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METHOD FOR SPINNING A POLYBENZAZOLE FIBER

The presant invention relates to improved processes for spinning fibers that
contain polybenzoxazole or polybenzothiazole polymer. '

Lyotropic liquid-crystalline polybenzoxazole and polybenzothiazole are not
thermoplastic. They are typically made into fibers by dry-jei, wet-spinning techniques, in which
a dope that contains the polybenzazble polymer and an acid solventis spun through a
spinneret, drawn across an air gap, and coagulated by contact with a fluid that dilutes the
solvent and is a non-solvent for the polymer.

‘It is economically desirable to spin fibers at the highest speed possible, because
the spinning equipment is very expensive. It is also desirable to spin individual filaments with
as small a diameter as possible (low denier), because fibers that contain a large number of low
denier filaments usually have better and more consistent physical properties than fibers that
contain a smali number of high denier filaments.

Unfortunately, at high speeds and low deniers, the filaments frequently break. it
is desirable to develop techniques that will allow spinning of low-denier fibers at high speeds
without frequent breakage of the filaments.

The present invention is a process to spin a fiber from a liquid-crystalline dope
that contains polyphosphoric acid and a lyotropic polybenzazole polymer which is
polybenzoxazole, polybenzothiazole or a copolymer thereof, said process comprising the steps
of: _
(A) spinning the dope through a spinneret that contains: (i) two faces and (ii) a
plurality of holes through which the dope may pass from one face to the other,
wherein:

{a) each hole contains an inlet by which dope enters the hole, a capillary
saction, and an exit by which dope leaves the hole, and

I(b) the entry to the capillary section and the diameter of the capillary section
are selected 10 spin on average at least about 10 km of finished filament
without a filament break

whereby a blurality'of dope filaments is formed; and
(B) . drawing the dope filaments across a"'d'r'aw zone with a spin-draw ratio of at least
' _ about 20; and
" in any order (a) washmg a ma;or part of the polyphosphoric acnd from the

' 'frlaments (b) drying the washed filaments; and (c) taking up the filaments ata

speed of at least 150 meters per minute,

: whereby fllaments that have an average diameter of no more than about 18 pm per filament

* are formed with on average no more than about one break per 10 km of filament.
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The present invention relates to inproved processes for spinning fibers
that * cont ai n pol ybenzoxazol e or pol ybenzot hi azol e polyner. 5

Lyotropic liquid-crystalline poiybenzoxazol e and polybenzothiazole are not

t her nopl ast i ¢y ok are typically made into fibers by dry-j 5§p| nni ng
techni ques, in whic a dope that contains the pol ybenzazo e po ynmer and
an acid solvent is spun through a spi nneret, drawn across an air gap,
and coagul ated by contactwith a fluid that dilutes the solvent and is a
non-sol vent for the pol Jhemroperst@ction of hole size arjdentry anslednto thesgillagy seigioh pidht e t o
spin fibers at tduteltk gro@6d the pRechbnPabAityFoehighpEaddsifning of tHilfdarBdityWithdgr line

equi pment is VeBBéal@Xﬁﬁ‘eQﬁéerﬁcaphltarysée éh%&nﬂ%&'rS&QL#prL&éﬂhrnedmEﬁé'd@#@&
filamentsw th fhmne?s éulr‘;able chmce m‘a oPe f?oiyv rrates lRQhe ca;a!lar){éend spfm-?raw raql[o)snl'ovtagcause .

fibers that contain amen usually have
better and rrtireﬁEGH§F§‘Pbﬁﬁ$tabﬁﬁP§Pb‘a¥d%‘fﬁﬁW1 es than fibers that

Figure 1 shows a holein a spinneret (5) having an entry (1), a transition-cone (2) .
with entry angle (), a capillary section (3), and an exit (4).
- Figure 2 illustrates a fracture in a fiber.
Figure 3(a)-(d) shows four different examples of spinneret hofe geometry.

10 Figures 4-10 graphically illustrate the shear within a spinneret hole at various line
speeds when fiber of a particular thickness is spun {depending upon capillary diameter and
spin-draw ratio). For the purpose of those Figures, "um”'is the same as "um”, and SDR stands
for spin-draw ratio. The size number next to each spin-draw ratio indicates the capillary
diameter. .

15 The present invention uses dopes that contain a lyotropic liquid-crystalline
polybenzazole polymer, which is polybenzoxazole, polybenzothiazole or a copolymer of those
polymers. PBO, PBT and random, sequential and block copolymers of PBO and PBT are
described in references such as Wolfe et al., Liquid crystalline Polymer Compositions, Process
and Products, U.S. Patent 4,703,103 (October 27, 1987); Wolfe et al., Liquid Crystalline Polymer

20 Compositions, Process and Products, U.S. Patént 4,533,692 (August 6, 1985); Wolfe et al., Liquid

_ Crystalline Poly(2,6-Benzothiazole) Compositions, Process and Products, U.S. Patent 4,533,724
(August 6, 1985); Wolfe, Liquid Crystalline Polymer Compaositions, Process and Products, U.S.
Patent 4,533,693 (August 6, 1985); Evers, Thermooxidatively Stable Articulated
p-Benzobisoxazole and p-Benzobisthiazole Polymers, U.S. Patent 4,359,567 (November 16,

25 1982); Tsai et al., Method for Making Heterocyclic Block Copolymer, U.5. Patent 4,578,432
(March 25, 1986); 11 Ency. Poly. Sci. & Eng., Polybenzothiazoles and Polybenzoxazoles, 601
{J. Wiley & Sons 1988) and W. W. Adams et al., The Materials Science and Engineering of Rigid-
-Rod Polymers (Materials Research Society 1989).

The polymer may contain AB-mer units, as represented in Formula 1(a), and/or

30 AA/BB-mer units, as represented in Formula 1(b)

e AN ’
5 ‘\\\ _ .

1(a) AB
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contain a small nunber of high denier filanents. 15
Unfortunately, at high speeds and | ow deniers, the filanments frequently

break. It i s desirable to develop techniques that will allow spinning
of | ow deni gyg §4BRBS at hi gh speeds wi t hout frequent bperpepaiInt the
filaments. _ The present invention is a process to spin a
fiber froma liquid-crystalline dope t hat contai ns pol yphosphoric acid

and a |yotropic pol ybenzazol e polymer which is 20 pol ybenzoxazol e,
pol ybenzot hi azol.e or a copol yner thereof, said process conprising the steps

of : (A ~spinning the dope through a spinneret that contains: (i)
'ijofaces and ]SII) a f . phurality f hol es through which the
ope nmay pass from one fagego~{he other, wher ei n:
. _ ar] N pu
5 z ~ Z
1(b) AA/BB
wherein:
10

Each Ar represent$ an aromatic group selected such that the polybenzazole
polymer is a lyotropic liquid-crystalline polymer (that is, it forms liquid-crystalline
domains when its concentration in solution exceeds a “critical concentration
point”). The aromatic group may be heterocydiic, such as a pyridinylene group,

: butit s preferably carbocyclic. The aromatic group may be a fused or unfused
5 polycyclic system, but is preferably a single six-membered ring. Size is not critical,
but the aromatic group preferably contains no more than about 18 carbon atoms,
more preferably no more than about 12 carbon atoms and most preferably no
more than about 6 carbon atoms. Ar1in AA/BB-mer units is preferably a
1,2,4,5-phenylene moiety or an analog thereof. Arin AB-mer unitsis preferably a
20 1.3,4-phenylene moiety or an analog thereof.

