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HIGH MODULUS, HIGH TENACITY 
POILWP-PHENYLENE TEREPHTHALAMIIDE) 

FIBER 

This application is a continuation-in-part of my appli 
cation Ser. No. 172,514, ?led Aug. 17, 1971, now 
abandoned which is a continuation-in-part of my appli 
cation Ser. No. 138,209, filed Apr. 28, 1971, now 
abandoned. 
This invention relates to a greatly improved poly(p 

phenylene terephthalamide) fiber particularly useful in 
composites with plastics. 

BACKGROUND OF THE INVENTION 

Resin composites reinforced with glass ?bers have 
long been used as structural elements. Great advances 
in this area have been made in recent years in response 
to the demands for lighter, stronger and stiffer materi 
als of construction by aircraft and aerospace designers. 
New high strength, high modulus inorganic fibers such 
as ceramics, graphite, boron, etc. have been developed 
but they are extremely costly and difficult to handle. 
U.S. Pat. No. 3,671,542 to Kwolek teaches the use of 

optically anisotropic dopes of certain carbocyclic aro 
matic polyamides in wet spinning processes to give fi 
bers of good strength. Heating the fibers under tension 
increases the tensile strength and modulus. 
Fibers of even greater strength and modulus are de 

sirable for use in preparing high grade reinforced plas~ 
tic composites. 

SUMMARY OF THE INVENTION 

This invention provides a novel fiber having a density 
of at least [.40 g./cc and consisting essentially of po~ 
ly(p-phenylene terephthalamide) of inherent viscosity 
of at least 4.0 (preferably 2 4.6). The fiber is charac 
terized by a lateral birefringence of at least 0.022, crys 
talline regions with an apparent crystallite size greater 
than 58 Angstrom (A) units, and an orientation angle 
no greater than l3°with the proviso that the ratio ofthe 
apparent crystallite size to the orientation angle (de 
grees) is at least 6 A/degree. The fiber has an initial 
modulus z 900 grams per denier (measured as yarn) 
and a filament tensile strength of at least 22 grams per 
denier. Preferred products have an orientation angle of 
less than 10°. 
The ?bers of this invention are of great value in the 

preparation of reinforced plastic materials of construc 
tion for very demanding applications such as for air 
craft fairings, radomes, ceilings and aerospace uses. 
Certain composites of the fibers of this invention 
should resist warping caused by high humidity condi 
tions as evidenced by results obtained in accelerated 
tests where the composites were exposed to boiling wa 
ter. Moreover, composites of these fibers have been 
made which exhibit high flexural modulus, flexural off 
set yield strength and Charpy impact strength. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1 and 2 are schematic views of apparatus for 
carrying out a process suitable for preparing the fibers 
of this invention. 

In FIG. I, a spin dope is pumped through transfer line 
I through a spinning block 2, through the orifices of 
spinneret 3 through the layer of gas 5 and into the coag~ 
ulating liquid 6 in spin tube where the filments 4 are 
conducted. A strong as-spun multifilament yarn 15 is 
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2 
passed under guide 7 and is wound up on a rotating 
bobbin 9. The coagulating liquid 6 flows from con 
tainer 11 through spin tube 10 and falls to container 12 
from whence it is returned by pump 13 and tube 14 to 
container 11. 

In FIG. 2, yarn 28 produced as described in FIG. 1 
is passed over tension guide 20, around roll 21 con 
trolled by a magnetic brake, over idler roll 22, over pul 
ley 24 equipped with force gauge 23 and in through 
heated tube 27 contained in insulating box 29. The 
yarn exiting tube 27 is pulled by driven rolls 25 and 
passed to constant tension windup 26. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The products of this invention can be made by ex 
truding a dope containing at least 30, preferably at least 
‘40, grams of polymer per 100 ml. of solvent (volume 
determined at 25°C.) through a thin layer of gas (or a 
non-coagulating liquid such as toluene, heptane, etc.) 
into a cold coagulating bath, washing, drying and heat 
treating. Where the solvent is sulfuric acid of about 98 
to about 100% H2504, this corresponds to dopes con 
taining at least 14, preferably at least 18, weight ‘7: of 
polymer. The dope should contain less than about 2 
percent water. 

Suitable solvents consists essentially of sulfuric acid 
(containing at least 98% H2504), chlorosulfuric. 
fluorosulfuric acid, and mixtures of these acids. The 
solvents can contain certain organic additives. 
Additives of the type — halogenated alkylsulfonic 

acids, halogenated aromatic sulfonic acids, haloge~ 
nated acetic acids, halogenated lower alkyl alcohols, 
and halogenated ketones of aldehydes can be present 
in an amount up to about 30 percent of the total weight 
of the solvent and the additive depending upon the 
exact nature of the additive. The use of fluorosulfuric 
(rather than chlorosulfuric or sulfuric), or lower poly 
mer concentrations permits the use of a greater amount 
of an additive. The greater the percent of halogen the 
greater the amount of additive that can be used. 
Trifluoromethanesulfonic acid can be present in an 
amount equal to the weight of the above sulfuric acids. 
Additionally sulfones, chlorinated phenols and nitro 
benzene can be used as a solvent additive in lesser 
amounts than the halogenated additives described 
above. 
Applicant has made fibers having a tenacity of less 

than those in‘ the examples when conditions other than 
optimum were used. 
The usual additives such as dyes, fillers, delusterants, 

