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Tue aromatic polyamide tibres are widely used today. - This review deals mainly with those polymers which
The propertics like good heat  resistance, tensile  are inherently flame resistant and have a high content
strength and impact strength make them suitable for of aromatic groups.
application in ficlds like acrospace and marine in-
dustry.  The development of high temperature and  Synthesis .
flame resistant fibres has gone mainly along two lines: The aromatic polvamides are produced by meh
(i) by modifying the ordinary tibres by post- polycondensation, solution polycondensation or inter-
treatmént to make them flame resistant, and . facial polycondensation. 1In gencral, reactants (dia-
(i) by preparing spccial type of fibres which are mines and diacids/chlorides) are blended in cquimolar
inherently resistant to high temperature and proportions (o achieve high molecular weight pro-
flame. The aromatic palyamide fibres be- ducts. When one of the reactants is uscd in excess,
long to the second category. They possess the lower molecular weight specics are also obtained.
superior mechanical propertics and therelore, Afelt polycondensation -— Aliphatic polyamides. one
can replace metal alloys in acrospace industry. of the most important classes -of condensation poly-
A wide range of polymer compositions has been deve- " mers, have been prepared by this process. In the casc
loped with high strength and flame resistant properties of aromatic components, this method has several
andk most of these materials fall within the class of  drawbacks. such as (i) low reactivity of diamine and
polymers known as “aramids™. (i) decomposition of the reaction misture.  Many
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Fig. - Roule for aromaiic polyamide production
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of these polymers have high melting points and there-"

lore, they cannot be melted without decomposition;
hence, this method is generally not suitable for prc-
piting this class of polymers. :

Intecfucial polymerizationt=25 .. The aromatic  (di-
amines are, generally, inactive and hence, ininterfacial
polymerization the condensation is cllccted by using
more reactive diacid chlorides.  This method involves

“ dissolving of the digmine (1) in water with an acid

acceptor (NayCOy o NaOH) and the diacid chloride
(2) in an immiscible solvent. The extent to which
the reaction proceeds depends on various factors.
Some of these are us follows: .

Reaction conditions — For high yicld the tempera-
ture s kept al S-10°CH  with high speed stirring.

Purity of reactunis -~ The reactants are carclully
purified: the diamine is purificd by [ractional distilla-
tion and vacuum sublimation and the acid chloride
is distilled under high vacuum. The optimum mole
ratio ol diaminc (o acid chloride has been found to
be in the range 0-9-0-93,

Type of solvent-water interfuce — The preparation
of aromatic polyamide was reportddby Russian wor-

kers.  Beaman er /1 prepared. poly(m-phenylenc-
phthalumide) using benzenc-acetone-water — system
with inherent viscosity 0-73 (744 yickl). Iatery

Morgan el 14 preparetypolyamides using dichloro-
methane-water mixture.  Katz!s reparted  the pre-
paration of polyorthophthalamide of bis(4-amino-3-
methylphenyl) methane in chloroform-water with an
inherent viscosity (035 (897, yicld).  The low in-
herent viscosity in. this case is most probably duc 1o
chain termination thy
duc to low polymer-solvent interaction or the low
reaction rate.  Sokolov ¢f al.16-18 prepared a number
of wholly aromatic polyamides under ditlerent con-
ditions. (1 was found that products of comparatively
high molecular weights were obtained in dilute solu-
tions in poor solvents and in aqueous acidic. phases.
Fedotova et af.19-21 altempled the preparation of
aromatic polyamides using benzene and CCly as sol-
vents with “dilute solutions in  0-005-0-05 A7 range.
The reduced specific viscositics werc <05 for 16
out of 20 polymerizations; these .are comparable (o
those obtained in high temperiture. reactions-between
diamines and acid  chloridest” Poly(sebacyl henzi-
dine) was produced with the highest solution viscosity

in an acid medium, whereas the other polymers re- ..

quired 2-2-5 moles of KOH/mole of diamine. )
The only consistently suceessful twao-phase method
{or preparing wholly aromatic polyamides is thatlol
PRl er al 22 in which the polycondensation procedure
was modilied by using incrt polar organic liguids, such
as  cyclohexanone, tetramethylene  sulphones and
tetrahydrofuran.  Polyamides were produced in nearly
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rough imide formation and not.

