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litcrature on polvimides. Among many known

aromatic heterncyclics, imide derivatives are
characterized by high melting points and stability
towiuds drastic treatments with aci i bases and
oxidizing agents™. A polymer possessing a recurving
cvelic imide unit is also expected  to  axhibit
high heat stability. Tt is possible to build up
polyimides in which each of the atoms present
in the moleenle is part of aromatic or heterocyelic
Tings or at least stabilized by resonance.  As this
type of structure affords high thermal stability,
extensive studies have been made to develop these
polvmers for commercial exploitation.

Polymers based on recurring imide nuclei are of
recent origin. - Though intensive work in this field
has been in progress for the past two to three
decades, the majority of the available data on the
developments in this field are far from completess,
Particularly, the vast amount of work conducted
by Russian workers, subsequent to Bogert and
Renshaw’s? first paper, has not received due attention
and hence this review. Some of the salient puints
like mechanism of formation and dependence of
propertics on molecular structure have yet to be
completely understood. In view of the vastness
of the litcrature on imide polymers, attention would
be confined to specific arcas in which substantial

advances have been made.

Preparation of Imide Polyniers

Generally, polyimides are synthesized in two
stages. First a diamine (I) is reacted with a
dianhydride (II) at relatively low temperatures to
obtain a soluble polvamic acid (ILI). This is then
cast into a film, heated to'300°C to eliminate water
and eyclized into a polyimide (IV) (Chart 1). The
latter process, imidation, is carried out nastly by
heating or sometimes through the usc of suitable
catalysts and water aceeptors to yield high malecular
weight Jinear polvimides.

These polvimides can he broadly classified into
two Lvpes: (i) an all-out aliphatic chain, aml (if) a
structure containing aromatic andfor heteraeyclic
units along the chain.

Solution Polycondensation-2

This method is extensively used (o prepare polye
imides hased on dianhydrides of tetracarboxvlicacids
of different classes and aromatic dinmines?2 Phege
are generally prepared by combining the reactants

NO uptodate review appears to be available in

in a medium of a suitable solvent which is <uffi-,

ciently active to propagate the reactinn between
these two reactants. If the ratio of the reactants
becomes nearly equimolar, there is a shatp increase
i the viseosity of the solution.  In all odntion
))nl\'c‘.:nn(lt‘ns:tti'vns, the temperature is maintained
inthe range —20 to +70°C. If the temperatiure is

above 70°C, the molecular weight of the plyamie

o ae

acid decreases. Almost in all cascs, 15-20°C is the
optimum reaction temperature at which a high mole-

cular weight polyamic acid is obtained. For example, -

polycondensation?2:23 of isophthaleyl chloride and/or
tevephithalyldichloride  with 4,4’-diliydroxy-3,3'-dj-
aminodiphenylsulphone  in N-methyi-2-pyrrolidone
solution at the temperature of liquid nitrogen gave
polyamic acid, which on further heating at 330-50°C
i vacumin gave a high melting polyimide. This
method gave polymers of molecular weight ranging
from 25,000 to 2,66,000. i )

Zakoshchikov et al3® reported that all attempts
to condense p-diaminodiphenylsulphone and  di-
anhydrides in the solvent dimethylsulphoxide failed
to yicld a polymer, whereas sulphone ether diamine
(SED) gave a high melting polyimide with dj-
anhydrides. Following this success, Zakoshchikov
et al. 188 and other workers?6:27 synthesized several
new polyimides using various solvents.

Recently, attempts have been made to modify
aromatic polyimide chains by introducing different
links, such as amide and ester links into the main
chain.  Thus, polyester imides®-% and polyamide
imides’47 were synthesized using appropriate sol-

vents.

Melt Polycondensation

Edwards and Robinson®® were the first to report
the preparation of aliphatic polyimides by melting
a diamine with tetracarboxylic acid. In general,
this method consists in heating equimolar amounts
of the reactants in nitrogen atmosphere and when
the melt has changed to a more or less solid mass,
subjecting the reactants to high vacuum at the
reaction temperature. Nikolaev and Zhelobacva?t
synthesized the copolvmer B-hydroxyethylphthal-
imidemethacrylate, in the presence of various cata-
lystz like azobisisobut yronitrile (AIBN), benzoyl
peroxide (RPO), cumenc peroxide, t-butylperoxide
and eumenchydroperoxide.