UV stabilizers, antioxidants, etc., may be incorporated 
in the fibers of this invention. ' 

In order to obtain the unusually high inherent viscos 
ity (hereafter “I.V'."’) fibers of this invention, precau~ 
tions are required to prevent degradation of the poly 
mer throughout the process. The polymer should be 
dry and neutral. The exposure of the spinning dopes to 
temperatures above about 90°C. should be minimized 
and the freshly spun fibers should be neutralized and 
washed thoroughly. 
With a given spinning system — spinning dope, jet 

velocity, spinneret, etc. -~ the tenacity and modulus 
generally increase with an increase in the ratio between 
speed of fiber exit from the coagulating bath to the jet 
velocity (“spin stretch factor”) until fibers are broken. 
The jet velocity is the average velocity of the dope in 
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the spinneret hole or capillary as calculated from the 
volume of dope passing through the hole per unit time 
and from the cross-sectional area of the hole. The elon 
gation of the yarn decreases as the spin stretch factor 
is increased. 
The ?bers are heated within a zone maintained at a 

temperature of at least 150°C. under a tension of at 
least 0.5 gram per denier but less than that tension 
needed to draw the fiber (at the temperature used) 
more than about 1.03 times its initial length. The 
amount of draw is the ratio oven exit speed/oven en 
trance speed for a continuous treatment. Usually the 
draw is less than 1.02 times. For a given temperature 
the time of treatment and the tension are selected to 
give an apparent crystallite size greater than 58A (pref 
erably greater than 70A) and an orientation angle no 
greater than 13°. Thus the use of 150°C. for a period of 
60 seconds under a tension of 10 gpd has been satisfac 
tory for a l90-denier yarn. The use of a 650°C. zone for 
periods of from 0.6 to 1.0 second at 6 gpd tension has 
given excellent results with a 400-denier yarn. Exten 
sion of the time at 650° C. to 2.4 seconds at 6 gpd ten— 
sion have a very high modulus of 1,340 gpd but with a 
20 percent loss in tensile strength and an 11 percent 
loss in fiber l.V. from the starting fiber. Thus zone tem 
peratures as high as 800°C. or more could be used at 
sufficiently short times. The use of high temperatures 
and long times leads to excessive degradation of the 
fiber resulting in losses of 30 percent or more of the 
starting tensile strength and/or inherent viscosity. Pref 
erably a zone temperature of between about 250°C. 
and 600°C. (more preferably 450° to 580°C.) is used 
for from 0.5 to 5 seconds using a tension of between 1 
and 8 gpd for yarn deniers of about 400 or less. Tem 
peratures of 50° to 100°C. higher than the above pre 
ferred temperatures may be used with yarns of 700 to 
1,500 or more denier. In general increases in tempera 
ture, tension and/or time lead to higher moduli in the 
heated fiber. 
The heating can be done in a hot gas oven, in a liquid 

heating bath, by passage of the yarn over hot pins, hot 
plates or slots. It .is preferred that the atmosphere 
around the yarn be inert such as nitrogen, during the 
heating. 
The yarn is conveniently heated in the dry state, but 

satisfactory results can be obtained from a wet yarn di 
rect from washing or on rewet dried yarns by slightly 
lengthening the time of heating; The heating may be 
done in stages, i.e., wet yarns may be heat treated in 
one step and the resulting yarn treated again with the 
same or different conditions. The yarns normally have 
no or very low twist during the heat treatment and may 
or may not have finish on them. 

Suitable starting fibers have an inherent viscosity of 
at least 4.0, a lateral birefringence of at least 0.02, an 
orientation angle of less than about 22° (preferably less 
than about 16°) and an apparent crystallite size of less 
than about 52A. Such fibers will generally have a den 
sity of at least 1.40 grams/cm.3 (preferably at least 
1.44) and a filament tensile strength of at least 22 gpd. 

In general, any of the well-known techniques of the 
reinforced plastics art can be used to make composites. 
The fibers can be filament wound or otherwise manu 
factured into collimated tapes, unidirectional and mu] 
tidirectional fabrics and impregnated or coated with 
appropriate viscosity resins and resin solutions. Impreg 
nated or coated articles can be dried to the required 
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4 
tack, or the resin advanced to a B-stage or cure, to pro 
duce convenient preimpregnated products commonly 
called “prepregs.” 
Furthermore, yarns can be chopped for use as rein 

forcement in compression molding, injection molding. 
etc., or sprayed on appropriate molds using processes 
well known in the chopped fiberglass reinforced plas 
tics art. 

