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structures are observed. Viscosity and norm a l stresses were mea sured atvarious concentrations and temperatures. A yield stress is exhibi ted atroom temperature . Both room-temperatur e and 60 deqree C Viscosi ty versusconcentration curves disp lay- maxjrn~. The Solution s in concentration rangesfrom 2 to 12% have been extruded as ribbons and as annul ar blown tubularfilm . Processing variables and problem s are discussed . Wide angle x-rayscattering patterns of films show orientation. Tensile properties havebeen measured on fi lms.
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INTRODUCTION

A most striking recent technological development was the invention

by Kwolek, ~1organ and their coworkers at DuPont (1-7) of super high mod—

ulus and tensile strength fil aments from p—linked aromatic polyamides

and the commercializati on of Kevlar ® . These researchers indicate

enhanced properties are developed due to the liquid crystalline charac-

teristics of the polymer solutions used in the fiber formation process.

These views have been confi rmed by investigations in our own laboratories.

~~~
) and by Celanese (9). Following the above efforts , the development

of similar characteristics have been reported by Tennessee Eastman and DuPon t

for largely aromatic polyesters where melt processing is possible (10-12). Re-

cently a critical review of polymer liquid crystals has been wri tten (13).

The development of polymer liquid crystal based fiber formation

technology suggests extension to other processing operations. Jackson

and Kuhfuss of Tennessee Eastman (10) report the injection molding of

liquid crystalline polyesters and the development of high levels of

orientation and anisotropic mechanical properties. Miyoshi and his coworkers

Uniti ka (Uji , Kyoto, Japan) describe a process for making tubular film

from poly (p—phenylene terephthalamide). (j•~
).

It is the purpose of this paper to present a basic study of the

characterization and solution processing of pol y(p-phenylene terephthal-

amide ) cPPD—T ) and redissolved Keviar ® , be~ieveu to have the same

structural formula:

- -L ~ ( I )
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Our investigations represents a progress report of a continuing study of

these systems . It includes ( i) structural studies of the solutions using

electromagneti c radiation , (ii) rheological property investigati ons of the

solutions (iii) and fabrication studies of sheet and film along w ith their

characterization.

EXPERIMENTAL

Materials

The polymers used in this study were Kevlar~~ fiber supplied by

DuPont and PPD-T suppl ied by Unitika Ltd. (Uj i, Kyoto, Japan)

Dissolution of Kevlar ® and PPD—T

The above samples we re dissol ved in 100% sulfur ic acid using an

electrically driven high. speed stirrer. The mixing temperature was

usually kept in the range 60 to 80 degrees C. The concentration of

sulfuric acid was checked by titration before mixing and adjusted to

100% by adding fuming sulfuric acid. It is easier to form a dope

with PPO—T as opposed to Kevlar® because the PPD-T is in a powder fo rm,

and also less crystalline and not oriented .

Dilute Solution Viscosity 
-

The intrinsic viscosity , [n), of these polymers ~:a~ measured in an

Ubbelohode viscometer in sulfuri c acid at 30 degrees C. The ~nJ val ues

obtained are

Kevlar fiber: [nJ 6.2

PPO—T powder: En] 4.5

Opti cal Microscopy

A Lei tz Ortholux polarizing li ght mi croscope was used to investigate

the blrefringent characteristi cs of the systems. The sample thickness
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is con trolled in two ways. For the measurement of the thicker sample

solutions , Fisher Scienti fic Littnian Slides (for fungus mounts ) were

used and covered with a glass cover slide. These possess depression s

of thickness 600 microns. For the thinner sam ple solutions , ce l ls

were made by pressing samples between glass plates separated by a spacer.

The thickness of the spacer was 100 microns. The samp le holder of the

microscope had a hot s tage wi th accurate temperature regulati on . Trans-

mi tted light intensity was measured wi th a photometer.

Light Scattering

A Spectra—Physics 1308 hel ium—neon gas laser wi th wavelength 6328 A

was used. The sample was pl aced between glass slides as indicated earlier

and positioned between crossed polarizer and analyzer. The scattere d light

was recorded on a photographic plate .

Absorpti on Spectra

Absorption spectra were determined with a Cary 17 double beam

spectrophotometer.

X-ray Diffracti on (WAX S)

Wide angle x—ray diffraction measurements were made on the solutions

using a Philips X-ray diffractometer wi th nickel filtered CuK~ radiation .

The solution samples were placed in thin walled glass tubes to minimize

the effect of the sample holder. Exposure times were for 2-4 hours .

WAXS patterns of films were made using a Philips x-ray di ffractometer

with nickel fil tered CuKa radiation.

X-ray Diffraction (SAXSJ

Small angle x-ray di ffraction behavior was investigated using a

Rigaku rotating anode X-ray genera tor wi th CuKo radiation . As in the 

