACKED PIECES OF FIBROUS MATERIAL HEATED
AT 120°C TO FORM POLYIMIDE PREPOLYMER IN

FIBROUS MATERIAL

FURTHER HEATING AT 200°C TO FORM POLYIMIDE-
REINFORCED FIBROUS MATERIAL

545, 58’
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LOW TEMPERATURE CROSS LINKING POLYIMIDES

ORIGIN OF THE INVENTION

The invention described herein was made by employ-
ees of the United States Government and may be manufac-
tured and used by or for the Government for governmen-
tal purposes without the payment of any royalties there-
on or therefor.
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TECHNICAL FIELD
The present invention relates to compositions for
making polyimide prepolymers and resins and for making
resin-reinforced fabrics and to methods of making such
fabrics. Moie particularly, the invention relates to
an improvement of such compositions and methods dis-
closed in U.S. Patent 3,745,149, issued July 10, 1973,
and herein incorporated by reference.
BACKGROUND ART
The polyimide resins to which the invention relates

are noted for their high thermal and oxidative stability,

high strength at elevated temperatures, and which exhi-
bit many other outstanding physical and chemical prop-
erties useful in high temperature applications.

U.S. Patent 3,528,950 discloses a method for pre-
paring addition-type polyimides, in which an end-capped,
low molecular weight prepolymer is prepared in a reflux-
ing solvent. The prepolymer is isolated and then heated
to a temperature of 200° to 350°C to form polyimide mac-
romolecules. The prepolymer has a very limited solubil-
ity in organic solvents, and thus does not allow facile
impregnation of fibers for fabrication of fiber-rein-
forced polyimide composite articles.

An improved method for preparing high molecular
weight addition-type polyimides is described in U.S. Pa-
tent 3,745,149. 1In this method, the polyimides are syn-
thesized from a mixture of a polyfunctional amine, a
polyfunctional ester, and an end-capping agent.

The polyfunctional ester (a) has the formula:
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wherein R, is a tetravalent aryl radical and
R, is alkyl or hydrogen, at least two R2 groups
being alkyl.
The polyfunctional amine (b) has the formula:
HzN-R3-NHZ
wherein R3 is a divalent aryl radical.
The end-capping agent (c¢) has the formula:

R,=0-C

2
RZ-O-C
|
0]

wherein R, is alkyl or hydrogen, at least one
R2 group being alkyl, and R4 is a divalent ra-
dical of the formula:

\/5 -

R R
| |
C ? c
Ry R

wherein Rg is hydrogen or lower alkyl of one
to four carbon atoms, preferably methyl.

The molar ratio of a:b:c is n:n+l:2 wherein n has
a value of 1-20. The compounds are preferably present
in an amount of 30 to 70% by weight of the solution.

A solution of the foregoing components is used for
the preparation of reinforced fibers or fabric. The
solution is impregnated into the fibers and then heated
at a temperature of up to about 210°C to remove solvent
and to form a prepolymer in the fibers or fabric and
the thus prepared "prepreg" material is subsequently
heated at a temperature of about 275 to 350°C to form
the polyimide resin in the fibers or fabric. Usually,
solvent removal is effected at a temperature of about
about 50 to 120°C and prepolymerization is subsequently
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effected at a temperature of about 125 to 210°C. The
prepolymer has a molecular weight of about 400 to
10,000 and the polyimide resin has a molecular weight
of over 10,000. Further details concerning the compo-
sition and its use will be found in the disclosure of
U.S. Patent 3,745,149.

One of the advantages of the composition and me-
thod descriked in U.S. Patent 3,745,149 is that there
is no need for prior synthesis of the polyimide grecur-
sors. However, one limitation of the method is that it
requires relatively high cure temperatures of up to
350°cC.

It is an okbject of the present invention to pro-
vide novel compositions and methods for forming polyi-
mide prepolymers, polyimide resins, and polyimide resin-
reinforced fibers or fabric. It is a further okject to
provide sucihh compositions wherein, at a "prepreg" state,
the prepreg material is curable at relatively low ctemp-
erature.

SUMMARY OF THE INVENTION

The foregoing and other objects which will be ap-

parent to those of ordinary skill in the art are a-

cnieved, in accordance with the present invention, by
providing a composition comprising a solution, in an
organic solvent, of the following compounds:
a) a polyfunctional amine having the fornmula:
HZH-RI-NHZ
wherein Rl is a divalent aryl radical; and

b) a polyfunctional ester having the formula:

L Ll

N
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where in R, is a tetravalent aryl radical and Ry is
alkyl or hydrogen, at least two R3 groups being
alkyl; and
c) an end-capping agent having the formula:

Ry

Rg

wherein R, is NHZ and Rg is hydrogen, or R, and Rg

are each COORG, wherein Rg is alkyl or hydrogen,

at least one Re group being alkyl:
the molar ratio of a:b:c being n:n+l:2 when R4 is NH,
and Rs is hydrogen and being n+l:1:2 when R4 and Ry are
each COORG, n having a value of 1-20.