N-ravanalysis showed Chat the amorphons product
abtained lid a structure identical with that of e
product oblained by the solition method in the
solvent dichloromethpne using peroxicde initindeor 21,
This method did not find much use in the prepara-
polviers, sinee it requires the nse of
whicl are not conducive 1o
eular weight palvanic

Lisn of hide
high demperdnres
e formation of high ol
aciel,

~Mechanism of Formation

Stslies on the mechanism of formation of imide
‘polvmers were made by several workers1349-5t I,
ever, more detailed investigations are necessiry Lo
snderstand the influence  of heat, vacnum ani
reaction components on the mechanizon of polvines
{ormation,
Leucheux and
themechapisme of  formation

Jumdert®, wwho first investigated
of polyimides,
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opined that the syathesis of palvimic acid through
bimwolecular acylation of amines involvez nrcleaphilic
attack on the aming group follawed L e apening
up of the anhyvdride |'i||fg and Gee formation of the
pobviner. The nmcll:\lli«'l;n of wiinolvsis of cioboxylic
actd anbydrides by nenofunctional amines was
stadied by UV sp(‘,ctrq»s%‘_u])_\‘;"‘\ S
Bower ad Froz8 stelicd e effecl of different
factors on the mechani=m of formation ol pelyvamic
acil. At o comcentrti-m of the dianhvdride,
the . yiscosity of the phlvmer was verv low and
didd not change even [on keeping al
temperature for a longrer Gine. Bl inerease in (he
concentration of dianhydrid increised e viscosity
up tooa eritical level brevand which it decrea
the maximm viseosity was nofed dnoall
when the dianhvdride vatio was lightly higches Chan
Fhe dotmedion of i pedyamic aeid

cquimobia ridio,
apuimolar atio b shown i

kg fhe veactonts in o

Chart 1,
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Weasisdlo of al.?® atidied. the mechanism and

i the reaction  between  pyromellitic
dianhyddride  and  s-phenylenediamine” by IR
spectroscopy. It was found that the initial reaction
occurred in the temperature range_—20° to 4-70°C

by the nucleophilic attack of thé amino group

to give the polyamic acid.

I2quilibrium in ‘the reaction system was attained
when the concentration lof the dianhydride had
reached™ mole 9%. The remaining {ree amine
reacted. to form a ‘ nylon
available carboxylic acid groups (Chart 2).
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POLYIMIDES — A REVIEW

I the reactants were present in cquimolar
proportions,  the  reaefion ety pyromellitie
dimnhedvide and Lhe dinmine wi oo rapidd. A the
coneentrations of Lhe anhvedvide ond amin Broup
decreased, the reaction rate tended Lo zere rafe, <
In the absence of all other veaetions, e polyamic
acil woull approwech a0 eortain lmiting  vatue,
determined by e tatio of the il component <
owever, as the rate of the main redetion decreased,
side reactions assumed 2 wajat rale, fn:ininq
oimidest® The varinus steps invelved are Sl
in Chart 3.

According G Chart 2, stractiere (1) i< intermedinte
in the wamn bmidization 1eaction (A), which at
roome temperature is slow and irreversible and
becomes the main reaction after a long interval,
The other process, a second jrreversible reaction
- (soimide formation), which takes place in the'syatem
is represented by Eqo (B). Structure (2) evolves
waler, asoinude and an uninn group  willh the
formation of the anhvdride, which in the presence
of water forms a dicarboxylic acid according to
reaction (C).

The process of conversion of polyamic acid to
polyimides (second stage of the synthesis) is the
imidization reaction (cvclodehydration) and involves
intramolecular evolution of water from the polyamic
acid with the formation of a cyclic polyimide.
The imidization reaction may be conducted in two
ways — thermaltt12¢ and cliemicalt®13,62,