quantitative, yiclds with inherent viscosity 0-6-2-5, I
these polar solvents arc water-miscible or at leas( par-
tially water wiscible, the léss basic acid. acceptors arc
preferred for minimizing the acid chloride hydrolysis.
Even bicarhonates can be used for hydrolysis becanse
the aronitic diamines are very weak hases. The nee
of solvents with appreciable witer miscibility appein,
to be contrary fo the original definition of The inter-
Aacial polycondensation methed and 1o ull preceding
comments on the detrimeptal effects of phase miscibi-
lity. " The improvemeny fealized by fhe use of water-
miscible solvents (oes” not "arise frdni the potential
miscibility of the ‘phases. The ad ‘antige comes from
the ug2 of polar solvents which are better sobvents
or swiiling ageats for many condensation polymers
than arc the hydrocarbons or chlorinated hydrocar-
bons used previously.  In these solveats, the reaction
rale is cnhanced because of the increascd polarity of
the medium2-25. The polymerization is belicved to
take place near the interface of a two-phase liquid
system. . :
Solution polyierization?6-56 —— |y (his method, the
fast reacting intermediales are brought together in an
incrt liquid medium and the acidic byproducts if any.
are removed by means of basic_additives (acid-accep-
tors). The diamine is taken in a suitable solvent and
mixed rapidly with the acid chloride in the same sol-
vent. Tertiaryamine is employed as an acid acceptor.
Kwolek ef al26  suggested another variation in the
solution polycondensation method, applicable to aro-
matic diamines and other weakly basic intermediatcs.
in which a weakly basic organic liquid serves both as
solvent medium for polymerization and as an acid
acceptor.  Examples of these media are tetramethyi-
wrea, tetrahydrofuran™, dimethylacetanmide230313s,
N-methylpyrrolidone2:30,32-35 ;1 hexamethylphos-
phoramide¥23.35,  These  amides are all ~ much
weaker hases?” than.primary aromatic diamines, but
by using an_excess of an amide, the polymerization
fis hrought to completion’ without any loss of diamince
Jas an inactive hydrochloride. An important feature
‘ol this type of polycondensation ischigh yield with
moderately fast .reaction. However, the impogtant,
presequisites are: (i) adequate amounts of'thetsolvént
and the acid acceptor, (ii) purity of the solvent-and-
the reactants, (i) proper-degree of mixing and stirring,
(iv) proper selection and control of solvent. and
(v) duration of reaction.

Mechanism of Forination . _
A successlul polymerization in the presence of amine
acceptor is shown in Fig. 2. s
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Fig. 2 — General mechanism for polyamide  formation (R >
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solvents could be.prepared. This has not been possi-
ble in the case of polyamides containing only pheny-
lene units.  In the case of heterocyclic amide copoly-
mers. the heterocyclic in ellect replaces “two ‘amide
linkages and a phenylene unit of the ordered copoly-

_amides as shown in Fig. 5. The effect of the 6-mem-

Clitile stadied.
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bered heterocyclics in agimatic. polyamides has been
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Fig. 5 — Mode of replacement of amide finks by
heterocyclic unit

(4) In case of polyamides derived from p-isomers of
acid chioride and diamine, the para phenylene content
decides the solubility as well as rigidity and modulus.
But processability is improved by the incorporation
of the meta components. Certain copolymer com-
positions with requisite solveats
loped2-36,

Preparation of Fibres
Aromatic fibres have been obtained both by wet5?

and dry’® spinning procedures. Good quality fibres

are obtained from anisotropic solutions as observed
by the appearapce of a maximum in the solution

)'iscosity~polyrﬁet‘}concentl'ation ‘(eilalion”. Up to

Jdve maximum solution viscosity, the systcm behaves as

a normal isotropic one.  But further increase in poly-

mer concentration |owers the solution viscosity.
This is due to the tfansformation from isotropic to
partially anisotropic liquid crystal- state. where the
polvmer molecule exists in the Tully extended form:
this helps in obtaining fibres in partially oriented state.

