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- _ ‘The invention disclosed in this document rgéulted ﬁréﬁ.
reseafch in aéronadtical and space dctivitiés perfOrmed'undcr
programs of the National Aeronautics and‘Spqde,Administration.',
Ihe'invention is owned by NASA and is;‘therefore, avéiléple-
Afor liceﬁsinq in accordance with the NASA PaEent_Licénéing

‘ Regulétion'(14 Code of Federal Regulations 1245.2).

To ehcouréqe commefciai utilizatibﬁ of NASA—owned inven-
tions,vit is NASA*policy to grant licenses to commercial |
copcerns.: Although NASA encéurageé noneéxclusive licensing

. : to promote,competitioﬁ and achieve the widest possible utili-
zéfion,'NASA will CQnSidér the granting of a limited-exclusiQe
license, pursuant to the NASA Patent Licensing Regulatioﬁs,
when such a license Wili.p:oQide the nécessaty'inéenhiVe to
the licensee to achieve éarly'practical_application of the

-inventiqn. | |

Address inquiries and all-appiiéaﬁions fdf-liéense for
thisvinVention to NASA Paﬁent Couﬁsel, Langley'Research Center,
Mail Code 456, Langley Station; Hémpton, Viréinia, 23365.
Appr69§d~NASA forms for applicatioﬁ for nonexéluéive or ekclusivé'

license are available: from the ahove address.
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. AWARDS ABSTRACT
.POLYIMIDE ADHESIVES

This invention relates to a process of preparing aromatic
polyamide-acids for use as adhesives.

Aromatic polyimide are known to have good thermal stability
but heretofore have not shown good adhesive properties unless
modified to such an extent that their long term thermal stability
characteristic is diminished. ‘

The present invention involves the addition of an equimolar
quantity of a suitable aromatic dianhydride to a stirred solution
of an appropriate aromatic. diamine in a water or alcohol-miscible
_ ether solvent. 1In certain instances a highly viscous polyamic-acid
intermediate polymer precipitates from the ether solvents but the
addition of very small amounts of water or alcohol generally leads
to redissolution of the polyamic-acid to give a viscous polymer
solution. In certain.other instances, depending upon the choice
of monomers, the polyamic~acid intermediate polymer does not
become insoluble but directly forms a smooth viscous polymer solu-
tion. These polyamic-acid polymers are appligd as adhesives and
converted, by heating in the range of 200-300"C and with pressure,
to form polyimides with excellent adhesive properties.

-} ' i

Solvents useful in the present invention are of the aliphati
acyclic and cyclic ether types and include tetrahydrofuran, m-and
p-dioxane, monoglyme, diglyme, triglyme and tetraglyme.

The novelty of this invention appears to reside in the discover
that water or alcohol-miscible ether solvents may be employed in
making polyamic-acids that improve the adhesive properties of these
compounds when converted by heat into the polyimides.

Inventors:

Donald J. Progar

Vernon L. Bell

Terry L. St. Clair
Employer: NASA-LRC
Original Evaluator: George F. Pezdirtz

Serial No. : 532,784
Filing Date: December 16, 1974
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. ABSTRACT OF THE DISCLOSURE

A process of preparing aromatic polyamide-acids.for use

.as adhesives by reacting an aromatic dianhydride in an approxi-

.mately equimolar amount of an aromatic diamine in a water or

lower alkanol miscible ether solvent and wherein the polyamide-

acids are converted to polyimides by heating to the temperature

range of 200° - 300°C.
|

i ORIGIN OF THE INVENTION

This invention was made by employees of the National Aero-
nautics and Space Administration and may be manufactured and used
by or for the Government of the United States without the payment
of any royalties thereon or therefor.

BACKGROUND OF THE INVENTION

This invention relates generally to the preparation of use-
ful adhesives and more particularly to the preparation of aromatic
polyimide adhesives'which have excellent bonding characteristics -
and excellent retention of properties at elevated temperatures.

Adhesive bonding is a well known method for joining similar

and dissimilar materials. However, the advent of materials, both

metallic and nonmetallic, which are capable of withstanding high

temperatures, has generated a subsequent need for adhesives for

bonding the advanced materials. The increased use of titanium

and thermally resistant Composites in particular for applications
such as in aircraft structural components has led to the investi-
gation of polyimides as base ingredients Tor adhesﬁ‘é formulations.