~~~~—~~~- -- --- -
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WAXS studi es the samp les were contained in thin walled glass tubes.

Exposure times of 6 hours or more were used.

Rheologica l Procerty Measurements

The viscosity and principal normal stress di fference of Kevlar~~ /

H2S04 solutions were determined as a function of shear rate. A model

R- 16 Weissenberg Rheogonfometer was used with a specially designed cone-

plate system machined from type 304 stainless steel . The shear stress

was determined from the torque I and the normal stress difference

N1 was determined from normal force measurements using the expressions

(15):

~l2 = —
~~~~ 

; N1 = _.?.~~ (la ,b)
~rR irR

where R is the radius of the cone—p late. Measuremen ts were made at

25 and 60 degrees C.

Extrusion ~pparatus

The polynw r solutions were extruded to form ribbon and sheet/film

from two different apparatus. One of these was identical to that developed

by Hancock et al (8) in our laboratories . The second apparatu s was designed

especially for the present investigation . Figures la and 2a show the

features of this equipment.

Rectangular sl it dies shown in Figure lb were mainl y used for the

formation of ribbons. These were used in the apparatus of Figure la.

The aspect ratio of these dies~ ranges from 4 to 30. The thickness of

the die slit is 0.2 mm. A specially designed die wi th an annular gap

was used to produce wi der fi l ms in the apparatus of Fi gure Ia. This die

Is shown in Figure ic. 

~~~~~~~~~ -- V. -V~~~~~~~~~~~~- 
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The apparatus shown in Figure 2a is essentially a tubu lar film

blowing system. A tubular film die allowing for internal inflation

(Figure 2b) was used . The main objecti ve of this appara tus was to

radially expand the extrudate through the dies annular gap with pres-

suri zed nitrogen gas introduced from the outlet of the die. Thus the

emerging tube may be continuously drawn biaxially via radial expansion

and simu l taneous winding tension .

Degradation Problems

Generally it is a difficult process to dissolve the Kevlar~~

fibers because they are in a highly oriented crystalline state. In

the case of forming a hi gh concentration dope, rather severe mixing

conditions including both a high mixing temperature and a long mixing

residence time is often required . Significant degradation of the sample

under such condi tions can occur. The fiber originall y has an [n] of

6.2 du g. This decreased to values of 5.2, 4.8, 4.2, 1.4, and 0.5 du g.

in a series of tests to determine the effect of mixing conditions on

degradation. Controlling the sulfuric acid concentration rigorously to

100% and using a mi xing temperature of no more than 60 degrees C is

favorable for avoiding severe degradati on .

Mechanica l Properties

Force—elongation curves were obtained on films in a Table Model

Instron Tensil e Tester at room temperature .

STRUCTURAL STUDIES 
V

Results

Let us first consider the appearance of the soluti ons. The Kevlar~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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soluti ons are dark brown in color and nearly opaque .

The polarizing microscope was used to determine the conditions under

which the solutions studied became anisotropic. The solutions studied

were isotropic at low concentrations. In a narrow concentration range of

9 to 9.5%, a transition occurred to an anisotropic phase in which light came

through the cross polars . This is shown in Figure 3.

The solutions of Kevlar in the transition region (9~.9.5~) from iso-

tropic to anisotropic appear to exhibit small globular structures. The

average size of the globular particles is about 5 microns (5 x lO~ A) .