Preparation of Polyamides 
The polymers for use in this process are conveniently 

made by reacting suitable monomers in the presence of 
an amide type solvent by low temperatures techniques 
as taught in U.S. Pat. No. 3,063,966 to Kwolek et al. In 
order to obtain high molecular weight polymers the 
monomers and solvent should contain a minimum of 
impurities and the water content of the total reaction 
mixture should be less than 0.03 percent by weight. 
Poly(p-phenylene terephthalamide) is conveniently 

made by dissolving 1,728 parts of p~phenylenediamine 
in a mixture of 15,200 parts of hexarnethylphosphora 
mide and 30,400 parts of N-methylpyrrolidone, cooling 
to 15°C. in a polymer kettle blanketed with nitrogen 
and then adding 3,243 parts of powdered terephthaloyl 
chloride with rapid stirring. The solution gels and turns 
into a dry crumb-like material in 3 to 4 minutes. The 
stirring is continued for 1.5 hours when possible with 
cooling to keep the product temperature at about 25°C. 
The polymerization is essentially quantitative and the 
final reaction mixture contains 7.5 percent polymer of 
about 5.5 inherent viscosity (hereafter l.V.). The l.V. 
of the polymer from this system can be controlled by 
the ratio of monomers to solvent. Reduction of the 
amount of monomers from 9.83 above to 8.64 percent 
gives a reaction mixture containing 6.5 percent poly 
mer of 6.0 l.V. The use of about 11.7 percent of mono 
mers gives a reaction mixture of 9.0 percent polymer 
of 2.5 l.V. 
The crumb-like acidic product is vigorously stirred or 

ground with water in a Waring Blendor or a colloid mill 
and the resulting polymer slurry filtered. The wet poly 
mer is further washed by reslurrying with soft water to 
remove solvent and HCl and collected on a filter. This 
slurrying and filtering is repeated for a total of four 
times in sequence followed by a ?nal wash with distilled 
water. To aid in neutralization, one of the soft water 
washes may also contain sodium carbonate or hydrox 
ide. The polymer is then dried at 120°—140°C. 
Polymerizations can also be carried out by the con 

tinuous mixing of the monomers. 

Test Procedures 

Inherent Viscosity 
Inherent viscosity (l.V.) is defined by the equation: 

where c is the concentration (0.5 gram of polymer or 
fiber in 100 ml. of solvent) of the polymer solution and 
nrel (relative viscosity) is the ratio between the flow 
times of the polymer solution and the solvent as mea 
sured at 30°C. in a capillary viscometer. The inherent 
viscosity values reported and specified herein are de 
termined using concentrated sulfuric acid (95-98% 
H2504) unless otherwise specified. 
Fiber Tensile Properties 
Filament properties are measured on fibers that have 

been conditioned at 21°C. and 65 percent relative hu 



5 
midity (R.l-l.) for at least 16 hours unless otherwise 
specified. Yarn properties are measured on yarn that 
has been conditioned at 24°C. and 55% RH. for at least 
16 hours. All measurements are made in the fiber con 
ditioning environment. Tenacity (breaking tenacity) 
(Ten), elongation (breaking elongation) (E), initial 
modulus (M1), and toughness (breaking toughness) 
(Tou.) are obtained from breaking a single ?lament or 
a multifilament yarn on an lnstron tester (lnstron Engi 
neering Corp, Canton, Mass). 

Single filaments are broken with a gage length (dis 
tance between jaws) of 1.0 inch (2.54 cm.). The results 
on 3 ?lments are averaged. Yarns are twisted (under 
0.1 gpd tension) to give a twist multiplier in the range 
of about 0.5 to 0.8 and broken with a 10 inch (25.4 
cm.) gage length. All samples are elongated at a con 
stant rate of extension (10 percent elongation/minute 
for fibers having an E of under 8 percent, and 60 per 
cent elongation/minute for ?bers with E of 8 to 100 
percent) until the sample breaks. 
The denier of a single filament (dpf) is calculated 

from its fundamental resonant frequency, determined 
by vibrating a 7 to 9 cm. length of ?ber under tension 
with changing frequency. (A.S.T.M. Dl577'66, part 
25, 1968) This ?lament is then used for 1 break. 
The denier of yarn is determined by weighing a 

known length (at 0.1 gpd tension); 90 cm. length is 
convenient. 
The tenacity (grams/denier, gpd), elongation (t/r), 

initial modulus (gpd) and toughness (gram-centimeters 

3,869,430 

10 

20 

30 

per denier centimeter or simply gpd) as defined in , 
A.S.T.M. D2101 part 25, 1968 are obtained from the 
load~elongation curve and the measured denier. 1n ac 
tual practice, the measured denier of the sample, test 
conditions and sample identification are fed to a com 
puter before the start of a test; the computer records 
the load-elongation curve of the fiber as it is broken 
and then calculates the ?ber properties. 

lt should be noted that different values are obtained 
from single filaments (filament properties) and from 
multifilament strands (yarn properties) of the same 
sample. Filament tenacities are higher than yarn tenaci 
ties —- typically about 1.2:1, filament elongations are 
higher than yarn elongation and filament moduli are 
lower than the yarn values. Unless speci?ed otherwise 
all properties given herein are filament properties. 
The physical properties of all yarns of the examples 

are measured with the yarn having 3 twists/inch (t.p.i.) 
(per 2.54 cm). This results in a different twist multi 
plier (T.M.) for yarns of different denier. 

