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Abstract

Kevlar fibres are aromatic polyavnide fihres spun from the
polymer poly(p-phgnylene terephthalamide). Kelvar has a paracrys-
télline structure with legs lattice distortion parameter in Kevlar
49 than in Kevlar 29. The Equatorial X-ray "erystallinity® is 68%
in #evlar 29 and 76% in Kevlar 49. The fih-es sre classified as
h1gh-atrength/high-modulua fibres. The sma_l-angle X-ray diffrac-
tion pattern indicated that the Kevlar fibres have no chain folding.
There is a statistical size distribution of microparacrystallites
in the fibres. The meltingy point 1s pver son®c .

Wide- mnd small~sngle X~-ray diffractior technigues, differen-
tial scanning calorimeter, differential thermal analysis, thermo-
gravimetric analysis, trensmissign electrecn microscopy, scanning
electron microscopy, and tensile testin) equipment have been used
to characterize the fibres and toc sssess the effect of annealing
on their morphology and mechanical properties.



INTRODUCTIODN

The polymer poly(p-phenylene terzphthalamide), abbrevieted
as PPT, was developed by E.I. Du Pont de Nemours & Cu.(q’z), and
spun into contlinuous non-twisted multifilament yarna of about
1500 Denier and containing = thousand filements per yarn. The
trade names for PPT fibree ere PRD4Y, Kevlar 49 and Kevlar 29.
They are classified as high-strength/nigh-modulus fibres which
are excellent for reinforcerent in body ermor and for fibre-
reinforced composite wmaterisls for a host of applicestions inclu-
ding aerpospace and vehicles industries, ropes and cumpuaitesCB-B)'

When Du Pont produced the PRD49 “ibre they described it as
"Aromatic Polyamide" (1’2). The chemicasl composition of the
fibre was characterized by Fenn et. :1.(9) who, after breaking
down the fibre chemically, assigned eguimolecular amounts of
terephthalic acid and p-phenylene diamine as bullding blocks of
the flbre. The currently accepted fo-mula for PPT fibres, as
suggested by Carter and Schenk (10)

thalamide):

is poly(p~-phenylene tereph-

H

1rO-O4

On the besis of the uwide-angle X-ray diffraction analysis
of the polymer poly(p-phemylene terephthalamide), prepared and
spun into fibres in the lasboratory, Northolt et. sl., ¢ '1=13)
assigned 8 monoclinic (pseudo-orthorhombic) unit cell with dimen=
sions 8=7.87 R, ba5.18 . c(fibre axis) = 12.9 R, and V= 50’ .
The unit cell contains two chains as shown in Figure 1. The
chainsg are linked together by hydrogen bonds, and form crystalline
domains. Due to the intramoleculer intersctions between sequen-
tial phenyl and amide segnents in the chain, Northolt (13) assumes
that free rotation around the phenyl-carbonyl and the phenyl-
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nitrogen bonds is absen?.. “aneequently tha chains are regarded
8s 8 rigid rod. Such & z2tzucture has a conelderable bearing on
the tenslle propertie. ci “evler fiboes which possess a high
modulus.

The present paper will tackle the morchology of the PPT
fibres, examined by wide- snd srall-enjle X-ray diffraction
techniguea, transmission wro scanninc electron microscopy, thermal
analysis (TGA, DSC and DTA), tensile properties, the effect of
annealing and thermal &qeinn on ths rorphology end properties,
and the fields of applicziioy gf thers fibres.

EXFERIMENTAL

.A-Ray Diffraction

Wide- and amall-srgle X-<ray di“fractior studies included
the fellowing peranmeters:
(a) The lattice distorisc~ pacmmeter {g).
(b} The crystallinity,
(c) The microparacrystel - /G) size.
(d)> The Brientsticer.
(e) Chain folding.
(f) voids.