The aromatic polyimides have the best thermal stability, but

do not give satisfactory adhesion of the joints.' Some modifications

Vhave been made to the polyimides which result in improved adhesive

strengths, but those modifications are generally made so that a

sacrifice in the long- term thermal stability of the adhesive
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_a proéess for preparing and using aromatic polyimides as adhe-

.sives for bonding metals, and fiber-reinforced organic resin

' additives and wpen tested at elevated temperatures.

‘resin results.

Accordingly, it is an object of this invention to provide.é

. composites such that high bonding strengths result with no

significant loss in thermooxidative stability of the adhesive

© resin.

I
| . .

A furtheriobject of this invention is to provide a process
for preparing polyimide adhesives which will retain a high pro-

portion of their adhesive strength when formulated with various

BRIEF DESCRIPTION OF THE INVENTION

The process for producing the polymers for use as adhesivés
according to the present invention broadly involves the addition
of an equimolar quantity of a suitable aromatic dianhydride to a
stirred solution'of.an appropriate aromatic diamine (or equiv-
alent mixtures of two or more appropriate diamines) in certain
water- or alcohol-miscible ether solvents. In certain instances,
a highly viscous polyamic-acid intermediate polymér precitipates

from the ether solvents. The additionof very small amounts of

‘water or alcohol generally leads to redissolution of the polyamic-

acid to give a viscous polymer solution. 1In certain other

instances, depending upon the choice of monomers, the pdyamic-acid
intermediate polymer does not become insoluble, but instead a

| !
smooth, viscous polymer solution is formed directly.

" These polyamic-acid polymers are characterized by a recurring

unit with the following structural'formula:

T | 7]
— Ho- c _@[c OH ~
——NH c@ CNH—R| —- )

-n
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“where,

Z is selected from the.group consisting of:

0.
'—O-,'a— C'_,—S" ’

R, Ry R,

1 | [
-Si—, ond -s&-ﬁij}—Si— :

A . : i |

Ry R, R,

R,y being selected from the alkyl and aryl groups;

R, being @-‘Z'--@ , and - :
. o

Z' being selected from

-C-,-S-0ond-S0,—.

The choice of diamines and dianhydrides inappropriate for

this process is signaled by failure of one or both monomers to

~dissolve in the ether solvents. Further failure is caused by

a mismatch between the rate of polymerization of the reactants

"and the rate of precipitation of the polymer,'such that the

. incompletely reacted insoluble monomer can be coated by precipita-

ting polymer and thus inéctivated before the completion of the
polymerization. A third failure results when the solubility of

the polyamic-acid intermediate polymer is such that it precipi-

‘.tates from'solution, usually as a powder, before a suitable

degree of polymerization has been reached.

The solventé useful for this process are of the aliphatic
acyclic and cyclic ether types, such as tetrahydrofuran, m- and
p-dioxane, mbnogiymé, diglyme, triglyme and tetraglyme. Such

3
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~solvents have a high affinity for the polar chemical groups of

.ﬁthe aromatic polyamic-acid intermediates, in contrast to the

aromatic water-immisicible solvents such as anisole and diphenyl
ether. |
The polyamic?acid solutions so obtained can then be applied

to suifably prepared substrate surfaces, either as neat adhesive

resins or in various formulations with fillers, thickeners, etc.,_'

and with or without supports such as glass fabric. When the

substrates are allowed to stand to allow some or all of the solvent

to evaporate, the treated surfaces to be bonded are assembled
together by means of clamps or in a press. Heat is applied,
which completes the evaporation of solvent and leads to the con-
verﬁon of the intermediate polyamic-acid to the more thermally

resistant cyclic polyimide, during the course of which the

excellent bonding of the substrates occurs. Although the bonding

cycle can be varied over a wide range of time, temperatures, and

pressure, a fypical bonding operation would initially involve the
drying of the primed surfaces in air at room temperature. This
would be followed by bonding‘of the joint at pressures from 30

to 200 psi with thermal treatment of the joint, under bonding

. pressure, up to temperatures of 200 to 300°C. Times of 1 hour

or more, at temperature and pressure, suffice to post-cure the

bonded joint. Thus, minor adjustments of the process make it

suited for autoclaving or Vaguum-bag operations, in addition to
clamp or press bonding.