T.M. = [(twists/inch) \l denier of yarnl/73 
it has been observed that the initial modulus of a yarn 
decreases as the TM. is increased. For example, the 
modulus ofa 700 denier yarn (T.M. 1.08 at 3 t.p.i.) will 
be lower by about 5 percent than that of an equivalent 
200 denier yarn (T.M. 0.58 at 3 t.p.i.). 
This effect of the twist level on the modulus is much 

more pronounced with larger denier yarns and rovings 
of two or more plys of yarn. For example, a 1,512 de 
nier roving made up of four plys of a 378 denier yarn 
has moduli of 970, 920 and 810 gpd when measured at 
l, 2 and 3 tpi respectively and a TM. of 0.5, 1.1 and 
1.6 respectively. The singles yarn of 378 denier has a 
modulus of 980 gpd at 3 tpi (0.8 T.M.). The modulus 
of the fibers of this invention should be measured on 
yarns having a twist level that will give a TM. of be 
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6 
tween 0.5 and 0.8. In addition, the denier of the yarn 
or roving should be no greater than about 1,5 00 denier. 
Individual filaments should be carefully removed from 
oversize yarns or roving to reduce the denier of the re 
sidual bundle to 500 to 1,500 and the modulus deter 
mined (at a TM. of between 0.5 to 0.8) on the reduced 
bundle. The removed filaments are not used since the 
handling may change their properties. 
Bulk Viscosities ' 

Bulk ‘viscosities are measured by a Brook?eld Vis‘ 
cometer with a No. 7 spindle at 10 rpm. 

Orientation Angle 
An orientation angle of the fiber similar to the one 

discussed in “X~Ray Diffraction Methods in Polymer 
Science” by Leroy E. Alexander, Wiley-lnterscience 
(1969) Chapter 4, p. 264, is determined by the follow 
ing method. A wide angle X-ray diffraction pattern 
(transmission pattern) of the fiber is made using a War 
hus pinhole camera. The camera. consists of a collima 
tor tube 3 in. (7.6 cm.) long with two lead (Pb) pin 
holes 25 mils (0.0635 cm.) in diameter at each end, 
with a sample~to-film distance of 5 cm.; a vacuum is 
created in the camera during the exposure. The radia 
tion is generated by Philips X-ray ‘unit (Cat. No. 
12045) with a copper fine-focus diffraction tube (Cata 
log No. 14000320) and a nickel. betafilter; the unit is 
operated at 40 kv. and 16 ma. A fibersample holder 20 
mils (0.051 cm.) thick is ?lled with the sample; all the 
filaments in the X-ray beam are kept essentially paral 
lel. The diffraction pattern is recorded on Kodak No— 
Screen medical X-ray film (NS-54T) or equivalent. 
The film is exposed for a sufficient time to obtain a pat 
tern which is considered acceptable by conventional 
standards (e.g., a pattern in which the diffraction spot 
to be measured has a sufficient photographic density, 
e.g., between 0.2 and 1.0, to be accurately readable). 
Generally, an exposure time of about 25 minutes is suit 
able; however, a lesser exposure time may be suitable, 
and even desirable, for highly crystalline and oriented 
samples to obtain a more accurately readable pattern. 
The arc length in degrees at the half-maximum den 

sity (angle subtending points of 50 percent of maxi 
mum density) of one of the principal equatorial spots 
is measured and taken as the orientation angle of the 
sample. The specific are used for orientation angle ‘de 
terminations on fibers described in the following exam 
ples is the one of the two principal ones which occurs 
at the higher value of 26. e 
The orientation angles of fibers of this invention are 

determined by a densitometer method from the X-ray 
film. The azimuthal density distribution of the diffrac 
tion arc is obtained by use of a Leeds & Northrup Mi 
crophotometer (Catalog No. 6'700-Pl) whose elec 
tronic components have been replaced by a Keithley 
410 Micro~Microammeter (Keithley Instruments lnc., 
Cleveland, Ohio). The output of this apparatus is fed to 
a Leeds & Northrup Speedomax Recorder, Type G. 

In operation, the film is placed on the stage, the in 
strument is focused on the film, and the center of the 
diffraction pattern is made coincident with the stage 
center; both these centers are made coincident with the 
light beam of the instrument. The stage and mounted 
?lm are moved to permit the light beam to pass through 
the most dense area of the diffraction spot, the opposite 
spot is checked to insure true centering, and after any 
necessary fine adjustments are made, the recording of 
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the azimuthal density trace through at least a 360° rota 
tion of the film is made on suitable coordinate paper 
(e.g., Graphic Controls Corp., Buffalo, N.Y., No. 578). 
There is obtained a curve which has two major peaks 
in which the density axis is considered the vertical axis 
and the angular displacement the horizontal axis. A 
base line is drawn for each peak as a straight line tan 
gential to the minima on each side of the peak. A per 
pendicular line is dropped from each peak maximum to 
the base line. On this perpendicular at a density (the 
“half-density” point) equal to the average of the den 
sity at the peak maximum and the density where the 
base line intersects the perpendicular, is drawn a hori 
zontal line which intersects each leg of the respective 
curves. The leg-to-leg length of each half-density hori 
zontal line is converted to the degrees of are as follows. 
The horizontal distance equivalent to 360° of angular 
displacement is determined by rotation ofa given point 
through 360° followed by direct measurement of the 
horizontal displacement for such a rotation. For exam 
ple, one ofthe two major peaks above may be used for 
this purpose. By direct proportion, the half-density leg 
to-leg distance is converted to a degree value. The val 
ues for the two arcs are averaged and this is the orienta 
tion angle referred to herein. Values determined by this 
method have been shown to be precise to : 0.7° at the 
95 percent probability level. 