Two wide=angle X-ray - Fr-gotin~ techninues have been used,
namely the photographic e~: “4p it rartometris: A bundle of

perallel filaments was v«x -3 40 Lyky A-Tey with the beam being
perpendicular to the fil-:; .x'@e. fte ¢itTraction pattern was
recorded in a Searle cemz. = fiiten wiyvh Fliict toraidal mirror
opticse (1) and @ cylind:i:i.% chuse.te of 3 om radius. The spe=-

cimen to film distance fa :ne »idZ-mwr51F pattern was 3 tm, and
far the small-angle pats:r- 3% aw. For the dutermination of
the crystallinity end mPC - ~# & flat ascndle of the fibres was
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mounted on a special flat holder ir a Philips diffractometer PW1050.
To eliminate the effect of aorientation on the measurement of crys-
tallinity, the sample holder was rcteted at a speed of 80 r.p.m.

The egquatorial intensity wam scanned elthar in the continuous-mode
ar in the step-scan mode in steps c¢f 0.1°(28) and a8 counting time

of 10 sec., thus obtaining a Print-gut of inteneity against 28.

For the determination of the Orientaticn, & bundle of parallel
fibres was mounted 4n a Phillps Norelco X-ray diffractometer
operated in the transmissiin mede. The azimuthal intensities of

the (200) reflection on both sides gf the diffraction pattern was
recorded.

The Lettice Distortion Paramster (g)

Hosemann and his colleajues introduced and promulgeted in
over 250 publicaetions the cancept of "Paracrystellinity" in polymers.
The concept implies that the crystallites in polymers, as well ms
in many other materiels, heve never atteired the ideal state of =a
perfect lattice, but they eontain distortions which put them into
8 category called "Parscrystels". dosemnarn showed how simple point
lattice masks could be used in an 0d3tical diffractometer tg illus-
trate the ides of short-range disorder, which Qives rise to the
so-called distortion of the first kind, and of long-range disorder,

which gives rise to distorsion of the Be2cond kin. ODistortion

af the first kind causes a reductlon in height of successive
diffraction peaks without change in breadth, whereas distortion
of the second kind causes an irncrease i+ treadth together with a
reduction in amplitude (15-22). “Hiadeleh and Johnson‘2>) pre-
pared a series of masks with 100 lattice layers conteining dis-
tartion of the second kind ranging setw=en O and 10% and obtained
optical transferms for them, and shiuweg that the increase in
distortion yielde diffraction profiles with greater width and
smaller amplitude (see Figure 2).)

Figure 3 shows s computer-constructed two-dimensional
paracryetalline lattice(19'2'). Wizh a growing lattice the

statistical fluctuations fin:lly becomes so large’to the extent

Q



that the binding angles o the stoma are over-strained and the net-
plane breaks (see arrow in Figure 3 ). The diffraction pattern of
this model shows an increase in the integral breadth (db) of the
reflections proportional tp the square of the order of reflection
(f), typical of the diffraction pattern of real polymers. When =
curve is drawn between JL and ‘fz, the intercept of the curve with
the ordinate gives the Bize of the microparacrystel B and the
number of layer lines (N = 5 / @) where T 1s the mean net-plane
distance. Fram the alope of the curve, the distortion parameter
(g), which represents the statistical fluctuation af the net-plane
distences, is calculated according to Hosemann's equation:

2

2
§b = "‘EE_L"J) oo.o.o.-;oooo-o-o--oooo--. 1
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Crgatallinity

The intensity data obtained from the diffractometeric equatorial
equatorial scan of the wide-angle x-ray diffraction pattern was
fhen corrected for mir scatter, polarization, CUmbton scatter and
Lorentz factor, and finally normalizec to = tonvenient area under
the scan. The scean contairs overlapping peaks which repreasnt the
scatter from the hkl planee and » backg-ound scatter (anisotropic
scatter). Resplution of tre peaks and background was achieved by
the "Multipeak Resolution® program developed by Hindeleh and
Johnson, and applied to the X-ray investigation of natural and
synthetic polymers ( 2h-26 ).

Each peak is mathematically fittsc into = combined Gaussisn/
Cauchy profile in the form:

fth+(1—ft)Ct Secscresrressesesatnnss 2

where f is the Geaussian fraction, and t is the hkl-plane peak
number 1,2,3....8. 8 represents the number of peaks to be resolved.
f is called the "profile-fumnction parameter", !