The particles are spherul ites showing a Maltese cross under cross polars

(see Figure 4). The sign of the spherulites is negative , i.e., the tan-

gential refractive index must be greater than the radial refractive index .

The anisotropic phase of this two phase region (9~9.5 wei ght %) is com-

posed of small spherulites that form aggregates of abou t 50 microns in

diameter.- This is shown in Figure 5a.

The structure of the sing le phase polymer liquid crystalline solutions

cannot be characterized easily. This is because the anisotropic phase

is affected by the shearing force applied when the sample is placed in a

cell for microscopy . As the orientation rel axation time of polyme r liquid

crystals is quite long , a rest period of several days is needed to acheive

equilibrium. The size of the domains of the as—formed room temperature

wholly anisotropic phase are very small (< lOu). However , threadl i ke

structures resembling those found in low molecular weight liquid crystals

(16, 17) are observed after the as—formed liquid crystalline structu res

are melted at 90°C and cooled to room temperature (Figure 5b).

The H
~ 

(laser light scattering with cross polarize r) pattern for the

Keviar ® solution is shown in Figu re 6. It is comp lex i n cha r acter. As
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the soluti on consists of the aggregates of many small speru litic particles ,

the scattered light is affected by the birefringenc e of the other particles 
V

existing in the optica l path . In this case , mu l tiple scatterings are

supposed to inevitably occur.

In anisotropic solutions , absorption spectra sometimes associated

with the pitch of cholesteri c liquid crystals were not observed in a wavelength

range of visible light. At wavelengths of less than 4200 A such absorp-

tion spectra could not be detected owing to the strong absorption of

phenyl groups.

When polymer solutions are investigated by x-ray diffraction , much

attention must be paid to the selection of the sample cell. The sample

cell absorbs the scattered x-ray and also diffracts the x-ray beam by it-

self to exhibit an x-ray pattern. A very thin wall glass capillary cell

was used in this study to minimize the effect of the cell. Diffraction

from the solvent molecules must be considered too. The analysis of the

x-ray diffraction patterns of lyotropic polymer liquid crystals has many

difficult problems.

WAX S patterns of Kevlar ~~~solutions exhibit a strong inner ring~ at

lOi~l5 A and a weak , diffuse outer ring at 4.6 ~~~ . No distinguishable difference

between the isotropic and anisotropic solutions was observed from those patterns . ~
- -

~

Considering the scattering from the solvent and sample cell , it is very dif-

ficult to quanti tatively explain the experimental data at this stage.

SAXS patterns were also measured for all anisotropic solutions of

pol ymers . However , no distinct diffraction was obtained . It is concluded

from this fact that no repeating structural feature exists in the 60 to
0

300 A range. - 
-

V • V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Interpre tation

The polarized light observations of the two phase regions of Keviar~~

solutions show the existence of negati vely birefringent spheru lites . As

the polar izability along the length of the aramide chain is greater than

that perpendicular to it , we may conclude these macromolecules are oriented

in a circumferent ial or tangential manner (See Figure 7a). Whi le po ly—

ethylene also exhibits negatively birefringent spherulites (18, 19) and this

is generally considered to be due to chain folding, the SAXS patterns give

no indication of chain fol ding for Kevlar® solutions. The orientation

of the macromolecules in the nernatic structure of the anisotropic phase

is surmised in Figure 75.

Many of the structural aspects of these systems have been developed

in more detail elsewhere (20), where we have made a comparative study

with other polymer liquid crystalline solutions.

RHEOLOGICA L STUDIES

Resul ts -

Viscosity and principa l normal stress difference as a functi on of

shear rate at var ious concen tra tions at 25 degrees C are plotted in

Figures 8 and 9. The viscosity at very low shear rates is an increasing

func tion of concen tra tion , but at higher shear rates a maximum is exhibited 
V

at an intermediate concentration. The viscosity-shear rate function is

nearly Newtonian at low concentrations , but rises indefinitely at low

shear rates and high concentrati ons.

The viscosity at 60 degrees C is plotted as a function of shear

rate for severa l different concentrations in Fi gure 10. The viscosity

~ 
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is Newtonian at low shear rates in all cases , but still exhibits a

maximum in its viscosity versus concentration .