Each Z is independently an oxygen or a sulfur atom.

Each DM is independently a bond or a divalent organic moiety selected
such that the polybenzazole polymer is a lyotropic liquid-crystaliine polymer. The
divalent organic moiety is preferably an aromatic group (Ar) as previously
25 described. Itis most preferably a 1,4-phenylene moiety or an analog thereof.

The nitrogen atom and the 2 moiety in each azole ring are bonded to
adjacent carbon atoms in the aromatic group, such that a five-membered azole
ring fused with the aromatic group is formed.

The azole rings in AA/BB-mer units may be in cis- or trans- position with
30 respect to each other, asillustrated in 11 Ency. Poly. S¢i. & Eng., supra, at 602.
The polymer preferably consists essentially of either AB-PBZ mer units or AA/BB-
. -PBZ mer units, and more preferably consists essentially of AA/BB-PBZ mer units. Azolerings

within the polymer are preferably oxazole rings (Z = O).
. Preferred mer units are illustrated in Formulae 2(a)-(h). The polymer more
35 preferably consists essentially of mer units selected from those illustrated in 2(a)-(h), and most
preferably consists essentially of a number of identical units selected from those illustrated in

2(a)-(d).
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25

hol ey a'capillary

each hole contains an inlet by which dope enters the

section, and an exit by which

dope | eaves the hole, and (b) the entry to the capillary
section andd‘g, sytth@eter of the capillary section . PCT/US93/11591

are selected to spin on average at |east about 10 kmof finished fil anent

wi thout a filanment break 30 whereby a plurality of dope
filaments is formed; (B) drawi ng the dope filanents across
a draw zone with- a spin-draw ratio of at |east about 20;
and (O in any order (a) mashlng a major part of the

pol yphosphoric acid fromthe : filanments, (b) drying the

washed fil anents;

an average dsaneter of no nor

speed of at | east 150 neters nlnute whepeh
POGSE)

10

15

20

25

30

35

and (c) taklng up the fllanents at 35

il anents that have
filanment
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are formpd wth on average no nore than about one break per 10 km of

fil arfent .
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(h) \r-
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Each polymer preferably contains on average at least about 25 repeating units,

more preferably at least about 50 repeating units and most preferably at least about 100
repeating units. The intrinsic viscosity of rigid AA/BB-PBZ polymers in methanesulfonic acid at
25°Cis preferably at least about 10 dl/g, more preferably at least about 15 dl/g and most
preferably at [east about 20 dlL/g. For some purposes, an intrinsic viscosity of at least'about

25 difg or 30 dL/g may be best. Intrinsic viscosity of 60 diL/g or higher is possible, but the
intrinsic viscosity is preferably no more than about 50 dU/g. The intrinsic viscosity of semi-rigid
AB-PBZ polymers is preferably at least about 5 dL/g, more preferably at least about 10 dl/g and
most preferably at least about 15 dl/g.

The polymer or copolymer is dissolved in polyphosphoric acid to form a solution
or dope. The polyphosphoric acid preferably contains at least about 80 weight percentP,0,,
and more preferably at least about 83 weight percent. It preferably contains at most about 90
weight percent P,0,, and more preferably at most about 88 weight percent. It most preferably
contains between about 87 and 88 weight percent P,O,.

The dope should contain a high enough concentration of polymer for the dope to
contain liquid-crystalline domains. The concentration of the polymer is preferably at least
about 7 weight percent, more preferably at least about 10 weight percent and most preferably
atleast about 14 weight percent. The maximum concentration is limited primarily by practical
factors, such as polymer solubility and dope viscosity. The concentration of polymer is seldom
more than 30 weight percent, and usually no more than about 20 weight percent.

Suitable polymers or copolymers and dopes can be synthesized by known
procedures, such as those described in Wolfe et al., U.S. Patent 4,533,693 {(August 6, 1985);
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2 . The proper selection of hole size and entry angle into
the capillary section of the spi nneret provide the necessary stability
for high speed spinning of thin filanments w thout |ine br eaks.

Sel ecti on of wosmihiddsry size and spin-draw rati o can producepdinrdseiRbs of

t he desired t hi nness. Suitable choice of dope flowrates in the
capillary and.spin-draw rati o provide filaments that are taken up at

the desired spegghenetal., u.s. Patent 4,772,678 (sepfemBEl 28, 1583 1OWR, Bs. BALR alsly, o PRl ANET et
e e T e A SR

([err]), a capil
2 illustrates a lehozatery PrecessforLrepptingRigid Rod Fibers from the Monomers,” The Materials Science

and Engineering of Rigid-Rod Polymers at 253-64 (Materials Res. Soc. 1989). In summary,

5 suitable monomers (AA-monomers and BB-monomers or AB-monomers) are reacted in a
solution of nonoxidizing and dehydrating acid under nonoxidizing atmosphere with vigorous
mixing and high shear at a temperature that is increased in step-wise or ramped fashion from
no more than about 120°C to at least about 190°C. Examples of suitable AA-monomers include
terephthalic acid and analogs thereof. Examples of suitable BB-monomers include

10 4.6-diaminoresorcinol, 2,5-diaminohydroquinone, 2,5-diamino-1,4-dithiobenzene and analogs
theéreof, typically stored as acid saits. Examples of suitable AB-monomersinclude 3-amino-4-
-hydroxybenzoic acid, 3-hydroxy-4-aminobenzoic acid, 3-amino-4-thiobenzoic acid, 3-thio-4-
-aminobenzoic acid and analogs thereof, typically stored as acid salts.

in order for the most efficient spinning, the dope should preferably be very

15 homogeneous and free of salid particulates. Particulates can be eliminated by known
methods, such as {but not limited to) filtering particles using screens and/or shear filtration
media like silica sand, metal filings or particulates, glass beads, sintered ceramics or sintered
metal plates or shaped structures. Likewise, the dope can be further homogenized using
known equipment such as single- and multiple-screw extruders, static mixers and other mixi ng

20 devices.

The dope is spun fhrough aspinneret. Referring to Figure 1, the spinneret
contains a plate or thimble shaped structure (5), which contains a plurality of holes that go
from one face of the spinneret to the other. The number of holes in the spinneret and their
arrangement is not critical to the invention, but it is desirable to maximize the number of holes

25 for economic reasons. The spinneret may contain as many as 100 or 1000 or more, and they
may be arranged in circles orin grids or in éhy other desired arrangement. The spinneret may
be constructed out of ordinary materials that will not be degraded by the dope, such as
stainless steel.