AX - PP 2
The Gauesian function Bt is Aiexp{—MZ[-——w——'] } estossessoces 3
t

2
and the DEUChv f'unctil:ll'l Ct 18 At/{1+[2(x_Pt)mt]} essesesccsas bt

Thus each peak is defined by four quantities: A, the amplitude

of the peak, W the width of the peak at 50% amplitude, P the
peak poseition on the 28 scele, and f th2 profile-function
parameter which takes values between -0.5 and 1.0, For a Gaussian
profile f=1, for a Cauchy profile =0, for a combined Gaussian/
Cauchy profile ( -0.5 < P < 1)} £ effectively describes the
tail of the profile as shown in Figure & « The background
scatier 1s assigned a polynomiel equatior of the form:

R=a+bx+cx2+dxs SRS LEBBIRGIEPILITIANRBRCEOERREBEES 5

where X is the 28 scale, and a,b,c, and d are adjustable para-
meters.

At the beginning pf resglution, the parameters for each
peak and the parameters of the background amre assigned eapproxi-
mate values. The resolution program incorporates an iterative
minimlzetion procedure based an Powell's method of conjugate
directiuna(27))
factor S:

which ensures efficient ccnvergence of the facter

S=£I - 2
i'—'l[(cale)i I(nonr)i] P4 OB LB ISP SISIISIITOIIIIOTYRIRNRSIEES 5

where

B
I(c&le)l=;[fth+(1-ft)ct]i+Ri SSr s s stosevrRassBRen 7

Here, n is an array of data points of 28 wersus I, and B is the
number of peaks.

The "Peak Aree Crystallinity” is <4en a parsmeter defined
a8 the ratio of the scatter under the resolved peaks to the total
scatter under the normalized X-ray diffraection scan.



Microparacrystellite (mPC) Size

The resolved peaks were the- corrected For instrumental
broadening using Stoke's decanvolution methaﬂ( 28) and hexamethy-
lene tetramine ms standarg 25). The integral breadth d(2g) _
of the corrected peak profile was used to calculate the mPC mize Lmkf
normal to a set af hkl netplanes according to Scherrer's equation:

L ":--L‘=—"—'El—-—-— .t.l...it.-.......lt....-. B
hkl ™ 2}, ~ cos & c128)

where ¥4 is a const - 1, and ‘}29) is obtained from the area under

the resolved peak divided by 1ts amplitude. &(28) s nyrtncd in
radians. ¢

Microparacrystmliite Orientatfon

The microparacrystallite orientation in Kevlar fibres was
determined from the WAXS pattern. A bundle of parellel fibres was
maunted in a Philips Noreleco K-ray diffractometer gpereted in the
tranamission mode. The azimuythal intensities of the (200) reflec-
tion on both sides of the dif“raction pattern were recorded. The
orientation parameters <ﬂn%iof' wes evaluated fraom the

azimuthal-intenaity dates eccording tao Steintg equation( 29) )
ni2 2
., /; 1000 51274y 99 080, 50 du
<8 Yoo = /2

....'..l.....-... 9

A 10y 99? ©034y,00 %00

where Iy, is the intensity distribution, and ‘hoo ig the
azimuthal sngle measured from the equator.



RESULTS

Wide-Angle X-resy Diffraction /WAX5) Pattern

Figure 5 shows the WAXS pattern of Kevlar fibrea. The princi-
pal diffraction maxima sre the innermost equatorial reflections
(110) and (200), and the meridicnal reflections (0o02), (004) and
(DD6). The netplanes spacings mre;: o = 0.431 nm, 4, = 0.385

i 110 200

nm, dgq, = 0.645 nm, -"-nuu = 0.320 nm, and ?005 = 0.213nm.

The WAXS pattern persisted until an annesaling temperature
of 450°C in Kevlar 29 and BDDOC in Hevlgr3§9. After tbese tempera-
tures the pattern lost its identity € 32, ).

Small-Angle X-Ray Diffraction (SAXS) Pattern

32
Figure € shows the SAXS pattern of Kevlar 29 fibres ( ) at

all temperature levels up to 400%C. 1t consists of an equatorial

streak resembling the patterns obtained from the other PPT fibres
apecimena(13'35-37 ). This pattern implies the presence of needle--
like voide with the larger axis lying parsllel to the fibre axis(36'37)-
The absence of meridional reflections, which are traditionally
associated with chain folding in polyamide mnd polyester fibres,
indicates that Kevlar fibres have na chain folding, and supports

the concept of the rigid rod-like structure of the Kevlar molecular
chains,

Urientation

The azimuthal intensity profiles of Keular 29 and Kevlar 49
are illustreted in Figure 7. The values of the profile width at
half-maximum height and the orientation parametern<smiyaa;>nf
several Kevlar fibres are given in Table 1.