Method for Apparent Crystallite Size 

Diffraction scans have been observed which are dif 
ferent depending on the chemical structure, crystallin— 
ity and the degree oforder and orientation in the fiber. 
A measure of apparent Crystallite size (ACS) is calcu 
lated from data obtained from an X-ray diffraction pat 
tern using a re?ection technique to record the intensity 
trace by means of an X-ray diffractometer. 
A Philips X-ray generator, wide angle diffractometer 

and electronic circuit panel are used to record the dif 
fraction pattern. Approximately 1.5 meters of yarn is 
wound around a modified Philips sample holder with 
the axis of the yarn perpendicular to the mechanical (2 
6) axis of the diffractometer. The modification of the 
sample holder consists of cutting approximately 21 
notches. 0.01 inches wide, along the edge of the holder 
and cementing a thin sheet of lead foil across the bot 
tom side of the rectangular opening so that only the fi 
bers on top will be exposed to the X-ray beam. Using 
Nickel-filtered Copper radiation (1.5418A), a trace of 
the diffracted intensity is recorded from 6° to 38° 20, 
at a scanning speed of 1° 20 per minute, a chart speed 
of 0.5 inches per minute, at a time constant setting of 
2, with 0.5° scattering and receiving slits and employing 
a scintillation detector with a pulse height analyzer, 20 
being the angle between the undiffracted and diffracted 
beam. The full scale deflection of the recorder is set so 
that the entire diffraction curve remains on scale, 
which is linear, but with as large a response as possible 
and preferably with the maximum intensity at least 50 
percent of the scale. 
The diffraction scans or diffractograms observed for 

fibers of this invention consist, when the sample is crys 
talline, of a pattern of multiple peaks, with two major 
ones located in the range of about 17° to 25° 26, with 
those for most samples being in the narrower range of 
19° to 24° 20. In a few cases, one ol'these two peaks will 
be evident only as an inflection. which, however, will 
be sufficient to locate its position. If the sample is not 
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8 
crystalline, a single very broad peak will be the only 
feature of the diffractogram. In this case the apparent 
Crystallite size is taken as zero. To obtain the apparent 
crystallite size used herein as a structural parameter, 
measurements are made on that one of the two most 
intense peaks which is located at the smaller value of 
26. The procedure is as follows (cf. Alexander, op. cit., 
Chapter 7). 
A base line is first established on the scan by drawing 

a straight line between the points on the curve at 9° and 
36° 20. Next, a vertical straight line is dropped from the 
top center of the selected peak to the base line. and a 
point midway between the top of the peak and the base 
line marked on this vertical line. A horizontal line is 
then drawn at this midpoint. This line may cut one 
shoulder of the peak or, if the minimum in between the 
two major peaks is low enough, both shoulders. The 
breadth of the selected peak at this point is obtained by 
either measuring the distance along the horizontal line 
from one shoulder to the vertical line and doubling it, 
or when possible the distance between both shoulders 
along the horizontal line. The distance is expressed as 
peak (or "line”) breadth in radians, obtained by using 
the scale for 20 (established on the chart previoulsy) to 
convert the observed line breadth in inches or centime 
ters to degrees and, eventually, radians. If B is the ob 
served line breadth in radians, the corrected line 
breadth ,8 in radians is (cf. Alexander, op. cit., p. 443), 

where b is the instrumental broadening in radians. The 
instrumental broadening constant 12 is determined by 
measuring the line breadth of the peak located at ap— 
proximately 28° 20 on the diffractogram of a silicon 
crystal powder sample supplied by the manufacturer of 
the X-ray equipment (Philips Electronic Instruments, 
Mount Vernon, N.Y.). The constant b is this line 
breadth in radians. The instrument settings used are: 
scanning speed 0. 125° 20 per minute, time constant set 
ting 8 and chart speed 1 inch/min. 

Finally, the apparent crystallite size associated with 
the selected reflection (see above) is given by 

ACS = (K M/(Bcos 0) 

wherein: 
K is taken as one (unity) 
It is X~ray wavelength (1.5418 A here) 
,8 is corrected line breadth in radians (see above) 
6 is the Bragg angle (1/2 of the 20 value ofthe selected 
peak, as obtained from the diffractogram). 

In this measurement, it is recognized that line 
breadth is affected by strains and imperfections in crys 
tals (which are of unknown magnitude), as well as by 
Crystallite size, and for this reason the value obtained 
by the above calculation is called the apparent crystal 
lite size. Values determined by this method have been 
shown to be precise to i 2 A at the 95 percent proba 
bility level. 

A METHOD USING OPTICAL PROPERTIES TO 
MEASURE LATERAL ORDER IN FIBERS OF THIS 

INVENTION 

Preliminary observations designed to give an idea of 
the range of refractive index values for n" and n_|_ are 
made on short lengths offibers placed in a transmission 
interference microscope (e.g., the two beam instru 
ment made by E. Leitz & Co.). The fibers are mounted 
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in a series of “Cargille” index of refraction liquid to 
find the point at which the index of the oil matches the 
index of the fiber (minimum fringe shift) ?rst for nu , 
then for nl . Fibers of this invention are characterized 
by a relatively uniform n1, , and an_1_ that decreases 
somewhat toward the center of the ?ber. 
A well aligned bundle of ?bers about 1 mm. in diame 