Referring to Figure 1, each hole contains:

30 (@) aninlet(1),

(b) optionally, a transition cone (2) where the hole narrows by an angle (0)

bef.ore entry into a capillary section,

(c) acapillary section (3), which is the thinnest {smallest-diameter) section of the

hole where the walls are about parallel, and

35 (d) anexit(4). '

The inlet may optionally have a counterbore, which may optionally be concave upward or

concave downward or a fixed angle.
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Fi gure 3(a)-(d) shows four different exanples of spinneret hole geonetry.
10 Figures 4-10 graphically illustrate the shear within a
spi nneret hole at various line speeds when fiber of a particular

t hi ckness i syom4Azsiependi ng upon capillary dianeter and  poFsesn AW
ratio). Forthe purpose of those Figures, "unt is the same as "[err]nf, and

SDR stands for spin-draw ratio. The si ze nunber next to each spin-draw
ratio indicates the capillar

ent
i nventi on uses dopes t hTeS‘F ‘?Hyiyé?‘ﬂ%f‘ 'I‘%‘}ﬂfyr"B’ﬁF%a‘F'V aqj?‘a'“&? e e fm"h{ée hold,and”
pol ybenzazol e pasualigbasabav thelisanexdigmetarbethe exittmoi tbe hqio | Thblemtioofithecagli@y or a

copol ymer of thasgnis notcnaéavmmépresamve,&ﬂ magrémaé%uwums wnd Dl ock
copol yners of PBO a PBT

L) qui  cr y<TAP R RESER i moss SRR e ofopbEa S e e b Bl s
Pat ent 4, 703 51 08hdostipetierablPat lea g @kgut 0.9\iinkschediaméter of the qapilldryCiTed engith ¢f the
Pol yrer ' capillary is preferably no more than about 10 times the diameter of the capillary, more
preferably no more than about 5 times the diameter of the capillary and most preferably no
more than about 3.5 times the diameter of the capillary. The diameter of the hole may be
about uniform all the way through, in which case the capillary section extends throughout the
10 entire hole and there is no transition cone. However, the hole is preferably broader at the
' inlet, and becomes narrower through a transition cone within the spinneret to form a capillary
section that leads to the exit.

The entry angle into the capiilary is the encompassing angle 8 between the walls
in the transition cone immediately before the dope enters the capiliary section, as shown in

15 Figure 1. The transition cone may contain several different angles, but the entry angle just
prior to the capillary is the critical angle for the present invention.

Dope passes into the inlet, through the hole (including the capillary section) and
out of the exit into a draw zone. The size and geometry of the hole are preferably selected to
maximize the stability of the dope flow through the hole, as described hereinafter.

20 Thin (low-denier) filaments can be spun at high speeds either by using a relatively
~ small capillary section with relatively low spin-draw ratio or by using a relatively large capillary
section at relatively high spin-draw ratios. There is no hard line between a high draw-large
hole process and a low draw-small hole process. Both lieon a continuum,.and the line may be
selected for convenience. inalow draw-small hole process, the capillary section and the exit
25 preferably have an average diameter of no more than about 0.5 rﬁm, more preferably no more
than about 0.4 mm, and most preferably no more than about 0.35 mm. The exit is usually at
' least about 0.05 mm in diameter, and preferably at least about 0.08 mm. In a high draw-large
hole process, the capillary and exit are usually atleast about 0.5 mm in diameter, preferably at
least about 1 mm and more preferably at |east about 1.5 mm. They are preferably no more
30 thanabout 5 mm in diameter and more preferably no more than about 3.5 mm in diameter.

Dope that passes through the hole is subjected to shear. The maximum shear
ordinarily.occurs in the capillary section. The capillary shear rate (y) {in sec.-1) can be
conveniently estimated by the Formula:

= 8v/p,
35 Wherein v, is the average velocity of dope through the capillary section (in metersisec.) and D is
the diameter of the capillary section (in meters). The capillary velocity (vo)is com)eniently
calculated by mass or volumetric flow rates. As the capillary section becomes smaller and/or the
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20 Conpositions, Process and Products, U S. Patent 4,533,692 (August
6,1985); Wlfe et al., Liquid Crystalline Poly(2,6-Benzothiazol e)
Conpositions. Process and Products, U S. Patent 4,533,724 (August 6,
1985); Wl f e,wbissnezes Crystal | i ne Pol yner Conpositions. Procegsogsshisdioducts
u. S Pat ent 4,533, 693 (August 6,1985); Evers, Thernooxidatively Stable
Articul ated P- Benzobi soxazol e and P-Benzobi st hi azol e Pol yners. U. S.

Pat ent 4, 359, 567, o tR@bpekh helcapifary inkréades, e stitbr on thNEdBOM L QLS MRkil. NG
Het er ocycl i ¢ B ot(;;kJN% 4 3bpckrougrind i 7. 4,578 455" é%;“cﬁ 25 1986) . 11

. s rrgaoteymarse the i Paes.eg €co 25 ore im X
Ency. Poly. Sci. &Ml mEsr s Il e o e o s YNy A ol es 601
(J. Wley & Sons 1988) dhete depe thatapraingakout Wiweightpesceipolymesn goldbp@heris 28 d
Engi neering of Ri@bdlt 160°C to 168eithRehtyymmgie (6) May saabalt 380R6A&0dsTdhg 306é hedt rh989) .
2nd br 30 Al 85 FBPe Tt inahe GBlort et SRRy g P hge o restnesobin
' 1500 sec.1, the anglie must be no more than about 90°. When the shear rate reaches about

2500 sec.-1, the angle must be no more than about 60°. When the shear rate reaches about

3500 sec.-1, the angle must be no more than about 30°. When the shear rate reaches about .

5000 sec.-1, the angle must be no more than about 20°. If the entry angle is greater, then the

10 linestability usually decreases, and the line is more likely to break. Figures 4-10 relate shear
rate within the capillary section to the width of the capillary section, the spin-draw ratio and
the speed of the fiber line for different fiber thickness.

When the dope is more viscous than the dope described above, the angle may
need to be more acute than described above, and when the dope is less viscous, the angle may

15 be more obtuse. Viscosity can be affected by many different factors, such as tem perature,
shear rate, molecular weight of the polyphosphoric acid and the polybenzazole polymer, and
concentration of the polybenzazole polymer. Forinstance, when the dope temperature is
increased above 180°C, it may be possible to operate at shear rates above those permitted in
the foregoing paragraph for each specified entry angle.