Table 1: The DOrientation Parameter of Kevlar Fibres

Type of Fibre Profile Width at Orientation Ref.
hal f-Maximum Parameter
helght R
(degree) < sin Yoo
Kevlar 29 18.9 0.047 32
Kevlar 49 12 .4 0.020 33
Model Samples 0.016 - 0,048 34

It is concluded, from Table 1, that Kevlar 49 is better oriented
than Kevlar 29. Compared with many ogtha+~ textile fibres, the two
types of Kevlar fibres are very well crie-ted.

Lattice-Distortion Parameter (g)

Figure 8 shows a plot of the intec~al breadth (db) of the
reflections (0D2), (004), and (006) of -=he Kevlar 29 fibre against
the sgquare of the order (I). It 'shows that db increases guad-
ratically with higher orders of reflection. From the intercept
of the curve with the ordinate the mPC size -hUZ was determined.
The lattice distortion paremeter (g) was calculasted according to
equation 1. A comparison af the sverace mPC sizal pp2* the
average number ﬁbuz cf netplane layers, end the lattice-distortion
parameter (g) of different PPT fibres ig given in Table 2.

The product of (g) and the W 1s an empirical parameter,
called o " constant, introduced by Hosemann for parscrystelline
materials:

d,‘ = J._N-‘g = \-E/E = 3.1 tu 0-2 Seecevonse 10

In his extensive work on different materials, Hosemann found that
DL‘ ranges between 0.1 and 0.2. The phyasical implication DFOC'
is that there is a 1imit to the growth o” mPCs controlled by (9),
@s has been mentioned in connection with Figure 3 k1). Table 2
indicates that for PRD hg,;ﬁ‘- .16, ard ®or the other model PPT
fibres, af: 0.18. These values fit well into Hosemann's assembly

of peracrystalliine materisls (21 a8 shoun in Figure 9.
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The untreeted Kevlar 29 has an extraordinery value of A ¢
due to its high (g) value. However, after annealing at temperatures
between 100°and t00°¢ for 15 min. OL. dacreased to the range 0.22-
0.25. Here it is remarkable that even after ennealing the fibre
Kevlar 29, g does not recover completely to the normal value of
the other PPT fibres lister in Table 2. Therefore, the distortions
remained anchored within tre lattice. ~ae slow decresse of &«
after annealing could he explained by thz fact that the Kevlar 29
was not in an eguilibrium state when initimlly produced(ZZ).

Table 2

*
A Comparison between DDDZ' NDUZ’ g and X - value

of FPT fibres.

Fibre . Doo2 Noo2 g Ref. X *
(nm)
Untreated
PRD 49 38 59 D.021 | 21,35 0. 16
Kevlar 49 0.015 | 31 '
Kevlar 29 50 76 0.059 | 32 0.51
Other models 70 108 0.017 { 13 0.18
Annealed Kevlar 29
32
100°C, 15 min. 14.% 22 J.047 0.22
300°C, 15 min. 14.9 23 J.046 0.22
350°C, 15 min. 15.2 24 0.050 0.24
400°C, 15 min. 14.7 23 0.052 0.25
3o0°cC, 2nhr. 16.1 25 0.046 0.23
4hr, 16.1 25 0.049 0.24
46 17.0 26 0.254 0.28




Crgstallinit!

Figure 10 shows the equatoriali X-rey diffraction scan in the range

10 to 30° (28). After 30”, the gcan becomes flet. FEach scan has
been resolved inte two peaks (110): and (200) and 2 background.
Figure 11 compares the equatcrial: scans of Kevlar 29 snd Kevlar 49
at SUDDC, and shows clearly how the diffraction pattern of Kevlar 29
vanishes at SUﬂnc, while that of Kevlmr 49 peraistsg.