The mechanism of formation of the polyamic acid
by the reaction between pyromellitic dianhydride
agl tetramethyl p-phenylencdiamine was studied by
EPR®L. Since pyromellitic dianhydride is an electron
acceptor, and aromatic diamines has a low ionization
potential, complexes may be formed with charge
transfer between the reacting compounds. A typical
indication of the complex formation was the intense
coloration which “appeared when pyromellitic di-
anhydride was added to the diamine solution. . How-
ever, the colovr rapidly disappeared, since the
complex formation -was -accompanied by rapid
proton transfer from the amine to the anhydride
group (Chart -4), indicative of the formation of
amide bond between the dianhydride' and 'the
diamine, as expected from the reactions-depicted in -
Chart 1. '

Recently, Gordina et al5% and other workerssé-6s
confirmed the formation of charge transfer complexes
of some aromatic polyimides based on electron
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pehvamic acid is an amide.
Effect of Structure on Polymer Properties

To prepare high molécnlar weight imidepalyiers:
with the desired propettios in respreet of <clibilify,
thermal stability, tonghness, retention of fen<ile
shrengthe at higher temperatuee, ete different monli-
fications in the skeleton streetne of polvinddes wey e
nivde with o view o stadving the relationship
between the structure and the jroperties of the
potymer. The above properties of imide polymers
setm. to depend primarily on the rigidity of the
polymer chain/backbone.  The fundamental skeletal
structure (Fig. 1) of imide polymers offers wide ccope
for effecting several modifications. :
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. 'Fig. 1

R" = (CH,),, where n= 6, 7, 8, 9, 10, etc.,
diphenylene-methane, isopropyldiphenylene sulphide,
oxide, sulphaxide, etc.

Considering the different types of modifications of
imide polymers that have been achieved so far,
they could be conveniently classified as follows:

(1) The diamine component can either be diamino-
benzene or diaminodiphenylmethane or even an ether
ot sulphone group containing diaminobenzene.

{2) The tetramine component can be tetramino-
benzene, tetramincdiphenyl methane (TADM), or
even an ether or sulphone group containing tetra-
minobenzidine, where these groups are inserted in
between the phenyl groups of the tetramine.

(3) The acid dianhydride component can be varied
over a wide range: aliphatic, aromatic and hetero-
cyclics. ‘

Based on the above possibilities, several novel
polyimides have been prepared and their properties
evaluated to establish relationship between the
properties and structures of the polymers. Poly-
imides derived from different diamines and tetramines
have been evaluated extensively. .The superior
thermal stabilities of DAB polymers have made them
commercially acceptable.

As could be expected, the introduction of recurring
aromatic units in the main chain of the polyimides

mereases their rigidity af the cost of solnbility,
However, dmide polvmers Trany the eondensd
avomatic units Tike maphthalene and benzopin pone
alr wive dinear high moleenlar weight prodner s,
The mature of sybstitation lind a prononmesd offect
an e altimate phvsical properties of the polone
The polvitides trom armmatie dimnines decongn- o

hetween 4007 and 3107C For those wlhich e

copnected onlv with the henzene nuclens, the [rti
cvian e higher decsanupesitionc tempetaing - aned

Pert e thergal ashibite Than o meeta <ol e,

The order of Ahevoad Staliditi i b i 150 37
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Fig. 2

The order of solubilitics is the reverse of this.

The introduction of heterocyelics like pyridine rings
and o-, - and p-phenvlenedioxy linkagess®59 jnto
the diamine component resulted in fairly high
molecular weight polviinides. This substitution im-
proved the solubility of the imide in a wide range

of solvents.

- ; The introduction of simple chains like —CH,

groups between the two Dbenzene rings in the
diamine can improve the solubility of polyimides
markedly without causing notable reduction in the
molecular weight. A number of imide polymers
have been prepared based on  diaminodiphenyl-
methane (DADPM)12.00.00-01

When polyamide?®=17 or polyester?-3 ynits are
introduced in the main chain of the imide polymer,
the mixed polymers so formed are of intermediate
molecular weights and possess the usual disadvan-
tages of polyamides and polyesters. :

It may be concluded that imide polymers derived
from aliphatic units are less rigid than those having
aromatic units. By a combination of rigid aromatic,
heterocyclic -or methylene groups, imide polymers
with the desired properties can perhaps be tailor-
made. In many cases, the ecffort has centred
around the modification of the anhydride portion
of the molecule through the introduction of a
flexible segment, such as carbonyl, sulphone, phenyl-
ene, ele.  The location of such a flexibilizing segment
relative to the imide ring is important in deter-
mining the ultimate performance of the polym'cr
system. The various groups can be arranged”in
the decreasing order of thermostabilities shown-in