20 One theory, which we present without intending to be bound thereby, states that
the previousiydescribed hole geometry may be necessary for the following reasons. Generally,
the spinning dope at typical fiber processing conditions has a high viscosity. For example, the
zero shear viscosity of 14 percent polyphosphoric acid solution of cis-polybenzoxazole (30 dl/g
1.V.) at 150° C reaches as much as 1,000,000 poise. At spinning conditions the viscosity drops

25 due to shear rate effects, but it still has unusually high viscosity for wet spinning. We theorize
that for this reason the spinneret design needs to be similar to designs used in melt spinning.
Moreover, we theorize that a spinning dope of this general composition has very unique flow
behavior because of its quuid' crystalline compt')sition and highly elastic character. We theorize
that the spinning dope forms domains with a diameter of about 100 microns or less. Even

30 whenthedope isdeformed by shear, the domain structure does not disappear easily. We
theorize that the maximum spin-draw ratio in spinning is mainly determined by the
extensibility of this domain structure. When the spinneret holes do not meet the criteria set
out in this application, the domains at the surface of a filament become significantly more
extended than domains at the center of a filament. The domains at the surface can not extend

35 as far as center domains without breaking and so the surface domains limit the spin-draw ratio
of whole filament. For this reason the fracture end of a filament shown in Figure 2 is often

observed at the break end of yarn.
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Exampiles of desirable spinneret héles are shown in Figure 3{a)-(d). The hole may
c;ntain asingle transition cone, as shown in Figure 3(a) and (b) or multiple cones, as shown in
Figure 3(c), but only the last cone before the capillary section is described as the entry angle to
the capillary.

The dopes typically exhibit a softening temperature similar to a thermoplastic
material. They are preferably extruded at a temperature that is above the softening
temperature, but below the decomposition temperature of the dope. The spinning -
temperature is preferably selected so that the viscosity of the dope (in state of shear flow) will
be between 50 and 1000 poise. For most dopes, the temperature is preferably at least about
120°C, more preferably at least about 140°C, and preferably at most about 220°C, and more
preferably at most about 200°C. For example, in the case of a dope that contains 14 percent cis-
-PBO with an intrinsic viscosity of 30 dU/g, the spinning temperature is preferably about 130°C
to 190°C and more preferably 160°C to 180°C. '

Dope exiting the spinneret enters a gap between the spinneret and the
coagulation zone. The gap is typically cafled an “air gap” afthough it need not contain air. The
gap may contain any fluid that does not induce coaguiation or react adversely with the dope,
such as air, nitrogen, argon, helium or carban dioxide. The air gap contains a draw zone where
the dope is drawn to a spin-draw ratio of at least about 20, preferably at least about 40, more
preferably at least about 50 and most preferably at least about 60. The spin-draw ratio is
defined in this application as the ratio between the take-up velocity of the filaments and the
capillary velocify {vc) of the dope. The draw should be sufficient to provide a fiber having the
desired diameter per filament, as described hereinafter. To spin low diameter filaments using
large holes, very high spin-draw rati os. (such as 75, 100, 150 or 200 or more) may be desirable.
The temperature in the air gap is preferably at least about 10°C and more preferably at least
about 50°C. itis preferably no more than about 200°C and most preferably no more than about
170°C. The length of the air gap is usually at least about 5 cm and at most about 100 ¢cm,
although it may be longer or shorter if desired.

When the filament |eaves the draw zone, it should be moving at a rate of at least
about 150 meter/min. Itis preferably moving at at least about 200 meter/min, more preferably
at least about 400 meter/min and most preferably at least about 600 meter/min. Speeds of
about 1000 meter/min. or more can be reached. The filament is washed to remove residual acid
and taken up as yarn or fiber. It is usually washed by contact with a fluid that dilutes the
solvent and is a non-solvent for the polybenzazole. The fluid may be a gas, such as steam, but it
is preferably a liquid and more preferably an aqueous liquid. The washing may occurin asingle
stage or in multiple stages. The stages may occur before or after the fiber is taken up, or some
may come before and some after.

The bath may be in many different forms, such as the baths described in Japanese
Laid :. :en Patent No. 63-12710; Japanese Laid Open Patént No. 51-35716; and Japanese

9
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Published Patent No. 44-‘22204.' Also, the fiber rr;ay be spraye& é's it passes between two rollers,
for instance as described in Guertin, U.S. Patent 5,034,250 (July 23, 1991). The washed fiber
preferably contains no more than about 2 weight percent residual acid, and more preferably
no more than about 0.5 weight percent. '

The washed fiber is dried by known methods, such as by passing the fiber through
an oven or by passing the fiber over heated roliers or by subjecting it to reduced pressure. The
drying is preferably carried out at no more than about 300°C, in order to avoid damage to the
fiber. Examples of preferred washing and drying processes are described in Chau et al., U.S. Ser.

" No. 07/929,272 {filed August 13, 1992).

-The fiber may be heat-treated to increase tensile modulus if desired. Fori nstance,
itis well known in the art to heat-treat polybgnzazoie fibers by passing them through a tubular -
furnace under tension. See, for example, Chenevey, U.S. Patent 4,554,119 (November 19, 1985).
In a preferred heat-treating process, the heat-treating medium is steam that moves cocurrent
with the fiber. A finish may also be applied to the fiber if desired.

The resulting fiber has an average filament diameter of no more than about
18 um. The fiber diameter is preferably no more than about 17 pm, more preferably no more
than about 15 pum, and most preferably no more than about 12 um. Its denier is preferably no
more than about 3.5 dpf (denier-per-filament), highly preferably no more than about 3.2 dpf,
more preferably no more than about 2.5 dpf, and most preferably no more than about 1.6 dpf.
Denier, a common measure of fiber thickness, is the weightin grams of 9000 meters of fiber.
Diameters of 10 um or 8 um or less can be reached. The minimum fllament diameter and denier
is limited by practlcal considerations. Each filament usually has an average diameter of at [east
about 3 um and an average denier of atleast about 0.1 dpf.

The present invention can be reduced to practice in many different embodiments.
In one preferred embodiment, the entry angle to the capillary is no more than about 30°, the
hole size is between about 0.1 mm and 0.5 mm and the spin-draw ratio is at least about 20, as
previously described.

The present invention makes it possible to spin the desired fibers with relatively
high line stabiiity. The line can preferably spin at least about 10 km at each spinning position
without a filament break, more preferably at least about 100 km, and most preferably at least

-about 1000 km. The average tensile strength of the fiber is preferably atleast about 1 GPa,

more preferably at least about 2.75 GPa, more highly pr_eferably at least about 4.10 GPa, and
most preferably at least about 5.50 GPa. The average tensile modulus of the fiber is preferably
atleast 260 GPa and more preferably at least 310 GPa.

The followin§ exampiles are for illustrative purposes only. They should not be
taken as limiting the scope of either the specification or the claims. Unless stated otherwise, all
parts and percentages are by weight.