A comparison between the crystellinities of Kevlar 29 ang
Kevlar 49 is shown in Figure 12.(32'33). The ecrystellinity aof the
untreated Kevlar 29 wams 68%, and increassed gradually with increasing
the annealing temperature. Between 30038 and hUUDC the crystallinity
reached a plateau region of 75% crystallinity. At 45070 the Crys=-
tallinity decreased to 60% and at SDGDC the diffraction pattern
vanished as wss shown above in Figure 11. 0On the ather hand, the
untreated Kevlar 49 had g crysiellinity of 76% which remained
constant in the samples thst had been annealed until 3509C. At
400°C the crystallinity resched its maximum value 81%. At 450°C
the crystellinity decreased to 64L%, and at 500°C it decreased to
S1%.

Microparacrystallite Size

R comparison of the mPC aizes|D110 and D200 of Kevlar 29 and

Kevlar 49 ig shown &n Figure 13.(32*33). The untreated Kevlar 29

had 3310 = 4,37 nm and BEDDS 3.56 nm. The untrested Kevlar 49

had 3}10 = 4.25 nm and BEDU= 3.83 nm. I3 both fibres, the mPg

8izes remained almost unchanged until 15308, after which the rate

of increase in mPC sizes of Kevlar 29 has peen more remarkable

than in Kevlar 49. Fop both fibreaﬂ the maximum sizes were gttained
at 400°¢ qhen‘311nreached 6.28 nm an -EDD= L.51 nm for Kevlar 29,
while for Kevlar 49 3}10 resched 4.89 nm and B = 4.27 nm. After

200
bSDDC the mPC sizes decreased in boith filbres as shown in Figure 13.



Effect of Thermal_ﬂgeiqgﬁun the Crystallinisy of Kevlar 49

Figure 14 shows the crystallinity as & function of ageing
time in  eir at 150°C of Kevlar 49 fibres. Up to 4 days no change
in crystallinity occured. After & gays a drop in crystallinity
from 74,8 to 71.5 % occured. Between 8 days and 16 days the
crystallinity maintained the same value (~ 71%). After 16 days
the decrease in crystallinity was slaw and gradual. After 44
days the crystallinity became 62.3 % and remained constant until
120 days.

Effect of Thermal Ageing an _the Crystallite Size of Kevlar 49

R slight gradua’ increese in slze cccured as q result of
thermal sgeing below 32 days. For example, 5110 was 4,29 nm faor
the untreated fibre and reached the naximum value $.20 nm after
32 days of ageing, after which the slze decreased gradually, thus
reaching a wvalue of 4.12 after 120 days-

THERMAL ANALYSIS

Thermogravimetric analysis:

The humidity in Kevlar 29 and Kevlar 49 fibres, dried at
105°¢ in vacuum, 18 3,5% and 2.8% respectively. The oven=dry
weight was then regarded es reference for subsequent determination
of weight-loss at higher temperstures. Flgure 416 shows the
weight loss against g temperature in nitrogen atmosphere in the
temperature range 100-700°¢. Up to 300%c there 1is practically
E plateau region of -egligible loss in weight in both types of
fibres. At BSDBE the loss was only 1%; at 400°C the weight-loss
in Kevlar 29 amounted to 2.9% and in Kevlar L9, 2.2%. After
hDDDC the rate of welght-loss became higher in Kevlar 29; and at
675°C the loss amounted ito 51% in Kavlar 29 and 20% in Kevlar 45.



Melting Point
Figure 17 shows & DSC turse of Kevlar 29, The change in the

slope of the curve after 4509g implies *hat melting started at

gbout 500 C which is concurrens with the phenomenon aof diffuse

X-ray diffraction pattern at this stemcerature ( see the equstorial

scan in Figure Bc). The Peak melting point ig 600’8; this value

is much higher than the meltinc points cf Many organic polymers (391

Although the melting point of a polymer ig generally reported as s

single temperature at which the transiticn from the solid phase

to the liquid phase is complete, fusion can spread over a range

of temperature due to distribution in moc size (21,31,&0,&1)_

The wide spread in the mPC size in Kevlar fibres has heen mentioned

on page /4 . Compared with the JSC curves of PE and PP, the mel-

ting poofile of Kevlar 29 is broad (Lz’&s).