The polyamic-acid solutions are converted by the heating

| described to yiéld polyimide adhesive resins which are charac-

terized by a recurring unit with the following structural formula:
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where,

Z is selected from the group consisting of:.

|
i

‘ 0
" "
» -0-'-C— )_s- ’

T
-gi—, and, - Si—©-3i— :
| | |
R, . Ry Ry

R2 being selectedlfroﬁ CH3, C2H5 and C6H5;

‘.-and Rl is I @_Zl©

' 0

Z being selected from

and;

-C-,-S-and =S0,-.

Representative diamines which are suitable for the present

invention are:

3,3'-diaminobenzophenone
3,4'-diaminobenzophenone
4,4'~diaminobenzophenone
3,5 -diaminobenzophenone
3,3'~diaminodiphenyl sulfide
3,4'-diaminodiphenyl sulfide
4,4"'-diaminodiphenyl sulfide
3,3'~diaminodiphenyl sulfone
. 3,4'~diaminodiphenyl sulfone
4 ,4'-diaminodiphenyl sulfone.

Typical dianhydrides which are suitable for use in this

invention are:
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3,3',4,4'-bénzophénone tetracarboxylic acid dianhydride
bis(3,4-dicarboxyphenyl)ether dianhydride
bis (3,4-dicarboxyphenyl)sulfone dianhydride
bis-4-(3',4"'-dicarboxyphenoxy) sulfone dianhydride
bis(3,4-dicarboxyphenyl) dimethylsilane dianhydride
1,4-bis-(3',4'-dicarboxyphenyl dimethylsilyl) benzene dian-
S . ‘ hydride. .
The above-described proceés for preparing the polyimide
adhesives is significantly different from the usual procedure
for.polyimide preparation. The primary difference is the neces-
sity of using éther solvents, in contrast to the usual solvents
of the N,N-diélkylcarboxylamide class, e.g., N,N-dimethylform-
amide, N,N-dimethylacetamide, and N-methyl-2-pyrrolidone. The

use of the proper ether solvents not only leads to molecular

'Weights of the polyamic-acid prepolymers which result in superior

- bonding properties, but the ether solvents are more readily

volatilized from the polymer at the optimum states of cyclizatioﬂ
of the polyamic~acids to the polyimides.-.In contrast, the SOlventé
of the N,N-dialkylcarboxylamide class complex tenaciously with the
polyamic-acid intermediates and are,ushally not volatilized from -
the polymer until an excessive degree of conversion of the polymer

to the cyclic polyimide form has occurred. This diminishes the

_extent to which those chemical groups in the polyamic-acid inter-
mediates responsible for bonding can do so with the substrates.

.~Another advantage in the use of ether solvents is theit lower

degree of toxicity to hﬁmans, in contrast to the well known
cumulative toxic effects 6f N,N-dialkylcarboxylamides.

) Measurements of the contact angléS‘of the polymer solutions
on the metallic substrates have disclosed that those'polyamic-acid

solutions in ether solvents give smaller contact angles than

"do the corresponding polyamic-acids dissolved in N,N-dialkyi-

carboxylamides solvents. The smaller contact angles thus infer
that the ether solvents have superior wetting power, and

-6-
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consequently;-résﬁlt in improved bonding to the metal.

The invention and its advantages will be illustrated more z
completely by the following specific examples. ' Lap shear tensile
strength measurements were conducted according to ASTM D-1002

(CTM No. 26). Titanium lap shear specimens were fabricated from

four-finger panels. Each finger test joint specimen was 1 inch

| wide, and the bonded overlap was 1/2 inch. The titanium finger

panels were fabrlcated from 6 aluminum & vanadlum titanium alloy,
nominally 0.050 inch thick, .The metal panels were cleaned using

a standard Pasa-Jel cleaning procedure. The individual lap shear
specimens were separated from the four- flnger panel after bondlng;

SPECIFIC EXAMPLES

.Example I

A solution of 84.8 grams (0.40 mole) of p,p'-diaminobenzo-

phenone (p,p'-DABP) in 900 milliters of tetrahydrofuran (THF)

was prepared in a 2-1 Erlenmeyer flask. The solution was stirred

with a magnetic stirring bar and 128.8 grams (0.40 mole) of 3,3',

4,4'-benzophenone tetracarboxylic acid dianhydride (BTDA), was

-added as a granular solid. After the dianhydride had dissolved and
'eracted, a solution of 40 ml of water and 60 ml of THF was added.
axThe resulting viéCous polymer solution contained 207 by weight
~of tﬁe BTDA-p,p'-DABP polyamic-acid. A-1100 glass fabric (112

finish) was dippéd into the polymer solution and the solvent was

allowed to evaporate in air. The fabric was heated in an air

oven for 1/2 hour at 65°C., then at 100°C. for 10 minutes.