-10-
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wherein: , 10 Each Ar represents an aromatic group

sel ected such that the pol ybenzazol e . - polyner is a

| yotropic liquid-crystalline polyner (that is, it forns liquid-crystalline
domai ns whenwd ggngeecentration in solution exceeds a "criti gerusessiiset
concentration point"). The aromatic group may be
heterocyclic, such as a pyridinylene group, but it is
preferably carbocyclic. The aromatic U{E may fused o fused 15

ol yoyel 1 & system but UoBr EREPELKT™eet Feere hee AR UEeF PiB s 76" s
not critical,  spinningmachines, and is chavettérsnttimraimber of breeks peroaé wimatml positntferians no
nore than about ;L,gn.qg,map(;}hg,g,g)rrs nore preferably no nore

t han about 12 Car bon at (H;nintrmslc vrlrslc)osny gra%fol%ear‘\tz)azXIe 1s measured at 30°C using

5 methanesulfonic acid as the solvent.
, Example 1- Spinning of PBO dope
A polymer solution which consisted of 14.7 weight percent of cis-

-polybenzoxazole (21 1.V.) and polyphosphoric acid (84.3 weight percent P,O,) was mixed and
degassed with a twin screw extruder at 170°C. The dope was extruded from the spinneret

10 having 166 holes. The geometry and capillary diameter of the holes is described in Table 1. The
throughput per hole and the hole shape is shown in Table 1. The spin-draw ratio is shown in
Table 1. The extruaed yarn was introduced into a coagulation bath which had a spinning
funnel installed 55 cm below from the spinneret and in which coagulation water was
maintained at about 22°C. The fiber was washed to remove residual acid and moisture in the

15 fiber was removed by contacting on a heating roller. A spin finish was applied and the fiber
was taken up on a winder. The take-up speed of spinning is measured. The results are shown

in Table 1.
Table 1

2 Sample A B
Dope Through-put (g/min) 40 62
(Capillary diameter (D¢ ) (mm) 0.22 0.25
Hole Shape illustrated in Figure 3(a) 3(b)

Entry Angle (°) 20 20
25 Calculated shear rate (y) (sec.~l) 1946 2051
Take-up speed (m/min.) 200 310

, Spin~Draw Ratio _ 63 81
Filament Breaks (Breaks per hour) 0.02 0.05

30 Denier per filament 1.5 1.5

Example2- Spinning of PBO dope

A dope that contained 14 weight percent cis-PBO dissolved in polyphosphoric acid
was homogenized and filtered using metal screens and a sand pack shear-filtration medium.

35 The dope was spun through a 10 hole spinneret with a throughput of 2.4 g/min. The
temperature of the spin block and spinneret was 165°C. The hole size is 0.20 mm and the hole
geometry was as illustrated in Figure 3(b) with a convergence angle () of 20°. The shearratein
the capillary section is calculated at about 2585 sec.-*. The spin-draw ratio of the fiber is 52.

-11-
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nore-'than about 6 carbon atoms. Ar[err] in AA/ BB-ner units is preferably a
1 ,2'4,5-phenylene noiety or an anal og thereof. Ar in AB-ner units is
preferably a 20 1 ,3,4-phenyl ene noi ety or an anal og thereof.

Each Z is mdapmgmtly an oxygen or a sulfur atom . PCT/US93/11591
Each DM is independently a bond or a divalent organic noiety selected

such that the pol ybenzazol e polyner is a lyotropic liquid-crystalline

p0| ymer. The berwaswashed takg+%gmee9£fga@hﬁn mﬁl'ér\é fﬁ&eggngfdﬁfdam\yﬁb@p

aromati c group

preferably a 1 ﬂd%‘ﬁé‘ﬁ?ﬂeéﬁ@e%?féﬂ?l‘@r ThetPiaRIae Wef PHishepfor 80 minutes (12,000

The nitrogen at @me&hﬂ:tnoheafﬂamma&% in each azole ring are bonded to

adj acent carbon atons in the aromatic group, such that a five-nenbered
azol e ring fused with the aromatic group is forned.

The azole rimgs in AA/BB-nmer units may be in cis- or trans-position with

10
15
20
25

30

/
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30 - . respect to each other, as jillustrated in 11 Ency. Poly.
Sci. ‘& Eng., suora, at 602. The pol yner preferably

consi sts essentially of either AB- jmm’mlﬂmﬂf" BB- - PBZ mer

uni ts, and- npipeasmesd er ably consi st BB- P%nm;ymglts
Azol e rings within the polyner are réfefabfy bxazole rings (Z = 0).
Preferred mer units are illustrated in Fornulae 2(a)-(h). The pol yner nore
preferably consists es@;—é Sk al |

P TS T B datto in Wec i Lo bt e e SR oY of &
nunber of ident popihowphpricacd eidadyatpit pelyhentraeiepélymaersihich s eelylienzoxazole, 2(a)-(d).

polybenzothiazole or a copolymer thereof, said process having the steps of:

(A) spinning the dope through a spinnerat that contains: (i) two faces and (i) a
5 . plurality of holes through which the dope may pass from one face to the other,
. wherein:
{a) each hole contains an inlet by which dope enters the hole, a capillary
" section, and an exit by which dope leaves the hole, and
{b) the entryto the capillary section and the diameter of the capillary section
10 are selected to spin on average at least 10 km of finished filament without
a filament break,
whereby a plurality of c.tlope filaments is formed; and

(B) drawing the dope filaments across a draw zone with a spin-draw ratio of at least
- 20; and
15 © in any order (a) washing a major part of the polyphosphoric acid from the

filaments, (b) drying the washed filaments and (c) taking up the filaments at a
speed of at least 150 meters per minute
whereby filaments that have an average diameter of no more than 18 ym per filament are
- formed with on average no more than one break per 10 km of filament.

20 2. A process to spin a fiber from a liquid-crystalline dope that contains polyphos-
phoric acid and a lyotropic polybenzazole polymer which is polybenzoxazole,
polybenzothiazole or a copolymer thereof, said process having the steps of:

(A) spinning the dope through a spinneret that contains a plurality of holes, wherein:
(i) each hole contains: an inlet by which dope enters the hole, a transition
25 cone, a capillary section, and an exit by which dope leaves the hole, and
(i) theinlet of each hole has a larger diameter than the exit,
(i) theangleinthe transitiqn cone immediately prior to the capillary section is
no more than 30°,
whereby a plurality of dope filamentsis formed

30 (B) drawing the dope fi laments across a gap draw zone with a spin-draw ratio of at
least 20; and
© washing a major part of the polyphosphoric acid from the filaments.

3. The process of Claim 1 wherein the inlet to each hole is larger than the exit,
and the hole contains at least one transition cone, in which the diameter of the hole decreases,
35 prior tothe capillary section. : '
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4. The process of Claim 3 wherein capillary shear rate is less than 1500 sec.-!.

5. The process of Claim 4 wherein the transition cone immediately prior to the
capillary section has an entry angle of no more than 90°.

6. The process of Claim 3 wherein the transition cone immediatel y'prior tothe

capillary section has an entry angle of no more than 60°.

7. The process of Claim 6 wherein the shear rate in the capillary section is
between 500 sec.-! and 3500 sec.-1,

8. The process of Claim 7 wherein the spinning temperature is between 160°C
and 180°C.

9. The process of Claim 3 wherein the transition cone immediately ptior tothe
capillary section has an entry angle of no more than 30°,

10. The process of Claim 9 wherein the shear rate in the capillary section is 500
sec.-1 and 5000 sec.-1. '

11. The process of Claim 10 wherein the spinning temperature is between 160°C

and 180°C.

12. The process of Claim 3 wherein the transition cone immediately prior to the
capillary section has an entry angle of no more than 20°.