Figure 18 shows & DTA Curve of Kevlar 49 fibre. The pesak
melting point for the untreated fibre is 535.708. When the fibre
was annealed at 150°C, the melting point Incremsed to suu“c,
and when the fibre was annealed at ZDDDC, tne melting point
became 541,3%,

ELECTRON MICROSCOPY

Transmission Electron Microscope (TEM)

The first successful electron-micros-ope photograph shouwing
the lattice images in an organic polymer was published by Dabb,
et. al. € 30) (_see Figure 45 =, The photograph showed the
long chain molecules in Keviar LS fibres. Individual layers of
molecules spaced 0.433 nm apart could be s=2en clearly and the size
of the unite in which they pack together cauld be measured directly
from the photograph. Although similar lattice images were recorded
before, for example, in carbon fibres (8 ), organic fibres are
usuelly far too sensitive to the electran beam in the microscope
and are destroyed hefaore pictures can be recorded. The Kevlar 49
pictures were taken in g Philips EM300 opera<ed st 100 KV with @n
anticontamination trap, under m high-resolution condition. The
EM photograoha revealed that Kevlar 49 chaein molecules are long,
straight, and packed together regularly with very little disturtiun,
the precequinibes fopr witra high rmodulus and tens,/e strength (48 44)



31
Dobb et. al.( )demonatrated further how the lattice from the

(118) and (002?) netplenes of %evlar fisres is in the form of arrays
of almost parallel fringes, bit in rare cases slightly curved
lattices were observed. They alao reported s etatistical distribu-
tion of the microparacrystal size in PRD 4T enc Kevlar 49 obtained

by counting the lattice fringes from the (-10) netplane layers of

500 microparacrystals. The number pf lattice fringes in PRD 49
ranged between L gnd 24 fringes with ﬁH1E = 12 corresponding to an
average size D,,, of 5.4 nm. In <evlar 49, Ny4p=11 and Dy =429 nm,

The EM studies were also supplemented b, X-Ffay o iffrackion -
The size distribution of microparacrystals mentioned sbove is

in agreement with the theoreticsl predictions o Hosemann et. al.(21'b¥)
for N=11.

Scanning Electron-Microscopy (SEM)

The SEM microgranhs shouer that the sirfece of Kevlar fibres
is smooth, but efter annealing some roughnzss started to appear
on the surface, which could be attributed to the attempt of

trapped vepor to escape.

The loop test was performed to study the occurrence of
cracks or kinks in compressian. Slides wsill be displayed during
the lecture which will show the following: (a) macrofibesls of
300 nm diameter, (b) the surface of the flbree before and after
annealing, (c) the eplitting of the fibre into layers, and (d)
the occurence of kinke and cracks due toc campression during the

"elastic loop"” test.



MECHANICAL PROPERTIES

The umtreated Kevlar 23 ;-.g Kevlar 42 fibres have high tensile
strength of 2.8 GNm-z, tha“ iz greater than the tensile strength
of the widely-used polye.dde a-d Folyester fibres, &nd close tp the
tensile strength of steel, beran, or cartan fitres #s shown in
Table 3. The strain at bresk of Kevler 35 15 3,8 %, by far lower
thank that of the polyamicde ard Poiyester fibres, but higher than
the strein at break of ateel, boron or czrbon fibres. The strain
8t bresk of Kevlar 49 ig 2.4 %, close to thas of steel. The stress-
strain curve of Kevlar fibres Is illustreted in Figure 19 which
indicates that the Young'e mod.lys is ccnetant up to high stresses
and amounts toa 63 GNm™° i fizvlar Z5 ead 113 GRm~2 ip Kevlar 49,
This behaviour cen he attributed tc cnarecteristic structural
features among which gre the fcliowing:

(2) The rigid rod-like molecul=> chein,

(b) the cchesion between the clalans whick is enhanced by the
hydrugen-bnnding,

(c) the high crystallinity,

(d) the good mePp orientatinn r=lgiive to the fFibre axis, especially
in Kevlar 49,

Comparison of the Mzt anmical Froperties af Some Polymers

. -—-\rn\’w-

Polymer Tenss: ‘Strain Yourg's Ref.
Stren. . k 6T. bresk Mad.!lug
(GNm~ R LGNm=-2)
.o gv—