Interoretati on

Kev l ar® solutions exhib it many of the rheo l ogical characteristics

of common polymer soluti ons. The overall viscosity-shear rate behavior

is non-Newtonian and the systems show sicnficant norma l stresses. How-

ever , the detailed character is different. Notably, the viscosity at

25 degrees C rises indefinitely at low shear rates . To pursue the sign-

ificance of this Figure 11 presents a plot of viscosity as a function of

shear stress. A yield stress value is observed. Also Papkov et al

(21) have noted the occurrence of yield values in concentrated solution s

~f p—polybenzamide. Thus Kevlar /sulfuric acid soluti ons and perhaps

other aramides at room temperature behave as gels rather than as

ordinary polymer fl uids .

The concentration at which the viscosity maximum occurs corresponds

to the onset of the liqui d crystal phase formati on . Similar observati ons

have been reported by Kwolek and her cowor kers (1 , 5, 6) for a range of

para linked polyamides and by Papkov et al (21 ) for poly(p-benzamide). -

Such behavior has also been found by Hermans (22) for synthetic poiy-

peptides which exhibit liqu id crystalline character. However , quanti tative

conclusions about this aspect of the rheology of arami des in sulfuri c

acid solution must be approached with caution . Viscosity is a function

of both the concentration and molecular wei ght. The molecular weight ,

via amide linkage cleavage in the presence of sulfuri c acid , mus t un-

questioningly be l owered as shown by the intrinsic viscosity results

men ti one d above .
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A detailed comparative study of the rheological properties of these

solutions with other polyami des is given elsewhere (23).

EXTRUSION STUDI ES

Process Cons id erations

A range of ribbons and fi l ms have been extruded verti cally down- 
V

ward into a water bath where they were coagulated through extraction of 
V

the sulfuri c acid solvent. (See Figures 1 and 2). After being wound up

on a rol ler , the ~-ar’ples ware washed or neutralized in a weakly al kaline

(pH 8—g) solution and then dried in air.

It was found during the ribbon spinning experiments that the cross

secti on of the ribbon deforms signifi cantly as it emerges from the die and

coagulates , especially when there is an air gap between the die and

the bath. With a large air gap, more than 50 Tin , it seems to be almost

impossible to keep the sample ’ s cross secti on rec tangula r. In the mos t

extreme case the end product has been found to be a completely cylindri-

cal fiber, very different from the contour of the die.