OO O
OG> > 1T

Fig. 3




Reaction Conditions
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carboxylic acid dianhvdride adud benzidine or F4 g
aminoiliphonvlmethan . Whén  this reaction was
conditeted i dimathellormeniide o 30-100°C g
aanic acids ol very low pebleondr Wwetrhbs W
abtained {q0,-20-074), which v he abine ta e
P tabilite af e l'nlli-h v oof 4 -”,mh.‘."'lilll'
with thee solvent. [ligh modeb il weiglu polvters
cothl be obtained “in dimethylalphoxide, a more
highly polar solvent than dimethyl formamide and
dimethylcetamide; these resulls e in agroomant
with those of Frost ef al %5, (b above-menlinned
palar solvents are used both dlone and in combina-
tion with benzene, benzonitrile, dioxane, xylene,
toluene, cvelohexane, cte.

(3) The reaction for the préparation of polvamic
acidd is generally conducted |between —20°C and
+70°C. Ifithe temperature|is above 70°C, the
molecular weight of the polyamic acid decreases,
Almast in all cases, 15-20°C is the optimum reaction
temperatire at which a high molecubar weipht
polvamic acid i3 obtained.
I s suggested That dinhvedride shoadd be
aelded slowly and stenndily to U dimine in order
o gel high molecular weight polvmers. 1, for
instance, the addition sorpuenge of the reagents is
“changed, say, slowly adding the solution of diamine
to the dianhydride, or if the| reagents are mixed
together in, equimolar propottions, the viscosity
of the solution” will be very low.

(3) 7 doshehikov ef ql.186 |styudiod the spocific
viseosities of the polvamic acids and’ their depen-
(brmee on the concentralions o
solvent.  There is an optimum concentralion at
which the resulting high pobmer his maximun

viscosity.  Hence, it is sugoestiod that the reaction
be run in.a particdar amount|of the solvent.

(6) It is a common observation that the degree of
purity of monomers to a large extent determines the
madecular weight and the molteular weight distri-
bution of the praducts, Wallacl|? studied 13 samples
of poalyamic “acids obtained by homogencous and
haterogenenus polvcondensation|of different samples
of the dianhydride and the diamine in a. solvent

4

I«-iim sondittar phoc g

Teis U st hiehdy viseogs
hicher
moledar weisht Qan ke N NS limethviormamide
I\'-lll-\'n“:nv\' IRRTAL
pevpared potvimides hased oa 235,60 diphenylietine-
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Lhe reagents in the .
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e
(NN -dimethylwetamide)  of  difiorent, LN
TPt Fhe maximinm meonlees of averige edesular
sl (Mo = 330000 and thes 1 eowest okl
aveittht distribudion (Mw'Mi = 2-39) were olidained
b case of heiarngeneons prdveondensation
of recends of pariiculu e hich pority, On tie
comtearya widemobeonbr weizin ringe (Mw Mz b
hbadned, i e sobvent e po been putith o
and when asolution of The Giaiine i wddorl o (e
solithion of the dinnhvdrids., :

O Poleamic acids are ey
tobvimides it ways

TOnNeried o
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et et fugina it b condai i fieating,
Phe slvied polvamie soill e riae

foin

e iengerat e
raelual Imidization at iem-
above 20000 is Condueted i VA o
Pt anediann, Tl chemien] et i e g
PAL ConsistE in renting 1 Pretvionnic i
powihaar il with dohvdeating wecnis, sn b4
aents are acetic antvdride or anhyvdrides of otier
Power e acidse sl as preopdonie, valeric, one,
Forticre amines ave gonerally emploved s catalhyats
dharing clhiemical imidization, :

Or o Stepwiae,

- Properties ’ -

Fheimide podviers are generallv ealod st
ks i o icht vellow G dink e,
A few ol them exhibin o weltioe eint
Coetenidly, when lieatod to Bighe fermn by,
GIC) they Dhecome nsoluble in solvents,
showing that crosslinking precedes melting of the-
polvioer,