The parameters defining the production of an aniso- -

tropic dope are solvent type, polymer molecular weight
and solution temperatures®. ‘

Solvents used for the Preparation of Spinning Dope
Highly polar  solvents like dimethylacctamide
(DMAQ), hexamethylphosphoramide. N-methyl pyrro-
lidone and dimethy! Tormamide with ! iCHor CaC’l,
are used. In the case of poly (m-pl)cn_\-‘lcnci\'(vpluIml;o-
mide), direct spinning is possible by carrying oul
polymerization in suitable solvents'6-33,  Thesc arc
wet spun at room (emperature into water2349:50 or
dilute H2S0, coagulants.  The fibres arc then washed
{horoughly and dried.  The major breakthrough came

v . . . - . . . .
with the application of the dry jet wet spinning “pro-

cess where the spinneret is kept at about | cm’ above
the coagulation bath. The advantages of dry jet wet
spinning are: (1) the spinning dope can he heptaat high
temperatures and - henee. higher polymer concei-
trations can be obtained; (2) the shear stretch applied
to the dope during extension increases orientation and
hence climinates the expensive post-heat treatment.
The tensile strength of the as-spun fibres depends on
the type of the solvent and deereases ine the orderd!:
DMAC > DMSO = DM Depending on the sol-
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vent used, any of the following coagulating baths is
cmployed.

) “Triethylamine and acid acceptor (Na,COj or

“NaOH) below 20°Cé?

© 7(2) 354 parts triethylamine and 1000 parts tctra-
© ., -hydroturan (THF) at 5°Ce? S
(3)):3 parts Ha0and 7 Cpgns McQH®
(478 %7 aq LiCl at 19°Caand at REC
(55 % aq LCI aEACs
(6)" Tetramethylurea and 6-57; 1iCl at 140°C33
C(7)43 wt Y, CaCl, at 60°C2_ =
- (8) AqKCir s
* (9) Dipfopylene glycol bath at 65°C"?

(10) 91 parts hempa (solvents optionally contains

metal halide) and 5% LiCH'2

Reports are available on the usc of surfaclants in
coagulation baths where they help in drawing of fibres
at 85° in wateiss and bring along partial oricntation
of the fibres. The rate of spinning also has an effect
on orientation and hence on the mechanical properties.

Propertics and Uses ) o .
Numerous reports are available on the preparation

of a variety ol polyamides which have been evaluated
“in fibre form under experimental or developmental
programmesS436. Commercial exploitation has been
ossible with two types of fibres: ‘Nomex', poly(m-
phcnyleneisophthalamide) and ‘Kevlar’, poly(p-pheny-
jeneterephthalamide). Both these fibres have an .cx-
cellent balance of physical and chemical propertics
and have wide utility in industrial and military ‘appli-
cations. 'The production of Kevlar has been growing
stcadily. There are three different types of Kevlar,
viz. Kevlar, Kevlar 29 and Kevlar 49; the last one is
of high modulus type obtained with maximum -heat
treatment and orientation.  On weight basis, the ten-
sile strength of Kevlar is almost twice that of glass and
five times that of a’stecl wire. its tensile modulus is
509 greater than that.of steel wire.
7 Aromatic polyainide'~ﬁt>‘rcs have been characterized
“hy X-ray studies. Nomex is shown to have a triclinic
cell with a, §27: b, 5-25: and Te. 11:3A (fibrosis),
111-5: B, 11145 and 7, 80" with crystal density

1.
tic ring arc

1.47 g/ml. The amide group and aroma
not coplanar,
with hivdrogen bond formahion
i< overcome hy hydrogen bhonding
perpendicatin to the aromatic ving. o the case ol
meta oriented polyamides, the molecules in the crystal
arc contracted by 1° per monomeric unit from the
fully extended conformation and hence possess lower
tensile strength and greater clongation compased to
the para isomers (Tablc I). From the moisture regain
data. the crystallinity of Namex is found to be 477,

The meling points of aromatic polvamides are
directh refated to the orientation tortho. metaov
On comparing the tully para oricnted poly-

This sterie hindrange
of the amide group.