A pair of precleaned panels, containing four 1" x 5" lap

'shear specimens and made from 50 mil 6-4 titanium alloy (6 parts

aluminum and 4 parts vanadium per 100 parts titanium alloy) were
painted with the neat polymer solution so as to give one-half
inch overlaps. After the solvent was allowed to evaporate, a

-7-
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one-half incﬁ'wide:stfip of the glass-adhesive tape was placed -

 between the overlapped paﬁels and the specimens were assembled

in a bonding jig in such a manner as to hold the specimens
securely while being bonded. The assembly was placed in a hydrau-

lic press and 150 psi pressure was applied. The temperature,

~which was monitored by a thermocouple spotwelded next to the

bondline of one of the specimens, was increased up to 275°c.

over a period Bf 45 minutes. The>temperéture of the press was
held at 275°C. for 1 hour, while the pressure was maintained at
150 psi. The heat was turned off and the préss was allowed to
cool, under pressuré,‘to less than 100°C. At that time, the ' |

bonded panel was removed from the press and the bonding jig, the

-individual lap shear specimens were separated with a metal

shearer, and the lap shear strengths were determined according to

the procedure for ASTM D-1002. The four specimens tested gave

‘an average of 2790 pounds per square inch lap shear strength.

Breaks were predominantly cohesive in nature.

‘A 25% solution of the same BTDA-p,p'-DABP polyamic-acid was

~ prepared in N,N-dimethyl formamide, one of the highly polar,

:Qaprotic'solvents more customarily employed for the polymerization

of such po1ymide precursors. Use of this solution for bonding

_ titanium lap shear specimens using a bonding cycle similar to that

described above for THF.gave an average lap shear strength of

640 psi, and the prevalence of large areas of adhesive failure in

the broken specimens was noted.

A similar bonding test with a 15% solution of BTDA-p,p'~DABP
polyamic-acid in N,N- dimethylacetamlde (DMAE) gave an average of
1990 psi lap shear strength, with a mixture of adhesive and

cohesive bonding failure.

-8-
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To the mixturevwas added 80 ml. of diglyme and the mixture was
stirred. After 15 minutes, a very viscous mass had precipitated

_ from solution. A total of 5 ml. of ethanol was added in 1/2 ml.

. one-half inch overlaps. After the solvent was allowed to evaporate,

was placed in a hydraulic press and 40 psi pressure was applied.

" next to the bondline of oné of the specimens, was increased at

' EXAMPI;E. 11

An 187 solutibﬁ of a polyimide precursor from BTDA and a
diamine,‘m,m'-diaminobenzophenone_(m,m'-DABP), isomeric to P,p'~
DABP, was prepared in bis(Z-methoxyethyl) ether. This solvent,. { |
also known as diglyme, is similar to THF in its solvent properties,
but is'considerably higher boiling (162°C.) than tetrahydrofuran
(64°C.). The Polymeriiation was performed as follows:

A mixturegpf 7.07g (0.033mole) of m,m'-diaminobenzophenone

(m,m'-DABP) and 10.74g (0.033 mole) of 3,3',4,4'-benzobhenone

tetracarboxylic acid dianhydride were mixed in a household blender.