13. The process of Claim 12 wherein the shear rate in the capillary section is
greater than or equal to 5000 sec.-1.

14. The process of Claim 13 wherem the spinning temperature is between 160°C
and 180°C.

15. The process of Claim 3 wherein the spinning temperature is above 180°C.

16. The process of Claim 1 wherein the spin-draw ratio is at =ast 40.

17. The process of Claim 1 wherein the
spin-draw ratio is at least 75.

_ 18. The process of Claim 1 wherein the filaments are taken up at a rate of at least

200 meter/min. )

19. The process of Claim 1 wherein the filaments are taken up at a rate of at least
400 meter/min.

20. The process of Claim 1 wherein the average diameter per filament is at least
3 pm and most 12 pm.
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Each pol ymer preferably contains on average at |east about 25 repeating

.uni tis,
preferably at |east about 100

preferably at | ag§biafes

* . nmore preferably at |east about 50 repeating units and nost
repeating units.
of rigid AA/ BB-PBZ pol yners i'n nmethanesul fonic acid at _ 1K o
ut 10 dL/g, nore preferably at | eastecpiosamiss dL/g -

The intrinsic viscosity -
25[err]Cis

“and nost 20 preferably at |east about 20 dL/g. For sone purposes, an

intrinsic viscosity of at |east about

25 dUg or 30 dL/g nay be best.

Intrinsic viscosity of\ 60 dL/g or higher is possible, but the

0 o

\&, FIG. 8

s}

. 5 7500+ l’ / , P
: Seooot |  / e -

T AN ——100

7 " | , um,SDRI3
2asoof|  / —-~160um SDR34

g:(m | LSS s T 180UM,SPRA3

J&so00H /7

%O o/ ——200um,SDR53

S Q1500 —-—220um,SDR64

5e ——300um, SDRII9

ég\;’ 0 L) a1 SN U TRE DR TR S T

2y 2000 400 600 800 1000

b L5 dpf FIBER LINE SPEED (m/min)

& FIG. 9

}:J/?soo— [

s /

o 6000} / ‘ o _~

3] -] . y 7

% 4500} | Yy .

. b S ~~“—=100um,SDR20

§%3000— / / e :_-_lGOum SDR5I

ao -/ s

= 1900 —— 550um SDROG

(E 3¢ ——300um SDRI78

lﬁ‘z o 2 - : | I T |

E 2000 400 600 800 1000

G 10 dpf PBOFIBER LINE SPEED (mn/min)

/.

eet Has Been Replaceo

i I

5/6



|ntr|n5|c viscosity is preferably no nore than about 50 dL/g. The intrinsic
.viscosity of sem-rigid AB-PBZ polyners is preferably at |east about 5
dL/g, nore preferably .at |east about 10 dUg and nost preferably at

| east about 15 dL/ The polymer or copol yagsk: ssol ved
in ponphosphorM@i&Hﬂﬁ to forma solution or dope. The po%?%ﬁgéphorlc
acid preferably contains at | east about 80 weight percent P,Jerr], and
nmore preferably at |east about 83 weight percent. It preferably contains at
nost about 90 wei ght percent Plerr](err], and nore preferably at nost
about 88 weight percent. It nost preferably cont ai ns between about 87
and 88 wei ght percent Plerr](err]. 30 : The dope shoul d
contain a high enough concentration of polyner for the dope to contain
| i qui d-arystalline domains. The concentration of the polyner is preferably
at | east about 7 weight percent, nore preferably at |east about 10

wei ght percent and nost preferably

—— ]00um, SDR 26
—-=—160um, SDR 67
. -=--—180um, SDR 85
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— um,
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L4

at | east, about 14 wei ght percent. The”naxinun1éoncentration Is limted
prlnaLliy by practi cal factors, such as pol yner solubility Egpg, ope
viscosjty. The concentration of polyner is sel'dom 35 nore-than emelght
percent, and usually no nore than about*20 wei ght percent.

Sui t abl e pol ynmers or copol yners and dopes - can be synthesized by known
procedures,:- such as those described in Wlfe et al., US. Patent 4,533, 693

(August 6. 1985); ABSTRACT

Polybenzazole polymer dopes are spun into fibers at high
speed by passing through a spinneret with proper selection of
hole geometry, followed by spin-drawing to a spin-draw ratio
of at least 20, washing, taking up and drying. The take up
speed is at least about 150 meters per minute, and the fibers

are spun in at least 10 km lengths without a break.
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METHOD FOR SPINNING A POLYBENZAZOLE FIBER

The present invention relates to improved processes for spinning fibers that
contain.polybenzoxazole or polybenzothiazole polymer.

Lyotropic liquid-crystalline polybenzoxazole and polybenzothiazole are not
thermoplastic. They are typically made into fibers by dry-jet, wet-spinning techniques, in which
a dope that contains the polybenzazole polymer and an acid solveﬁ; is spun through a
spinneret, drawn across an air gap, and coagulated by contact with a fluid that dilutes the
solvent and is a non-solvent for the polymer.

it is economically desirable to spin fibers at the highest speed possible, because
the spinning equipment is very expensive. Itis also desirable to spin individual filaments with
as small a diameter as possible (fow denier), because fibers that contain a large number of low
denier filaments usually have better and more consistent physical properties than fibers that
contain a small number of high denier filaments.

Unfortunately, at high speeds and low deniers, the filaments frequently break. 1t
is desirable to develop.'téchniqu_es that will allow spinning of low-denier fibers at high speeds
without frequent breakage of the fitaments.

The presentinvention is a process to spin a fiber from a liquid-crystalline dope
that contains polyphosphoric acid and a lyotropic polybenzazole polymer which is
polybenzoxazole, polybenzothiazole or a copolymer theredf, said process comprising the steps
of:

A spinning the dope through a spinneret that contains: (i) two faces and (i) a
plurality of holes through which the dope may pass from one face to the other,
wherein:

{a) each hole contains an inlet by which dope enters the hole, a capillary

section, and an exit by which dope leaves the hole, and

(b} the entry to the capillary section and the diameter of the capillary section

are selected 1o spin on average at least about 10 km of finished filament
without a filament break

whereby a plurality of dope filaments is formed; and
(8) drawing the dope filaments across a draw zone with a spin-draw ratio of at least

about 20; and )

(© in any order (a) washi.'ng a major part of the polyphosphoric acid from the
filaments, (b) drying the washed filaments; and (c) taking up the filaments at a
speed of at least 150 meters per minute,

whereby filaments that have an average diameter of no more than about 18 pym per filament

are formed with on average no more than about one break per 10 km of filament.
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m.xi ng and high shear at a tenperature that is increaséd in step-w se or
ranped fashion from no nore than about 12[err]C to at |east about

196[ err] C. Exanpl es of suitable AA-nononers include terephthalic acid
and' anal ogs thereof. Exanples of suitable BB-nmononers include 10

4, 6- di ami nor esor ci nol, 2, 5-di am nohydr oqui none,

2,5 di am no-1, 4- dlthlobenzene and anal ogs t hereof, typically stored as
acid salts. Exanples of suitable AB-nononers include 3-am no-4-