Kevlar 29 2.7 .8 63.1 32
Kevlar 49 ‘ & " Vel 11%.0 33
Nylon(high-atrength) ol 7. 12.5 AN
Polyester(high-strength) + . PO G 18.5 4t
Steel 2, 2ol 2e0.,0 Ly
Boron 3.7 1.0 370.0 L4
Carbon HS 2

G.8 290.0 bl
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The annealing effects on the mechanicsl properties of Kevlar 29
have been studie in detsll (32’. Neither the tensile strength nor
the strain at bresk showed en sppreciable change upon annealing at
temperatures below 200°C in Nit-ogen gas, ee shown in Figure 20.
However, a significant decrease in tensi.e strength and strain at
break occcurred at elevated temperatures. Figure 20 shows the
tensile atrengfh, strain at break and Young's modulus as functions
of the annealing temperature.’ The Young's modulus increased with
the increase in ennealing temperature up to 300°C. This is .con-
current with the incremse 1n ttre crystsliinity and mPC sizes.

The decrease in the modulus at temperature higher than 300°C

could be attributed to the Lleteral meltirg of smaller mPCs..

Prolonged snnealing at 2007 caused further drop in the
tensile strength and strain at break and nodulus, as shouwn in
Table 4. The effect on the wmodulus is smaller than what would
be expected from an organic palymer heat-treated uner these
conditions,

Table &

Effect of Prolonged Frariealing at 330°¢ 1in Nitrugen
Gas on the Mechanicel Proserties ofF Kevlar 29 (32)

Treatment Tensile Strain et Young's
Strencth Break > Modulus

em~%y > (%) ~ (GNm~2)

Untreated 2.81 o 3.80 63.9
300°C, 15 min 2.51 2.85 | 79.0
2 hours 2.0C 2.80 73.5

4 hours 1.96 2.70 73.7

16 hpours 1.22 1.91 73.2

L6 hours 1.02 1.70 &8.0
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FIGURE CAPTIONS

Figure 1:

10:

11:

Unit cell :of tthe jpwlymer poly (p-phenylene tereptha-
lamide).

First-order PwdﬁﬂﬂawdF|computer-drawn two-dimensional
paracrystals with IN = 100 anc 0, 4, 8, 10% distortions.

Computer-drawn twn-xiimensional Paracrystal with g = 0.02
and N = 49 simillar ko gy for PPT fibres. The arrow indij-
cates the breakdowm of the constructuon,

Profile-ﬁumctﬁmn|pmrammter f s

(A) Gaussian | Fzv (B) Cauchy f = 0@
0.5

-0.5

(C) 'Combined Gauss.an/iCauchy f
(D) Combimed Gawegs.on/Cauchy f

Wide angle (X-ray sk ttering o Kevlar 29,
Small-angmaux-ray!Smatkmring of Keviar 29.
Azimuthal;mntemsihy proifile of the (200) reflection
of Kevlar 29,

The 16/ b-P% plot of ‘kihe teflections (002), (004), and
(006)! of Kevlar .2% znnegled fer 15 min. at 300°C

Hosemann'sg collectiom of materials with c('; 0.1 to
0.2. PPT Tibres ame dincluded: + PRD49 ® Kevlar 29
at 3gp ¢°,

Equatﬁrial:K-nmy:ﬂﬂﬂfranmion scan of Kevlar 29 re-

sclved intc: twy paaks end background.

Equatorial Kemay 1diif*raction scans of Kevlar 29 and
Kevlar 49 annealed gz 500°C.,

Crystallinity of Kev_er '29 and Kevlar 49 annealed in
N2 gas in ithe tempermkume range 20-500°C.
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Finure 13: Microparacrystallite sizes 5110 and 6200 of Kevlar 29
and Kevlar 49 annealed in NZ gas in the temperature
range 20-500°C.

14: Effect of ageing et 1%0°C in a:r for periods ranging
from 1 to 120 days.

15: Electron microgragh of the lattice fringes in Kevlar 49.

16: Thermogravimetric analysis of kKevla~ 29 and Kevlar 49
in N, gas in the temperature renge 20-700°C.

17: DSC curve of Kevlar 2¢<.
18: TGA and DTA curves of Kevlar L9,

19: Stress-Strain curve of Kevlar 29.
20: Tensile strengh, Breaking straim and Young's Modulus

of Kevlar 29 annealed in gas ir the temperature range
20-400°C.
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