Making the air gap as small as possible was the most effective way

to prevent or minimize the distortion of the cross section. Other impor-

tant factors related to this problem are presumably the extrusion rate V0

and the take-up velocity V1 or the draw down 
ratio V~/V~. I t has been

foun d that spi nn ing with a l owe r extrus ion ra te and lar ger draw down

ratio tends to avoid the distortion of the cross section . The higher

the concentra tion , the narrower the useful operati ng range . This is

summarized in Figure 12. Increasing the aspect rati o of the sl it seems

to be effective. The main factors wh i ch appear related to this distortion 

~~~~~~~~ - - V - - ~~-~~~~~~~~~~~~~~-- 
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are large extrudate swell due to unconstrained elastic recovery and the

surface tension of the dopes. Apparentl y the first factor is dominant

as witnessed by.the more serious nature of the problem in the higher con-

centration dopes.

A problem which arises notably in the tubular film extrusion process

is associated wi th bubbles in the solutions. The presence of such bubbles

tends to lead to ‘burst through ’ failure of the i nflating film.

Characterization of the Extrusion Products

Scanning electron photomicrographs of some of the ribbons produced

are shown in Figure 13. rt may be seen that one of the distinctive features

observed with these photos is a great difference in the surface roughness -

‘

between the lower and higher concentration samples. A scale structure can

be observed on the surface of the ribbon formed from a 2% solution . This

roughness or scale strticture seems to be diminished at higher concentrations.

The high concentration sampl es appear as a bundle of fi brils. Some

structural differences would seem to exist between the central and edge

portions of the ribbon.

Wi de angle x-ray scattering patterns for some films are shown in

Figure 14 and other data for ribbons and films are reported in Tables 1

and 2. They are crystalline and many of them are preferentially oriented.

The primary reflections observed have Bragg s-pacings of 3.2 A , 4.0 A and

5.0 A. According to the crystal structure models of Northolt (24) and

Tadokoro (25) for poly (p—phenylene terephthalamide ), the calculated

strongest reflections should be the (110), (.200), and (004) reflection

planes of an orthorhombic unit cell (see Table 1). The 3.2 A and 4.0 A

spacings correspond to the reflections from their (004) and (200) planes , 

-— - --~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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respectively. However , the strong reflection of the 5.0 A spacing can- V

not be assigned by their crystal structure model (the Bragg spacing of

(110) reflection is 4.32 A from their model). This reflection was also
V 

. 
observed by Hancock et al (8) who suggested that it might be associated with

a polymorphTh form. A not dissimilar view is expressed by Jaffe (9).

The uniaxially drawn ribbon and film show strong equatorial intensities

for the 5.0 A spacing but not the (200) reflection . The intensities in—
0

crease wi th the extent of draw down . The 5.0 A spacing is most sensitive

to the orientation developed in the sample.

In the case of blown tubular film, preferential orientation to the

machine and transverse directions was observed. The sharp equatorial re-

flection of the 5.0 A spacing planes was also characteristic. On the other

hand, a weak (110) reflection was detected at the Bragg reflection spacing

4.32 A. The (110) planes also sharply locate in the transverse direction .

This may suggest that the b—axis tends to become oriented perpendicular

to the machine direction as observed in the melt spinning of polyolefins

(26) .

The influence of annealing at 400 to 500 degrees C for 10 minutes can

be seen in terms of a sharpened and increased di ffraction i ntensity . Some

annealed samples showed a new diffraction ring at 7.63 A when they were

annealed in a silicone oil bath (Table 1). This reflection is not predicted

by Northolt (24) but was also observed by Hancock et al (8). Orientation 
-

is increased by annealing .

Stress—strain curves were determined for ribbons in the machine direc-

tion . The samples were generally very bri ttle. Tensile strengths of 0.5

- -~~~~----~~~~~~~ 
V - - - - -V -  ~~-~~~~~~~~~~~~~~- - - --- —



-,

13

to 5.0 x io8 dynes/cm2 were obtained and elongations of 1 .5 to 14% were

obtained. These samples were produced withou t an air gap. Dry jet wet

spun fibers from the same solutions showed substantial increases in pro-

perties, e.g. a tensile s trength of 240 x 108 dynes/cm2. A contributi ng

factor to the weaknesses was degradation of the molecular weight.

Annealing of the ribbon at 400 to 500 degrees C for 10 minutes was

not found to have any substantial effect on the tensile strength of the

ribbons, but was found to decrease the elongation to break.