- hydr oxybenzoi ¢ aci d, 3-hydroxy-4-am nol®enzoic acid, 3-am no-4-thiobenzoic
acid, 3-thio-4- " ani nobenzoi ¢ aci d -akdwanal ogs thereof typically

stor ed as acid salts. proper selecti nofho|eklge mdQﬁ{ry;ng{e u’?tbﬁm%ﬁﬁry@éctub&éf@l@
spi nni ng, the do e shou 5'8‘1'§fera

SO parti cul APBRers APk S aab B don Pt ot R B oo v Riafl
such as (but notredkkFREEiPnehRPiisy frerPRtp pUPYTFiose RiedURtfiRpssahthedritrdr shear
filtration whindess Suitdhte bbikd of doppdied ratasib de chpillanyrd spr-deparatioprevide es, gl ass

beads, si ntersedﬁlgggmﬁgré}gkeahﬁ;@qms.mdspermt al plates or shaped structures.
Li kevm se, thé dope can be fu eni z '

such as single- and mul %948 E‘Lg"&ﬁ‘ é'i‘(? U‘Gé’l‘%‘g)":‘:’f%lﬁ?%ce"?ﬁqg?gaﬁﬁ'a Eﬁnﬁgsnt

m Xi ng with entry angle (6), a capillary section (3),and an exit (4).
. Figure 2 illustrates a fracture in a fiber.
Figure 3(a)-(d) shows four different examples of spinneret hole geometry,

10 Figures 4-10 graphically illustrate the shear within a spinneret hole at various line
speeds when fiber of a particular thickness is spun (depending upon capillary diameter and
spin-draw ratio). Forthe purpose of those Figures, “um” is the same as “pm*®, and SDR stands
for spin-draw ratio. The size number next to each spin-draw ratio indicates the capillary
diameter.

15 The present invention uses dopes that contain a lyotropic liquid-crystalline
polybenzazole polymér, which is polybenzoxazole, polybenzothiazole or a copolymer of those
polymers. PBO, PBT and random, sequential and block copolymers of PBO and PBT are

described in references such as Wolfe et al., Liquid crystalline Polymer Compositions, Process

and Products, U.S. Patent 4,703,103 (October 27, 1987); Wolfe et al., Liquid C[ystalline'Polxmer

20 Compositions, Process and Products, U.S. Patent 4,533,692 (August 6, 1985); Wolfe et al., Liquid
Crystalline Poly(2,6-Benzothiazole) Compositions, Process and Products, U.S. Patent 4,533,724
(August 6, 1985); Wolfe, Liguid Crystalline Polymer Compositions, Process and Products, U.S.
Patent 4,533,693 (August 6, 1985); Evers, Thermooxidatively ﬁtable Articulated

p-Benzobisoxazole and p-Benzobisthiazole Polymers, U.S. Patent 4,359,567 {November 16,
:\/ 25 1982); Tsai et al., Method for Making Heterocvclic 8lock Copolymer, U.S. Patent 4,578,432

{March 25, 1986); 11 Ency. Poly. Sci. & Eng., Polybenzothiazoles and Polybenzoxazoles, 601
(J. Wiley & Sons 1988) and W. W. Adams et al., The Materials Science and Engineering of Riqid-

-Rod Polymers (Materials Research Society 1989).

The polymer may contain AB-mer units, as represented in Formula 1(a), and/or
30 AA/BB-mer units, as represented in Formula 1(b)

/\
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7. .
20 devi ces. The dope is spun through a spinneret.
Referring to Figure 1, the spinneret contains a plate or thinble shaped
st-ructure (5), which contains a plurality of holes that go from one
face of the spinneretto the other. The nunber of holes in the spinneret and
their arrangenment is not critical to the invention, but it is desirable
to maxim ze the nunber of holes 25 for econom c reasons. The spinneret nmay
contain as many as 100 or 1000 or nore, and they may be arranged in
circles or in grids or in any other desired arrangenment. The spinneret may
be constructed out of ordinary materials that will not be degraded by the

dope, such as stai nl ess steel. 3 Referring to Figure 1,
each hole contains: 30 ('7" an inlet (1),
(b) optionally, a transit/i on cone (2) where the hole narrows by an angle
([err]) bef ore ry Into\a capillary section,
\ 1
Ar
5 z
1(b) AA/BB
wherein:
10

- Each Ar represents an aromatic group selected such that the polybenzazole
:\._/- "~ polymer is a lyotropic liquid-crystalline polymer (that is, it forms liquid-crystatline
' domains when its concentration in solution exceeds a “critical concentration

point”). The aromatic group may be heterocyclic, such as a pyridinylene group,
butitis preferably carbocyclic. The aromatic group may be a fused or unfused

15 polycyclic system, but is preferably a single six-membered ring. Size is not critical,
but the aromatic group preferably contains no more than about 18 carbon atoms,
more preferably no more than about 12 carbon atoms and most preferably no
more than about 6 carbon atoms. Arlin AA/BB-mer units is preferably a
1,2,4,5-phenylene moiety or an analog thereof. Arin AB-mer unitsis preferably a

20 1.3,4-phenylene moiety or an analog thereof.

Each Z isindependently an oxygen or a sulfur atom.

Each DM s independently a bond or a divalent organic moiety selected
such that the polybenzazole polymer is a lyotropic liquid-crystalline polymer. The
divalent organic moiety is preferably an aromatic group (Ar) as previously
described. Itis most preferably a 1,4-phenylene moiety or an analog thereof.

The nitrogen atom and the Z moiety in each azole ring are bonded to
adjacent carbon atoms in the aromatic group, such that a five-membered azole
ring fused with the aromatic group s formed.

The azole rings in AA/BB-mer units may bein cis- or trans-position with
30 respect to each other, asillustrated in 11 Ency. Poly. 5¢i. & Eng., supra, at 602.

The polymer preferably consists essentially of either AB-PBZ mer units or AA/BB-
-PBZ mer units, and more preferably consists essentially of AA/B8-PBZ mer units. Azolerings
within the polymer are preferably oxazole rings(Z = O).
Preferred mer units are illustrated in Formulae 2(a)-(h). The polymer more
35 preferably consists essentially of mer units selected from those illustrated in 2(a)-(h), and most
preferably consists essentially of a number of identical units selected from those illustrated in

2(a)-{d).
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(c) “a capillary section (3), which is the thinnest (snullest-dianeter)
section of the hol e where the walls are about
paral l el ; and 35 (d) an exit (4). The inlet may
optional I'y have a counterbore, which may optionally be concave upward or
concave downward or a fixed angle.