In accordance with the present invention, the com-
position is heated at an elevated temperature to form a
polyimide prepolymer having a molecular weight of about
400 to 10,00C. The prepolymer material is subsequently
heated at a higher temperature of about 150 to 245°C
to effect formation of the polyimide resin having a
molecular weight of about 10,000. In the formation of
resin-reinforced fibrous material, the composition is
impregnated into a fibrous material and the prepolymer
and polyimide resin are formed in situ by carrying out
the heating steps just described.

The solvent is conveniently removed by relatively
gentle heating at a suitable temperature such as about
50 to 120°C. Formation of the prepolymer is preferably
effected at a temperature of about 50 to 150°C. The
inclusion of the end-capping constituent in accordance
with the present invention results in a prepolymer ma-
terial which is curable at relatively low temperature.

BRIEF DESCRIPTION OF THE DRAWING

The drawing is a block diagram flowsheet illustra-
ting the steps in a preferred embodiment of the inven-
tion directed to the formation of a polyimide resin-
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reinforced fibrous material.
DETAILED DESCxIPTION
The three types of monomers of the prcsent compo-
sition are represented by the formulas:
(a) H,N-R;=NH, (b) (e) R,

o 0
il i
Ryo-C\C-ORg Ia»cu-cn2
RG R

R3O-|('2/ ‘ﬁ-on_., >
0

Where R, is a divalent aryl radical, R, is a tetrava-
lent aryl radical, R, is an alkyl radical (preferably
lower alkyl, more preferably methyl) or hydrogen, and
at least two R, radicals are alkyl, R, is an -NH, group,
Rg is hydrogen, or, alternately, R, and Rg are -COORg
groups where Re is alkyl (preferably lower alkyl, more
preferably methyl), and at least one R6 is alkyl (pre-
ferably lower alkyl, more preferably methyl).

Representative of the many diamines of the type
defined in (a) above which may be employed are benzi-
dine, 4,4'-methylenedianiline, 4,4'-oxydianiline, 4,4'-
sulfonyldianiline, 4,4'-thiodianiline, p-phenylenedia-
mine, m-phenylenediamine. Others are mentioned in U.S.
Patents 3,528,950 and 3,745,149.

The esters of the tetracarboxylic acid defined in
(b) above may be readily prepared according to the
known methods from the corresponding dianhydrides of
the formula:

0 0
b U
o/c\n/ c\o
\C/ 2\c/
|

o
o=

wherein Rz is as defined above. Representative of the
dianhydrides which may be employed include pyromellitic
dianhydride, 3,3', 4,4'-benzophenonetetracarboxylic
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dianhydride, 4,4'~(hexafluoroisopropylidene)~bis
(phthalic anhydride), bis(3,4-carboxyphenyl) sulfone
diahhydride, bis (3,4-dicarboxyphenyl) ether dianhydride,
1,2,5,6-napthalene tetracarboxylic dianhydride, 2,3,6,
7-napthalene tetracarboxylic dianhydride. Others are
mentioned in U.S. Patents 3,528,890 and 3,745,149.
Several suitable esters are disclosed in U.S. Patent
3,745,149.

The end-capping groups defined in (c) above can
be readily prepared according to known methods.

An organic solvent is employed to dissolve the
three types of monomers. The solvent is one which must
not react with the ester or amines during the proces-
sing conditions. Representative examples of suitable
solvents are aliphatic alcohols (preferably methanol
or ethanol), aliphatic alcohol ethers, or aprotic gol-
vents such as N,N-dimethyl formamide. Mixtures of two
or more of such solvents may be employed. The solu-
tion of monomers is prepared with a solids content of
30 to 70% by weight.

When the monomer solutions are heated at tempera-
tures of 50°C to 150°C, the monomers react to form low
molecular weight end-capped prepolymers. If an end-
capping monomer is selected where R4 is an -NH2 group
and Rs is hydrogen, the structure of the prepolymer can
be representeg by the formg}a:

0 0 0 0
b A
CH.=CH ¥ N e by NNy CH=CH
2 ‘@"\/2\/ 1 AN N 2
¢ c c
TR i i
0o 0 n o0 0

wherein n is ;n integer of from 1 to 20, and Ry and R,
are as defined above. The molecular weight of such

end-capped prepolymers can be adjusted to desired val-
ues by varying the value of the number n between 1 and
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20, provided a molar ratio of n: (n+l): 2 is maintained
for the relationship of a:b:c. I1f an end-capping mono-
mer is selected where R, and Ry are -COOR, groups, the
structure of the prepolymer can be represented by the

formula: B -

vl g
cnz-cn@ >N--—R1—-N< \2/ \N—-Ri—N/C Bcu-en2
o c/ ~/ \c
i 8 8 - ]

0 | n 0

wherein n,R; and R; are as defined above. A molar ra-
tio of (n+l): n:2 must be maintained for the relation-
ship of a:b:c.