ter and 5 cm. long is then taped to a ?at Te?on TFE 
?uorocarbon resin plate. A drop of epoxy embedding 
material, e.g., from Cargille, Inc. and prepared from 94 
cc. dodecenyl succinic anhydride (hardener), 75 cc. 
“Araldite" 6005 resin, 80c. dibutylphthalate (plasti 
cizer), 3 cc. N-benzyl dimethylamine (accelerator) 
[the accelerator is mixed with resin and the hardener 
and plasticizer are added], is placed at the center of the 
bundle and the mounted sample placed in an oven at 
60°C. for about 20 hours. In that time, the embedding 
material ?ows through the bundle and polymerizes. A 
short segment is cut from the preparation and glued 
(e.g., with “DUCO" Cement) to the end of a tapered 
rod in such a way that when the rod is placed in the 
chuck of a microtome, oblique sections (about 45° to 
the fiber axis) about 0.2 p. thick can be prepared. This 
cutting is best done with a microtome designed for pre 
paring ultra»thin sections (e.g., the “Ultratome” made 
by LKB, Stockholm, Sweden) at a cutting speed of l 
mm./sec. or less. The fiber bundle should be oriented 
in a plane that is normal to the knife edge. Further 
more, the bundle should be inclined at about a 45° 
angle to the cutting direction. 
Sections for study in the optical microscope are 

picked off the microtome water trough with a small 
piece of microscope cover glass and transferred to a 
microscope slide by ?oating the sections on a drop of 
water. The water is then removed with a piece of filter 
paper or by evaporation. The slide is cut in half and 
both pieces transferred to the stages ofa Leitz Interfer 
ence Microscope. The piece containing the sections is 
placed in the measuring beam of the microscope,‘ and 
the other piece of slide is placed in the reference beam. 
The microscope is set for interference contrast. Using 
green light (A = 0.546 a), one records the distance (D) 
the wedge ‘compensator has to be moved between black 
background settings, and the distance (d) between 
black background and black sections. It is proper to 
have the analyzer set with its polarization direction par 
allel to the short axis of the fiber sections. Then using 
the approximate value of n_|_ found by the method de 
scribed in the first paragraph above, one can calculate 
the section thickness (T) from 

T (in microns) = [(d/D) A (in microns)]/(izj_ ~11“) 

where 11,, is the refractive index of the reference ?uid, 
which in this case is air (HR = 1.00). 
The sections are then mounted in an oil of refractive 

index near nj_ (~l.64), a cover glass added and the 
preparation transferred to a universal stage on a polar 
izing microscope (e.g., a “Dialux-Pol" polarizing mi 
croscope with a five axis Fedorow Stage, both made by 
E. Leitz & Co.). White light is used and in the calcula 
tions below we assume a wave length, A = 0.55 it. The 
polarizer and analyzer are crossed in the 45° position, 
and an elliptical compensator having a maximum range 
of M30 (made by E. Leitz & Co.) is placed in the con 
ventional compensator slot. Measurements are made 
by eye using a 32X objective lens and a 6X eyepiece. 
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This technique is applicable to fibers which have 
cross-sections that are essentially circular. 
The universal stage is set to the zero tilt position and 

the sections rotated about the vertical axis in such a 
way that the long axes of the ?ber sections are at 45° 
to the polarizer, and a tilt axis set parallel to the major 
and minor axes of the sections. With the compensator 
removed, the sections are then tilted about the axis that 
is parallel to the minor axis of the sections to a point of 
minimum average intensity within the sections. The 
sections are then tilted about the axis parallel to the 
major axis of the sections to minimum intensity, or to 
the appearance of a maltese cross. The amount of tilt 
in each axis is recorded. These angles can be used to 
calculate the increase in path length introduced by tilt 
ing (see “Manual of the Polarizing Microscope," by A. 
F. Hallimond, Published by Cooke, Troughton, and 
Simms Ltd., York, England 1953), but this is unneces 
sary when considering the precision required. How 
ever, the second tilt is a useful measure of section dis 
tortion. It has been found that if the tilt about the major 
axis of the sections is greater than 20°, the section is 
judged to be poor and the sectioning procedure should 
be repeated. 
The compensator is then inserted and the angle cor 

responding to the maximum amount of compensation 
required to produce extinction along the minor axis of 
the section is noted. The compensator is then set at the 
angle corresponding to the maximum amount of com 
pensation required to produce extinction along the 
major axis of the section. This angle is noted and sub 
tracted from the first compensator setting. This differ 
ence is recorded as 2th, maintaining the sign of the dif 
ference. As used herein, lateral birefringence (An) is 
calculated from: 

where K is an instrumental constant provided by the 
manufacturer of the compensator, )\ is the wave length 
of light used (in microns), 2d) is thedifference in com 
pensator readings defined above, and T is the section 
thickness in microns. Positive Lateral Birefringence is 
de?ned as n,- > n,, where n,- is the index of refraction 
for light polarized such that the electric vector is along 
the radius of the fiber cross-section, and n, is the index 
of refraction for light polarized such that the electric 
vector is along the normal to the radius of the fiber 
cross-section. 
Generally, compensator readings of birefringence on 

five or ten filaments, or on as many filaments as are 
necessary in order to obtain a representative sampling 
of the fiber bundle, are made and averaged to obtain 
the Lateral Birefringence. in viewing each section, 
there should be no cutting distortions or other artifacts 
which would be apparent to one: skilled in the art, al 
though a slight change in the inclination of the optic 
axis from its expected position is allowed if it can be 
compensated for by tilting. Those sections having dis 
tortions other than those allowed in the previous sen‘ 
tence should be disregarded. It may also be preferred, 
in some cases, that a new section be prepared which is 
free of distortion and artifacts. In most cases compen 
sator readings to obtain the birefringence of individual 
filament sections are made at constant settings of the 
tilt axes. However, it is conceivable that in some in 
stances the ?laments will not be aligned parallel to one 
another within the ?ber bundle prior to sectioning. 
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causing individual filaments to be cut at different an 
gles. This requires that the procedure for adjustment of 
the tilt angles be repeated for each individual filament 
section before compensator readings are made. As be 
fore. any section for which the tilt about the major axis 
of the section is greater than 20° is disregarded. 
The precision of the above method of determining 

lateral birefringence, An, was calculated to be i 0.003 
at the 90 percent confidence level, irrespective of the 
value of An. 