Salighilily <= The ability of (he imide pulviners to

orm stable, concentraled  solutions is of great

practical importance in the fabrication of these
materials. These polymers are generally soluble in
unconventional solvents, such as conc. sulphuric acid
angl -finming nitric acicos.9,

Vinogradova of al.® prepared scveral polyimides
soluble in the solvents derived from diamines, such
as  bis-t-aminophenylphthalide and  bis-(4-amino-
pheng))phthalimide.  More symmetrically oriented
diamines resultedin greater erystallinity and decreas-
ed solubility of the “polymer. Tor instance, the”
imid « polymer sypthesized from m-phenvlenedianine,
m-xylenedinnine, ele., (which is amorphons) is more
soluble in a wide range of-solvents than the para-
substituted polymer. Polyimides derived from ali-
phatic diamines are generally soluble in a wide range
of solvents. ’

In an attempt to increasc the solubility of imide
polymers, Russian workers?88.90,70 studied mixed

-polyimides derived from a mixture of isomers of

aromatic diamines and aliphatic diamines with
varions-dianhydrides.  Christian ¢f al. synthesized
polvimides by condensing aromatic diamines with a
tetraiarboxylic acid mixture consisting of 10909,
hicyelo-(2,2,2)-0ct-7-cnctetracarboxylic  dianhydride

and  p-diaminodiphenylimethane in cresol al:. 140~
170°C. These imides are soluble in most of the
solvents. RPN

Kurita of al.9%88 gnd Koton and coworkers$70
prepared soluble polvimides from diamines hz‘win§
pyridine rings (o-, m- and p-phenylencdioxy linkages
by condensing them with benzophenonetetracarb-
oxvlic acid dianhyvdride. '

‘.

s s i v b arm n i et e i s fam
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Recently, attempts have been made to modify
aromatic polyimide chains by introducing different
links, mainly amide and cster links, into the main
chain; the products have improved selubility pre-
purtics28,36.47,72,73, .

Polyimides having an ether linkage cither between
the two imide groups or between the phenyl groups
of the diamine motety showed high solubility pro-
pertics.  The imide poymer derived from sulphone
cther diamine and benzophenonetetracarboxvlic acid
dinnhyedride is partialle soluble in DMI, cone .
swdplurie acid and fuming nitric-acid. Sinee the
mtroduction of oxvgen atom between the imide
wnits inereases the sababilite of the polvine:-
abtenypds were e 1o dady e --nlnl.ili!‘\‘ it
podaimintes containing vt solphone tinkages cite
betweer the imide meclei or heiween the phesd
aronp of the diamine moiety #6525 Sueh podvimers
are partiadly saluble in DMSOL DM oed DMAC,

Vicrnned stahitity Migh Geaperithnne polvine
A expecied fo padntain their e homiead praper i
Hike vigidity, tensile strongth and impoact strensth
and, therefore, it is essentind that they do not meh
or dreasticatlv aordergo decompasition f that term
o vanezes Thewee the celaonsip e -tween T
themal ~tability of imide polvmers el theis
Snectinre s been stiediod in devails Phe methead
prin-ipaliv consists in maintaining the polymer in
adt or rigrogen atmosphere bor o specified thne aond
eatingding the percentaze loss i weizht. Generaldly,
the loss in weight of the palvmer b pitrosin
atnisphere was comparatively dess Han in ale
Thernigravimetric  investigation  of * these imide
polvmers showed that the presenes and nadne of o
shatitnent i the side cledn ol the maerenoleeale
Al et stroneddy the thermad stability of the polvpeer,
Flics, aliphatic imides completebe decamymese beloay
330G, while the aromati ones decompose ot
SNEO3TC curd, To soeme eness even al 100OTC,
the decampesition s ande alear 35900 The leiz:h
Phe rand stabilitye of fhese podcimides i3 considered
Lo b obine o e acmmatie nodare of Ehe palumer.