).

mer. it is observed that the melting point is higher by.

100°C in the latter, whereas ortho substitution lowers
{he melting point. Similarly. incorporation of naph-
thalene or biphenylene rings increases the melting
point. b all these Cascs. the plass transtiion fempera-
{ure is ahove 250°C. This hasa practical significance

hecause the ring hydropen interferes
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For giving a suitable explanation for the polyconden- Several useful polyamides have been Trepared based
sation system. it is nccessary that the amide-forming  -on the above possibilitics and their properties have
reactions meet the following requircments: been evaluated in an attempt to establish - relation-
(1) The acylation rate and proton aflinity of the ship between the structurcs and propertics.
: amine groups are presumed (o be proportional . (1) When the skeleton is connected only with the
to their base strengths. benzene nucleus, para position” gives polymers with
(2) Amine hydrochlorides or protonated amines  higher decomposition  temperatures and  thermal
are not acylated by acid chlorides. stabilities than (hose  obtained through meta- and.

(3) "The rate of reaction between acid chloride and ortho-substitutions.  The melting points of aronuitic
amine is high, but the rate of removal of the polyamides are related dircctly to the orientation (i.c.
portion or hydrogen chloride from the proto- orthe, meta or para) of the arylene units in the poly-
nated amine in the presence of base is still mer repeating unit. For example, the replacement of
higher. During polymerization, frec diaminc  all meta groups by para groups raiscs the melting point
is the acid acceptor as long as it is availablc and by 100°C. In general, incorporation of syninetrical
it becomes weakly basic soluble monohydro-  naphthalenc units and 4,4"-biphenylenc unit in place of
chloride.  Alternatively, an eflective acid accep-  p-phenylene unit produces no significant change in the

. tor, such as tertiary amine is added, so that the melting point of the polymer®, _
. pOlymerization proceeds to give high conver- (2) The introduction of simple chains like —~CH,

.(_b

AL

sion, i, L groups between benzene rings in the diamine or sub-
i S e o stitution in the amide link increases the solubility. In
Effect of Reactants . ’ ’ the case of aliphatic-aromatic polyamidcs, N-mcthyl

The polymerization is highly sensitive to the reactant  substitution results in marked lowering of the melting
concentrations and. the volume.ratio of the. solutions. points. . For example, when haif of the amide linkages
The preferred .concentration range s 1-8 g reactants/ of the' poly-isophthalamide of p-phenylene-N,N'-
<100 ml solyent. :Lower concentrations are unecono- bisamino benzamide arc replaced by N-methyl substi-
hiical:‘hhdfix_it_rpdgcé Targe ‘amounts of solvent impuri- tuted groups, the meclting point is lowered by 195°C.

¢ b

f i tics, - Higher  concentrations - may yicld unstirrable Such a decrease in the melting point in the wholly
. ‘ niasscs ﬁﬁdﬁhe'hcafof the reaction is diflicult to con- aromatic polyamides scems to be attributable asgnuch
: ' trol when_the reactants are mixed rapidly.. .~ to the disruption of orderly packing as-to reduction

of hydrogen bonding. Further, the lack of hydrogen
bonding does not necessarily resul M a Jow elting

Letay

Effect of Solvent, . [ 1 et , ;
Lo .. The solvent performs several functions: (i) dissolves polyamide becaug@of the fact thatk poly(2.5-ditnethyl-

\ ‘the interimediates-and helps.in their mixing and con- Ppiperazine cterephthalamine), in “which “there 'is no - - "4
- tact, (i)  dissolves Jor; swells the growing polymer, hydrogen bénding, has melting point 350°C. The
Whereby, the :reaction is- maintained, (iii) carries the - ifitrductiony of heterocyclis<like piperazine rings. ..
acid acceptor and may affect the removal of byproduct 0%k and p‘-‘phcnyiepcd ioxylinkages into the diamine
salt,-j(iv).'may__aﬂ'eqt,t_hq reaction rate by polarity, and = produces polyantidés with- fairly high molecular