All fibers of this invention consisting essentially of 
PPD-T that are essentially round in cross-section and 
have a d.p.f. less than about 10 will have a An of at least 
0.022. 

Fiber Densities 

Fiber densities are measured using the density 
gradient tube procedure for plastics specified in ASTM 
method D l505~68, Part 27, 1970, modified by using 
heptanecarbon tetrachloride at 25°C. as the liquid sys 
tem for the density-gradient tube. The densities of four 
loosely knotted short (about 1 to 2 cm) lengths of fila 
ment or yarn are determined and the ‘average value re 
ported. 
Following are the values (to three significant figures) 

of density (in grams/cubic centimeter, g/cm3) for the 
fibers of the examples in Table I. 

density 
L45 
L46 
L46 
1.46 
I .47 

A minimum density of 1.40 g./cm3 is used to assure 
that the fibers will not have an excessive amount of 
voids or bubbles that would significantly reduce the ex 
pected tensile strength. ' 

Starting fibers a, b, c and d have a density of 1.45 
g./cm.". 

EXAMPLE I 

PPD-T polymer of 6.0 I.V. is added to sulfuric acid 
(99.7% H2SO4) at 40°C. in a water-jacketed commer 
cial planetary mixer through a top entrance over about 
2 minutes to give a ratio of 46 grams of polymer/100 
ml. of acid. The mixer is sealed and placed under 68.5 
to 76 cm. of Hg vacuum. The temperature of the water 
jacket is increased to 85°C. and the planetary mixing 
blades started at a slow speed. After about 12 minutes 
the jacket temperature is reduced to 77°C. which af 
fords a temperature in the solution of between 
79°—82°C. Mixing is continued for about 2 hours. The 
solution then has a bulk viscosity of 2,300 poises. 
The dope is transferred to a glass-lined, water 

jacketed (90°C.) kettle. A vacuum of about 69-76 cm. 
of Hg is applied for about 30 minutes to remove any air 
or bubbles caused by the transfer. The dope is pumped 
from the kettle through a transfer line closely wrapped 
with a water line (90°C.) to an electrically heated 
(80°C.) spinning block and attached gear pump. The 
gear pump meters the dope through another passage in 
the block to a water-jacketed (80°C.) spinneret pack 
containing a backing screen, stainless steel felt and a 
0.5 inch ( 12.7 mm.) diameter spinneret containing 100 
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12 
holes of 2 mil (0.051 mm.) diameter. The dope is ex 
truded from the spinneret at ajet velocity of about 207 
f.p.m. (63 m.p.m.) vertically through a 5 mm. layer of 
air into 1°C. water in a spinning tube similar to that 
shown in FIG. 1. Items (1 and c are made using a freely 
revolving roller under the spin tube to direct the 
threadline to the windup while item d uses a ceramic 
rod. The yarn is wound up at different speeds on a bob 
bin under a water (50°C.) spray. The bobbins of yarn 
are stored in a tank of water. The bobbins are then sub 
mersed in 0.1N NaHCO3 and then further extracted 
with water (70°C.) on an advancing reel extracting de 
vice of the type shown in U.S. Pat. No. 3,659,225. The 
extracted yarn is wound up and dried on the bobbins at 
70°C. Properties of the dried yarn of 5.2 l.V. are given 
in Table I as items [1,6, and dwhich are prepared at spin 
stretch-factors of 1.5, 3.4 and 4.4 respectively. 

EXAMPLE II 

This example illustrates the heat treatment of fibers 
of PPD-T in order to increase the initial modulus. 

Fibers are extruded from dopes with sulfuric acid 
using the general procedures of Example 1. Items a, c, 
and d of Table I are the fibers of Example I. Yarn item 
e is dried under a tension of 5 gpd at 150°C. Yarn item 
fis prepared from polymer of 6.6 I.V. 
Yarn I.V. values range from 4.9 (item b) to 5.8 

(itemsfand f-l). 
The well-washed and dried yarns of about 135 to 415 

denier (100 filaments) are passed through a 10 foot 
long (3.05 meters) stainless steel tube ofabout 1.5 cm. 
l.D. containing nitrogen at various conditions as given 
in Table I under “Heating Conditions“ where “°C.“ is 
the temperature of the wall at the midpoint of the tube. 
“t" is the time in seconds of the treatments and “tens" 
is the tension in grams/denier. The tube is electrically 
heated and is contained in a box of vermiculite as insu 
lation. The nitrogen passes through a tube in the box 
before being fed to the yarn treatment tube. The yarns 
are only drawn from about 1.001 to 1.021 times their 
original length and do not contact the walls of the tube. 