Ao i podvimickes hecee Been staedied exton-
el with peortiend o cmpdecds an Hedr Bhenmos |
Dredy i W5085,60.28 8 Pb el alerived from
Aot sgred pyromedlitic dignbvdreide inowhicdy Hee
Qunine ':'nnp'»hf-nt was popleenvlene, aephenyhoe,
benzidine®, his-(4-aminaphenyt) ether® and 44" -4
amrisphenyb-slphone™ exchihited sty tneres
e the rde of weighd lo s above 3000°C Tolboeed Dy
3%, ok the initial wergrht had hoeen
lost, Boevend  this, theeresidues showed almosd
no weight loss up to. 1000°C. By contrast, on
lesting inoade at Uhese teniperatures, these paaticnby
polvimides are slowlc bat completely

e

levellingr off after

anmadie
oxidized. L
~The thermal stability of aromatic. polyimides has
also-heen studied extensively by differential thermal
analysis. both in air and in an inert atmosphere.
Nishizaki and Fukamif? found that in nitrogen
atmosphere, all aromatic polyimides show clearcut
endothermic reactions; these were ‘belicved to be
due to decomposition. In those cases where the
benzenc” rings ol the diamine compenent were
connected with functional groups, such as sulphone
and isopropylidine, the decomposition temperature

DOLYIMIDES — A REVIEW |

was as low as 400-420°C. In those cases where
the rings were connected with an ether group, a
methylene group or an ethylenc group, decomposition
occrred above 480°C. - For polvmers containing side
chain methyl groups, such as polyimides derived
from 2,2-bis($-aminophényl)propane, decompositicn
occurred at 330°C.  If the benzenc rings in the
diamine component were separated Iy functicnal
groups, the nature of the functional group deter-
mined the stability. The polyimide containing a
silphene group as the conmecting group in the
divnine decomposed at 320°C, whereas those con-
taining an ether as the connceting gronp were stabie
e b 400°C The order of decrease in thermo-
Adoabiliie i piven in Fig. 4.

[ B e I R

Fiood

Copolvimides, such as amide-imides, ester-imicdos
aiad ivdrozide-imides e tepertod to e i Kediv
interior to the homopolvimide: 828 The isothermld
v it deess b 3000C Tor the podvamide-iniide ioom
diaminobenzanilide and pyremellivie dighvdsiede =
wies sthmest twice that for the polvimide tiem
4, ¥ -diaminodiphenylethes 8,

Spectral Studies

The TR spectrie of dmide polSmers
with those of model compouncs and show o
teiatie absorption hands Jor the imide grouping ™.
Fea example, the TR spectrum ol the paixvy
derived from 44 diuminediphenvicther and 4
awniediphenytsulphide with peromellitic dianbs
Showed characteristic absorption imide band
13-8 p. The enmplete conversion

cotee we il

3403 and

polvamie acid was identificd by 1he disappentaners
of the characteriztic - N Lol ot 3208 e the
apiesranee of the chareteristie mide bani:

363 el 138 p
Coarding o al® and  olher
clectronie spectroseopy to demonsdratethe tondoetion
o chere traster campleses between elocteen
iy polvipides (Fipo 50, 1) and Tow meles it
inhl electron aceeptars, Fike: /n--rl.l..r;mi,l {F).

workers 856 g

"where X = NH, —NM¢, NFh, S, O, CH,

Y = S0,, 0, Co ) )
The positions of the absorption maxima of the

complexes of polymers with (F), and those of the
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complexes of the corresponding diphenyt componrads

with () were linearly related to the ionization

of the diphenyls. The slopes in hoth the graphs

were the same, indicating that the intreducticn
of the danorsinta the polymericlchain lowered their
ionization potential by ~0-3 ¢V
polymeric complexes was attrilnited to the charge
transfer intéraction hetween the electren accepting
imide chain® fragments and the clectron denating
diphenvt fragments,

Fabrication -

The commercial methods of preparation of imide

polymers and their fabrication arc mostly covered
by patents®-88, ‘

The processing of polyimides is
more complicated than that of standard laminating
and adhesive systems like phenoljes, pelyesters, etc.
Since the high moleenlar weight imide polymers are
highly insoluble and in[usiblu,| the development

. of a convenient method for fabricating polyimide
material was considered a prigrity requircinent.
Narmeo Plastic Division of Whittaker Corpora-
tion®®858 gnd E.I. du Pont de Nemours and Co.
Inc.8".88, developed methods for 'synthesizing poly-
imide prepolymers having melting! points and solubi-
lity characteristics suitable for the impregnation of
glass cloth and filament type reinforcements.  The
process for the preparation of the prepolymer consists
essentially in interrupting the melt polycondensation
reaction at a stage when the product is soluble in
moderate solvents like DMF, pyri([line, etc. At this
stage, the prepolymers are of high molecular weight
and arc suitable for the conveu:tional laminating
and adhesive bonding processes.