The end-capped prepolymers are stable below 175°C.
When heated at from about 175°C to about 245°C, the end-
capped portion of the molecule becomes reactive and
chain extension and cross-linking occur to form high
molecular weight thermally stable polyimides.

An important advantage of the present invention is
that a significantly lower final cure temperature of
175° to 245°C is employed to obtain the high molecular
weight polyimide compared to a final cure temperature
of 275° to 350°C described in U.S. Patent 3,745,149.
The final cure is accomplished within 30 minutes to 1
hour without the evolution of volatile material to
obtain polyimides with thermal and oxidative stability
comparable to those described in U.S. Patent 3,745,149.

EXAMPLE 1

A mixture of 2.38 g of m-aminostyrene, 3.96 g of
4,4'-methylenedianiline, and 11.58 g of 3,3',4,4'~
benzophenonetetracarboxylic acid dimethyl ester is dis-
solved in 17.9 g of methanol by stirring at 50-60°C.
The solution is then heated in vacuum at 150°C for 1
hour. The solid prepolymer is ground into a fine pow-
der. The yield of molding powder is 14.2 to 14.8g.

o |

e

y—y—

g o ""WF‘ -~ '- e

T




10

15

20

25

30

35

ORIGINAL PAQE 1§

. OF POOR QUALITY

It has a formulated molecular weight of 1492. The
value of n is 2.00.

Approximately 3.5 g of the molding powder are pla-
ced into a matched circular metal die having a diameter
of one inch, preheated to 150°C. The mold is closed,
and contact pressure maintained for 5 minutes, then
2000 psi pressure is applied and the temperature is
increased to 200°C at a rate of 5° per minute. After
1 hour at 200°C and 2000 psi, the pressure is released
and the mold slowly cooled to room teﬁperature. The
resulting molded polyimide plug is postcured for 1
hour at 316°C. The polyimide exhibits a glass transi-
tion temperature in excess of 350°C.

EXAMPLE 2

A mixture of 3.67 g of m-aminostyrene, 6.07 g of
4,4'-methylenedianiline, and 17.83 g of 3,3', 4,4'-
benzophenonetetracarboxylic acid dimethyl ester is
dissolved in 27.6 g of methanol by stirring at room
temperature. The solids dissolve within 30 minutes.
The resulting solution contains 50 percent monomers by
weight and will yield an imidized end-capped prepolymer
having a formulated molecular weight of 1492. The val-
ue of n is 2.00.

Approximately 34 g of graphite fiber are impreg-
nated with the above solution by first winding the
graphite fiber onto a mandrel, then applying the solu-
tion evenly to the fiber with a brush. The impreg-
nated fiber is then dried at 50°C for 1 hour to reduce
the solvent content to 5 to 10 percent by weight. The
impregnated fiber at this point is easily cut and shap-
ed into various forms.

Twelve plys of 3 by 7-7/8 inches are cut and”
stacked unidirectionally in a preforming mold and staged
for 2 hours at 120°C under an applied pressure of 0.1
psi. The staged prepreg is then inserted into a matched
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metal die preheated to 150°C. The mold is closed, and
contact pressure maintained for 5 minutes, then 500 psi
pressure is applied and the temperature is increased to
200°C at a rate of 5° per minute. After 1 hour at 200°
C and 500 psi, the pressure is released and the mold
slowly cooled to room temperature. The resulting poly-
imide-graphite fiber composite is essentially void-free
and exhibits excellent mechanical properties.
What is claimed is:
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LOW TEMPERATURE CROSS LINKING POLYIMIDES ‘ _
ABSTRACT -
A polyimide is formed by cross linking a prepoly- :
mer formed by reacting a polyfunctional ester, a poly- F"

functional amine, and an end-capping unit. By provi-
ding an end-capping unit having the formula:

R4 K
s
¥
Rs :
wherein R, is NH, and Rg is hydrogen, or where- v

in R, and Ry are each COOR6 wherein Re is

alkyl or hydrogen at least one Rg being alkyl,
the prepolymer is curable at a relatively low tempera-
ture of about 175 to 245°C.
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