Similar results are obtained when a water-wet yarn is 
treated in this manner. , 

It is observed that with a 400 denier yarn the temper 
ature should be about 100°C. higher than that used for 
a 200 denier yarn when treatment times of about 1 sec 
ond are used. 
Composites of epoxy resin and unidirectional fibers 

containing about 60 volume percent of ?bers b-l, e-l 
and f-1 show excellent values of flexural modulus 
(ASTM D790-66, Procedure A with some modifica 
tions), flexural offset yield strength at 0.02 percent off 
set strain [ASTM D790-66 (11.5) and Appendix to 
ASTM D638-68], tensile strength, tensile modulus and 
Stress-Rupture Life test [time to break under a static 
axial tensile load which is a given percentage (usually 
95-98 percent) of the average ultimate tensile strength 
of the particular sample]. 
The thin (about 0.25 mm thick) composites used for 

tensile properties show little or no warpage upon 12 
hour exposure to boiling water. 
Filament properties of items e~l,fandf-1 are based 

on four breaks; filament properites of items I; and b~1 
are based on seven and five breaks respectively. 
Heating a yarn similar to item 0 at 400°C. for 3 sec 

onds at 0.7 gpd tension gives a fiber with yarn ten. 
lE/Mi of 20.8/2.2/908, an orientation angle of 12.6°, an 
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ACS of 91 A, an ACS/OA ratio of 7.2 and a density of 
1.46 g./cm.“. 

114 
ing 1) a lateral birefringence, An, of at least 0.022 as 
determined from measurements on oblique fiber sec‘ 

TABLE 1 

Heating 
Conditions A.C.S. A.C.S. O.A Yarn Properties Filament Properties 

ltem °C-t-tens O.A A ° Ten E Mi Tou Den DPF Ten E Mi Tou 

21 None 2.2 45 20.0 21.2 3.9 547 0.39 415 3.7 26 5.6 570 0.73 
a-] 250-6-6 6.2 60 9.7 21.4 2.3 917 0.24 394 3.9 24 3.8 770 0.50 
b None 2.6 41 15.6 22.0 3.3 649 0.34 196 2.0 25 4.4 570 .54 
1141 3501.54 7.4 70 9.4 22.3 2.2 1019 0.24 179 1.8 26 3.3 890 0.145 
c None 3.5 49 13.9 22.8 3.2 727 0.35 190 1.9 27 4.8 680 0.67 
c-l 250-6-4 6.2 59 9.5 23.1 2.2 1080 0.27 178 1.8 29 3.7 890 0.58 
d None 4.3 49 11.5 24.8 2.8 948 0.34 135 1.4 27 4.3 680 0.62 
d~1 250346 6.4 62 9.7 22.5 2.0 1175 0.23 136 1.4 28 3.5 830 0.50 
d-2 55046-2 12. 118 9.8 16.8 1.3 1394 0.11 136 1.3 22 2.1 1030 0.24 
e Dried 150° 3.0 41 13.5 23.6 2.9 862 0.35 184 1.8 
e-l 400-3-4 9.1 80 8.8 20.5 1.9 1080 0.19 179 1.8 22 2.7 890 0.31 
f None 4.5 50 11.2 25.1 3.2 779 0.39 191 1.9 31 4.8 710 0.76 
M 350-1.5-6.5 10.6 84 7.9 23.9 2.1 1130 0.25 177 1.8 32 3.7 920 0.62 

The twist multipliers for the yarn examples in Table 
I range from a low of 0.477 (item rial, 136 denier) to 
0.815 (item a-l, 394 denier). 
Following are values of lateral birefringence (An) of 

fibers in Table 1. 

An 
0.045 
0.035 
0.025 
0.054 
0.035 
0.042 
0.044 
0.045 
0.048 
0.045 
0.031 
0.053 

What is claimed is: 
l. A high tenacity, high modulus fiber having a den‘ 

sity of at least 1.40 grams per cubic centimeter and 
consisting essentially of poly(p-phenylene terephthal 
amide), the polymer of said fiber having an inherent 
viscosity of at least 4.0 as measured at a concentration 
of 0.5 gram of polymer in 100 ml. of concentrated sul 
furic acid (95-98% H2504) at 30°C. and said ?ber hav 
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tions of thickness, T, in microns, with a polarizing mi— 
croscope equipped with a compensator, using the equa 
tion: 

where K is the instrumental constant of the compensa 
tor, A is the wavelength in microns of the light used and 
2d) is the difference between the angles of the compen 
sator to produce extinction along the minor and the 
major axis of the section, 2) crystalline regions with an 
apparent crystallite size, ACS, of greater than 58A as 
determined from an X-ray diffractogram scan along a 
line perpendicular to the fiber axis using the equation: 

ACS = (K m/(B Cos 0) 

where K is taken as one; A represents the wavelength 
in A of the X-rays used; 0 is the Bragg angle and ,8 is 
the line breadth in radians, corrected for instrumental 
broadening. at half intensity of the major reflection lo 
cated at the smaller value of 26, and 3) an orientation 
angle no greater than 13° with the proviso that the ratio 
of the apparent crystallite size to the orientation angle 
is at least 6 A/degree. 

2. The fiber of claim 1 wherein the crystalline regions 
have an orientation angle of less than 10°. 

3. The fiber of claim 1 having a filament tenacity of 
at least 22 grams per denier. 

>1< >l< * >l< >1= 
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