Polyimide prepolymers can be| fabricated either
by hot melt or solution coating techniques®. The
hot melt technique consists in drawing the glass
cloth under a blade heated to a tex'npcrature slightly
above the prepolymer melt temperature. By con-
trolling the rate of feed of cloth) a predetermined
resin loading can be obtained and it is possible to
have high resin content in reinforcement by this
method.  As the prepolymer possesses limited solubi-
lity in relatively strong solvents,|it is not possible
to obtain solutions with ligh solid contents of this
polymer,  Hewever, using puridine as the solvent,
wieln! preimpregnated Iaminabes can be mode (rom
thise peopolvmersst,

Adhesives and Varnishes

Polvimide adhesives extibited O evectlent thernal
stabibity of the parent polyimer, hat the adhieiye
honds prepared had shear slr‘:ng;l_h:!: Jonwer thauy those
of comparable commercial epoxy-phennlics®,  How-
ever, the polyimide adhesive honds|eould T retained
at higher temperatures over a ong péried.  In
addition, the imide polymer adhesive exhibited
outstanding resistance to water. salt sprav. jet fuel
hivdrantic oil%, Various varnishod®® showed  satis-
factory adhesion to alimost all metads. 1o the
utilization of polyimide varnishes to impregete
windings of electric machines, it is puportant for the
viarnish not only to have a high honding power but
also not to soften at elevated temparatnres.  This is .
particatarty important in de collestor machines which

[@

The colour of the -

often breakdown due to the adherence of coal du
to the winding®™.
Coatings :

Of all the polymers, the polyimides are the
ones which have been most thoroughly- studied as
toatings, both as wirc enamols and as coatings for
‘papers.  Polyimides have special features to resist
moisture and insensitivity to solvents, greases,
Jubricants, exotic fluids and acids. A general com-
parison of the initial properties of wire coated with
polyimide against those ol other commercial cnamels
clearly shiowed superiority of the polyimides®.

-Glass -Reinforced Laminates ’

Fibre glass laminates made with polyimide binders
exhibited high temperature resistance. These have
high flexural strength superier to that of copoly-
amide imides. In filament wound composite struc-
turcs, the. polyimides exhibited excelient thermal
stability and retention of properties at elovated

testing temperatures. e e

Fibre Formulations R
Polyimide fibres with excellent mechanical -pro-

perties, ie. high strength, have been‘prepared ;.

they ecxhibit good long-term stability - under air
ageing conditions at temperatures above 300°C.
Rudakov ef al.? studied the fibres of polypyrometlit-
jnide. The use of polyimides resulls in fibres which
have cven better paramcters. In its intenmediate
{polyamic acid) form, this polymer can be readily
processed into fibres by the conventional ‘dry * or
“wet * methods. It is claimed that using the “dry”’
method, polyimide yarns of acceptable propertics on
commercial type of package can be produced with
cfficiencies of the order of 80-100%,. A

Applications

The unique combinaticn of properties which
polyimides possess makes them speciaily suitable for
a range of important applications in the aerospace,
clectrical and nuclear power and such other industries
where materials of superior performance are needed.
They can be safely used at--continuous operating
temperatures without any serious deterioration in
properties.  Although they are still in the develop-
ment stage, they are now available in solid state
fitm forin and as adhesives and laminates.  The main
applications of imidepolymer  reinforced laminate
esing are in structural parts of ligh performanee
airerafts where retention of mechanical propecties
e omg-lerm exposure oo head s oreouived. Tha
applicabioies inchide high tenperatare aireraft deicer-
duets, randones, deflectors, wings, turbine bbb,
re-entry nose cones, leading edges and surfaces of
aircralfs and missiles.  Tn general, polyimides possess
all the requisite propertics for replacing metals as
strutbural clements inaireraft,. space research, and
nuaterial research. . T

Summary

Rt bvanees in the tield of imide polvier
fewinl, with particular reference to the work
of Soviet scientists. The correlations established
hetween the structures and properties of imide

Tpolymers are discussed.

o
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