]
'

portions to redissolve the polymer. The resulting viscous polymer

solution, containing 18% of the polyamic-acid by weight, was

used for bonding titanium lap shear specimens, using the following
bonding cycle. A pair of precleaned four-finger vanadium alloy

panels were painted with the above polymer solution so as to give

the specimens were assembled in a bonding jig in such a manner:

as to hold the specimens securely while being bonded. The assembly

The temperature, which was monitored by a thermocouple spotwelded

a rate of 4-5°C/min. up to 300°C. The temperature of the press {

[

was held at 300°C. for 50 minutes, while the pressure was maintained

.at 40 psi. The heat Was turned off and the press was allowed to

cool, still holding 40 psi pressure, to less than 100°C. At that
time, . the bonded panel was removed from the press and the bonding
jig, the individual lap shear specimens were separated with a

-9-
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metal cutter, and the lap shear strengths were determined.
When a similar polymerization was performed at 10% solids |
concentration in dioxane, the insoluble polymer did not redissolve

when about 2% ethanol was added. Therefore, the supernatant

~ dioxane was decanted off, and 12 ml. of DMAc was added to redis-

solve the polymer. A clear polymer solution was obtained, and

this was used for bonding.

Test specimens were also prepared using BTDA-m,m'-DABP

- polyamic-acid solutions prepared in two of the aprotic, highly

polar amide solvents, DMF and N-methyl-2-pyrrolidone (NMP).

The follow@ng table compares the resuits of the lap shear

tests,
TABLE I
Ti-Ti Lap Shear Strengths with BTDA-m,m'-DABP
Polymerization ~inh. (0.5%, * Lap Shear Strength
Solvent ' 35°C) (psi)
DMF o . .20 410
DMAc .60 - 2582
| NMP - - .52 1220
“'Dioxane + DMAc .33 (DMAc) 2900

Diglyme .36 4350

' The results above indicate not only the superior bonding

strengths obtained using the ether solvent process, but also shows

~ that the pfeparation of the polymer in an ether solvent, followed

by redissolution in a customary amide solvent (DMAc), improves the
adhesion in comparison to the bonding achieved using an amide

polymerization solvent.

EXAMPLE III

This example illustrates the compatibility of adhesive
resins prepared by the ether process with the customary agents,
such‘as‘fillers and supports, used for formulating adﬁesives.

The polymer'solutions of BTDA-m,m'-DABP in diglyme prepared

-10-
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as described inlﬁxamﬁie IT was coated onto A-1100 glass fabric
sufficient.to give é.tape with good coverage of polymer resin
after’ drying at room temperature. The solution was also mixed
with 325 mesh (Alcan MD 105) aluminum powder in a quantity

5 sufficient~fo give a formulation containing 70% by weight of
aluminum (based on dry weight of the resin) which wés coated in

| a similar fashion onto glass fabric.

[

Bonding of titanium with the neat polymer solution, the ‘ -

polymer on the glass fabric support, and the glass fabric-supported L

t
|

10 | aluminum-polymer formulation gave the results in Table II.

| TABLE II
Lap Shear Strengths for Titanium Bonded with BTDA-m,m'-
DABP Formulations

i

Formulation B Lap Shear.Strength (psi)
Neat resin 4350 )
15 | Neat resin-A-1100 glass fabric 4550
| 70% aluminum -30% resin , 4110

on A-1100 glass-fabric
'EXAMPLE IV
The potential utility of the adhesives of this process for
bonding méterials for use at elevated temperatures was demon-
20 | strated by this experiment.
Lap shear strengths of titanium bonded with the diglyme solu-
tion of BTDA?m,m'-DABP ﬁrepared in Example II, were determined

at several temperatures.  The results were as follows:

~ Iest Temperatures Lap Shear Strength (psi)
o8 | - 25%C. 4350
' 210°c. 2500
2500c¢. _ 950
EXAMPLE V

An assessment of the versatility of this process for

improving the bonding properties of other .polymeric adhesive

30 | compositions was made by preparing polyamic-acid solutions from

-11- ¥
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Solvent

Diglyme
DMAc

Lap Shear Strength (psi)

similar to that in'Example II and in DMAc. The results of

bonding tests with titanium alloy were as follows:

4330
2030

BTDA and p,p'vdiaminodiphenylsulfide in diglyme by a procedure

These specific examples are exemplary and are not to be

{

~invention without serving as limitations thereon.

considered as exhaustive, but merely to illustrate applicants'

Obviously there are many variations and modifications of

as specifically described.

the present inantidn.in the light of the above teachings. It

is therefore to be understood that within the scope of the

 What is claimed as new and desired to be secured by

-12-

- Letters Patent of the United States is:

appénded claims the invention may be practiced otherwise than

This is the end of the patent

specification.
claims attached.
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