{v) absorbs: the ‘heat of reactioné,_,.,tfrhe selection of the . weights. This substitution improves the solubility
ia

organic’ solvent.-for interfa polycondensation of .the amide polymers in various solvents, :I‘hc
reactions is ‘recognized as béing rélated to. the degree” " varioils groups lowers the melting point of polyamides Q9
of polymerization4td2,. . N : ..asshownin Fig. 4. "~ T e
- ' I AU SR . (3) Since tractability is & probiem in’ the ficld of
! LEffect.of Structyre on-Polymer Properties .thermastable .wholly .aromatic; polyamide, -both 5-
Maay lﬁd‘dihyéafidhs”:’-havc been proposed in the and” 6meémbered aromatic heterocyclic inil, such as -+ 3 _
«skeleton. strh,‘cturé's}"bf7h'oljiamidcsjWith the-object of oxadiazole,. thiazole, “pyridine arc:incorporated. In. - - . RO
e “Studying the relationship between the structure and fact, it was found that by the incorporation of certain
 the properties ofthe polynier and:succeeded in the ‘S-membered aromatic. heterocyclics, polyamides hav-
' breparation-of high molecular weight aromatic poly-  ing melting points above 500°C.and soluble in organic
- ‘dmides with excellent properties, such as high thermal . ~° P e
stability and-solubility. The propcrties of aromatic k- oCHN - Ry Ivuco o
polyamides seem'to depend primarily on the rigidity” | ‘CT .
N of . 'the polymértchain/backbone. :The fundamental . ' " :
S skeleton structure of. aromatic_polymers is shown in Fig. 3 — Skeleton structure of aromalic polyamide . o
I 3 '?% ‘3:] rCO_nAéiQér‘i"lig"the dbiﬂ'erent types of groups sub- T A
’ stituted [or Ar,%jt" possible to.classify types of poly- = =\ -\ .- == e
o n;f,rsias follows RN U -Q%“z@)"@c”’c“@" >
’ %) "‘.‘L . “1. ”NH.CO-——]" X . - >::\ : . -
. NN vy . R : : ¢ 2
d..(a). Tf:jgt?a:mi’né czm‘;‘)c;negtcan be diaminobenzene, . ‘<\_>> <§- >(\k-/)_ ,> -
- diaminodiphenylmetbane, dipheriylene stilbene or BT =
eten an ethei‘,-:\ot'-_'sﬁlphidé group o¥ sulp’hoxidé‘-group .-@-5@ > ‘OS"@‘
. containing, diaminobenzene?, and (b) the acid/acid . '
. <hloride component can be varied over a wide range —  Fig. 4 — Various groups arranged in decrcasing order of their
aromatic, aliphatic.or heterocyehg. . ability to reduce the melting point of polyamide
P : ‘ 515
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formers. In view of its high flexural strength, Kevlar
TAULE | — PROPERTIES OF NOMEX AND KEVLAR is used in the manufacture of bolting for high pressure
. hydraulic systems and malterial handling cquipment.
Fibre Tenacity Modulus Extension at  In comparison to steel and viscose rayon, Kevlar rein-
mN/tex © N/tex- break, o forced radial tyres give longer thread life for the least
: weight.  Kevlar 29 is used in slings and strappings.
Nomex 353 6-2 s It can be woven alone or together with other fibres'
Kevlar 1850 419 4 to produce industrial fibres, balloon fabrics, conted
Kevlar 29 1940 42 3-4 fabrics, parachute  fabrics. ete. A Kevlar polyester
Keviar 49 2540%° . RY-5 2-8 fibre sail cloth is used in racing yachts.  These Fabrics
e are used for the production of laminales and com-
TaBLE 2 — PROPERTIES OF PPT FioreS* posites, which are used in interior and exterior par(s
- in aircraftsé?.  These polvamide fabric Taminates with
Heat treatment Initial Tenacity Extension cpoxy polyester resin compositions increase the stifl-
Temp., “C ‘Modulus - mN/tex et ness of boat hulls, paddles and spars and are 507,
L Nitex : stiffer “than typical glass reinforced plastics58-79,
. Considering the cost and performance, they stand in
As spun 15-3 618 9-1 between glass and carbon fibres. The specific modulus
is very high for Kevlar and the use of these fibres in
500°C TR-4 -1207 (-6 place of a aluminium parts in aircraft reduces the
— e e e - Weight by 407,
in the sense that heat treatment of these fibers muost e Sunuary }
done at or above 250°C. I has been obscrved that the Recent  devclopments in various aromalic poly-
wholly aromatic fibres arc amorphous in naturc. amides are reviewed with emphasis on their prepara-
However, many of these are crystallizable, especially  tion, structure-property rclationship and processability -
while being oriented at high temperatures. Stretchingat  to convert them to suitable fibres. Latest tgends ingy
high ‘temperatives, despile practical problems, is 2 rescarch on these fibres and their applications arc
desirable feature since maximum orientation is nceded - also indicated. [N
for ensuring.optimum propertiés. Theless cflective o
methods, such as treatment of fibres under high Refcrences . & ( A o
pressure stéam, with solvents or solvent mixtures at 1. Mark,Ji., ATLAs, S.M. & Ocata, N, JI Polymi.” Sci.. 6§+~
1007, etc. arc also employed to improve the properties. .- (1962),°S49.
The method generally used is stretching at higher -2 Fenotova, O. YA.. Vysokomolek Svedin.. 6(3) (19064), .
{cmperatures under. inert atmospherc as shown in ¢ 452, - ' i