The stress—strain characteristics of a dry jet blown film are shown in

Figure 15, along with a non-blown sample. The improved transverse strength

of the blown film clearly can be seen here , thougFi its blow—up ratio is

small (1.2X). The ratio of tensile strength in the transverse direction

and also in the machine direction almost doubles when the blown sample is

compared to the non-blown sample. After annealing both the blown and Un—

blown samples show a much improved tensile strength in both directions.
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TABLE 2 V

Half angles of WAXS diffraction arcs as measured from the equator.

RIBBON

a) As Spun Samples - Diffraction Plane
(110) (200 ) (004 ) 7 .6 A

Dope Concentration , (~t.%) angles are in degrees

2 180 180
4 65 180 180
8 60 180 180

12 60 180 180

b) Annealed Samples

2 180 180
4 65 180 180
8 40 180 180
12 30 180 180
12(ánnealed in silicone oil) 30 180 180 180

TUBULAR FILMS

a) As Spun wi th Uniaxial Extension Diffraction Plane
(110) (200) (004)

Dope Concentration (wt. %) angles are in degrees

11 28 180 180 V

b) As Spun with Biaxial Extension

12 23 37 30

-~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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FIGURES

1. (a) Small scale extrusion apparatus . (b) Ribbon slit die used in
the apparatus. Cc) Annular die used in the apparatus.

2. (a) Tubular film extrusion apparatus. (b) Tubular film die.

3. Light intensity as a function of concentration for Kevlar ~~~/ 10O%
H2S04 solutions examined via 

polarized lig ht microscopy .

4. Two phase structure of 9.2% solution of Kevlar® /100% H2S04 solu tion
at 25°C examined ~zia polarized light microscopy .

5. Anisotropic region of Kevlar® solu tions .

(a) Aggregated spherulitic structure at 9.5% and 25°C.
(b) Nematic threadl ike structures at 11% obtained on heating above

90 degrees C and cooling.

6. H~ laser small angle light.scattering pattern for Kevlar® solution
at 9.5%.

7. (a) Proposed arrangement of PPD-T macromolecules in the
spheruli tes

(b) Proposed arrangement of macromo lecules in the nernatic
structure.

8. Viscosity as a function of shear rate in Kevlar®/H2S04 solutionsat 25 degrees C.

9. Normal stress versus shear rate relationshi p for Kevl ar®/H2504solutions at 25 degrees C.

10. Viscosity as a function of shear rate in Kevlar~~ /H2SO4 solutions
at 60 degrees C.

11. Viscosity as a function of shear stress in Kevlar(!~/H2SO4 solutions
at 25 degrees C.

12. Stable and unstable extrusion regions for Kevlar~~ /10O% H2S04
solutions. -

13. Scanning electron microscope pnotomicrographs of ribbons.
SEN photomicrographs of ribbons spun from 12% dope wet jet spinning
with v = 0.014 rn/mm and v 1 = 0.37 rn/mm

(a) Aspect ratio 30; surface structure at 50x

L 

(b) Aspect ratio = 30; cross section at 500x
(c) Aspect rati o = 16; cross section at 200x
(d) Aspect ratio = 16; surface texture at 1800x .
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14. WAX S patterns of the film V

(a) with uniaxial extension
(b) wi th biaxial extension

15. Engineeri ng stress—strain curves for machine and transverse directi ons
of films extruded through an air gap using an 12% PPD-T Kevlar~~ /H2S04solution .

(a) Blow up ratio = l.2x
(b) Blow up ratio l.Ox
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5. Anisotropic region of Kev lar® solu tions.

(a) Aggregated spherulitic structure at 9.5% and 25°C. -
V (b) Nemati c threadlike structures at 11% obtained on heating above

90 degrees C and cooling.
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6. H~ laser small angle light scattering pattern for Kevlar ® solutj onat 9.5%. -
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THE AREAS BENEATH AND TO THE RIGHT OF THE LIN E Si’- ’ ’ ’ ’ ”INDICATE WHERE EXTRUDATE DISTORTION OCC URS.
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- FIGURE 12. STABLE AND UNSTABLE EXTRUSION REG I ONS FOR KEVLA R
H2S04 SOLUTIONS.
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FIGURE 13

SEM PHOTOMICROGRAPHS OF RIBBO NS SPUN FROM 
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(FIGURE 13)
ASPECT RATIO = 16

CROSS SECT ION AT 200x
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14. WAX S patterns of the fflm

(a) with unfaxial extension
(b) wi th biaxial extension
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15. Engineering stress-strain curves for machine and transverse dirictions
of films extruded through an air gap using an 12% PPD-T Kev1ar~~~/H2S04solution .

(a) Blow up ratio = 1.2x

-- -V~~~~~~~~~~~~~~~~~~~~~~~~~ V V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I I I I I I

B l o w  Up Ratio :1.0

b 
- 

- Ann ealed 
-

V Machine Directi on
E ~~~~~~~

Cl)a,
C -
>~

(I)

Extruded
T Machine Directi on

ci,

C, -

C

~ 2 -
a, V

a,• C

C - Annealed Extruded -
Lu Transv erse Direction Transvers e

- Direction
• a -

0 2 4 6 8 10 12

- - - 

Elongation (%)

15. En€ineertn~ atress-etrain curves for nachlne and transverse
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