Table 2.

The Nomex fibre retains its original tensile strength
up to 250°C and is useful up-to 300°C. Thc hetero-
eyclic polvamide fibres are thermally more stable up to
400°C. IF the fibres are to he used in air. heat ageing
is done in ait, the-propertics are retained up to 1-2
weeks, I general, they have high volume resistivity
and high diclectric strength up to a Fairly high tem-
peratare which makes them suitable for some special
Nomex nylon paperst. In view of their excellent oxi-
dation and chemical resistance, Nomex fibres are used

in fabrics for high temperature ‘protection. At 285°C,
the libre is = 507/ as strong as it is at room lempera-
ture and shows similar retention of medulus, s
oxidation resistance makes it retain the original
strength. even after exposure for 1000 hr at 260" and
for 200 hr at 300°C.  The fibre does not melt and
ipnites only with difficulty: as such it is sclf-extinguish-
ing and hence is useful as a protective clothing. A
similar use has been in the preparation ol special type
of Nomex nylon papers. The polyamide papers, like
the fibres. neither melt nor burn independently.  The
tensile strength of the paper decrcases gradually with
temperature and at 225°C becomes 68 % -of the origi-
nal value. In general, they havé high volume resisti-
vity (1-3 x 106 ohm cm) and high dielectric strength
cven at high temperatures.” A major advantage of
these papars is in heat sealable application and high
tempzraturs dielectrics for use in motors and. trans-

3. Cuimura, Ki, TerADA, H., MAEDA,’)'., Kawakuno, H.,
Sasakt, T. & Suinno, M.. Chem. Abstr., 83 (1975), .
11353, o -
4. Kosat, K., Tane, Y., MASUNAGA, E.. & MATSUDA, K.,
Chem. Abstr., B3 (1975), 44595, - : .
. MorGAN, P.W. & Kworek, S.L., Makromoleeudes. 8(2)
(1975), 104,
0. YOSzAwA, Y.. Haznn, S, & Nukava, Ko, Polvm Len,
13 (1972), 145,
7. DINGHART, R.AL J. Polym. Sci., 2B (1964), 369 .
8. Preston;-J. & Domnson, F., J. “Polym. Séi.. 28 (1964),
1n. i '
9. MAGAT, E.E.. US Par. 2, 831, 834 (1o E.J. du Pont de
Nemours & Co.), 22 April 1958; Chem. Abstr., 58 (1959),
1768. '
10, StivENsON. .. GAubIANA, RA. & Vocr. O., Polym.
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1. MorGan, PAV., Condensation polymers: Interfacial amd
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12, Wrrrsecker, E.l.. & MorGan, P, J. Polvin. Sci., 40
(1959), 289.
13, Braman, R.G., MORGAN, P.W., KOLLER, C.R., Wirtnrc-
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329.
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