)

(a)

10 . .
: (b) 0 e N/ . }

/ :(3(“\> < >}
20 (o) S s’
| N S
' SO,
\ 2 (d) s 7 }
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3,

7. e The capillary section is usuallyi medi ately adj acent

to the exit fromthe hole, and usual |y has about the sane di aneter
asthe exiit fromthe hole. The length of the capillary section is not
critical 'to the present invention. It is preferably at |east about 0.1
tinmes the di aneter of the capillary, nore preferably at |east about 0.5
times the dianmeter of the capillary, 5 and nost preferably at |east about
0.8 tinmes the dranmeter of the capillary. The length of-the capillary is

preferably no nore than about 10 tinmes the dianeter of the capillary, nore
preferably no nore than about S tines the diameter of the capillary and
nost preferably no 5

———

EYce}
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Each polymer preferably contains on average at least about 25 repeating units,
more preferably at least about 50 repeating units and most preferably at least about 100
repeating units. The intrinsic viscosity of rigid AA/BB-PBZ polymers in methanesulfonic acid at
25°Cis preferably at least about 10 dl/g, more preferably atleast about 15 dl/g and most
20 preferably at least about 20 dl/g. For some purposes, an intrinsic viscosity of atleast about
25 dUg or 30 d/g may be best. Intrinsic viscosity of 60 dUg or higher is possible, but the
intrinsic viscosity is preferably no more than about 50 dU/g. The intrinsic viscosity of semi-rigid
AB-PBZ polymers is preferably at least about 5 dL/g, more preferably at least about 10 dl/g and
most preferably at least about 15 di/g. '
\/ 25 The polymer or copolymer is dissolved in polyphosphoric acid to form a solution
or dope. The polyphosphoric acid preferably contains at least about 80 weight percentP,O,,
and more preferably at least about 83 weight percent. It preferably contains at most about 30
weight percent P,O_, and more preferably at most about 88 weight percent. It most preferably
contains between about 87 and 88 weight percent P,O,.

30 The dope should contain a high enough concentration of polymer for the dope to
contain liquid-crystalline domains. The concentration of the polymer is preferably at least
about 7 weight percent, more preferably at least about 10 weight percent and most preferably
at least about 14 weight percent. The maximum concentration is limited primarily by practical
factors, such as polymer solubility and dope viscosity. The concentration of polymer is seldom
35 more than 30 weight percent, and usually no more than about 20 weight percent.

Suitable polymers or copolymers and dopes can be synthesized by known

procedures, such as those described in Wolfe et af., U.S. Patent 4,533,693 (August 6, 1985);
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nor et han about 3.5 tinesthedi aneter of the capillary. The di aneterof the
hol e may be about uniformall the way through, in which case the
capillary section extends t hroughout the 10 entire hole and there is no
transition cone. However, the hole is preferably broader at the i nlet,
and becones narrowerthrough a transition cone within the spinneretto forma
capillary section that |eads to the .exit -~ The entry
angle into the capillary is the enconpassing angle [err] between the walls
in the transition cone inmediately beforgéthe dope enters the capillary
section, as shown in 15 Figure 1. The transition cone may contain several

di fferent angl egbectistialt HE. Patent4/772:6¢f (Berftember 20, 1988Y: Hayrit. B-StPREERIT-FI041r tits t he
critical angl e bevy;ida@oR! €.5a{eni T088991 (Bdbruary 18, 1992); and Ledbetter et aDO'p8 Inpgsas | Nt 0
the inlet ! thr qgg)bat dpsrot@l o &éﬂ%ﬁ&&’ﬂh@ﬂa& ngrgi?cm th @EyoﬁﬁGtThmgteMcxence out
of the exit into a dfaw zon e sfze and geone tw
preferably sel éegengi hiked Pelyme és%féw}ef‘i' ebF%WQQ’dﬁﬂé““ﬁ%w t hr ough
‘the hol e, as, dQﬁlGdeeWorhﬁf @Aﬁﬁéﬁo&fersand BB-monomers or AB-monomers) are reacted ina

solution of nonoxidizing and dehydrating acid under nonoxidizing atmosphere with vigorous

miking and high shear at a temperature that is increased in step-wise or ramped fashion from
no more than about 120°C to at least about 190°C. Examples of suitable AA-monomers include
terephthalic acid and analogs thereof. Examples of syitable 88-monomers include

10 4.6-diaminoresorcinol, 2,5-diaminohydroquinone, 2,5-diamino-1,4-dithiobenzene and analogs
thereof, typically stored as acid salts. Examples of suitable AB-monomers include 3-amino-4-
-hydroxybenzoic acid, 3-hydroxy-4-aminobenzoic acid, 3-amino-4-thiobenzoic acid, 3-thio-4-
-aminobenzoic acid and analogs thereof, typically stored as acid salts.

in order for the most efficient spinning, the dope should preferably be very

15 ' homogeneous and free of salid particulatés. Particulates can be eliminated by known
methods, such as (but not limited to) filtering particles using screens and/or shear filtration
media like silica sand, metal filings or particulates, glass beads, sintered ceramics or sintered
metal plates or shaped structures. Likewise, the dope can be further homogenized using
known equipment such as single- and multiple-screw extruders, static mixers and other mixi ng

20 devices.

The dope is spun through a spinneret. Referring to Figure 1, the spinneret
contains a plate or thimble shaped structure (5), which contains a plurality of holes that go
from one face of the spinneret to the other. The number of holes in the spinneret and their
arrangement is not critical to the invention, but it is desirable 1'6 maximize the number of holes

e 25 foreconomic reasons. The spinneret may contain as many as 100 or 1000 or more, and they
may be arranged in circles orin grids orin a-ny other desired arrangement. The spinneret may
be constructed out of ordinary materials that will not be degraded by the dope, such as
stainless steel.

Referring to Figure 1, each hole contains:

30 (3) aninlet(1),

(b) optionally, a transition cone (2) where the hole narrows by an angle (6)

bef;>re entry into a capillary section,

(c) acapillary section (3), whichis the thinnest (smallest-diameter) section of the

hole where the walls are about parallel, and

3s {(d) anexit(4). -

Theinlet may optionally have a counterbore, which may optionally be concave upward or

concave downward or a fixed angle.
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20 o Thin (lowdenier) filanments can be spun at hi gh speeds

ei t her by .using a relatively smal |l capillary section with relatively

| ow spi'n-draw ratio or by using a relatively large capillary section
at-relati'vely high spin-draw ratios. There is no hard |ine between a high
draw- | ar ge hol e process and a | ow drawsnmall hole process. Both |lie on
a continuum and the line may be sel ected for convenience. In a | ow
drawsmal | hol e process, the capillary section and the'exit 25 preferably
have an average dianeter of no nore than/about 0.5 nm nore preferably no
nor e t han about 0.4 mm and nost prererably no nore than about 0.35
mm The exit is usuall Yhe?ctapxllarysecﬁ&ﬁ&lsua‘lbﬁ\ﬁed&z%dménntodhmbfrem thechole, and

preferably at | ea ;y[ha?‘a Oll": e drgrnetergglﬁlfgh%mQﬁeqw\Mel ﬁ{eggtgth of theQQAu

process, t he capu ary “are usual]yat | east in |aneter
preferably at sectionis @as@uca'beme Ple‘?ﬁﬁ"&m°ﬁd?'ép’ﬁﬁefﬂ"éF'alﬁ"fbﬁ‘t‘mr‘é%ef‘hébout 1.5
mm They are pl’d&ftﬁfeabﬂtye APIIED riord fretehubly aslbatidbobt OATimenthd idameteesf thevdpilloy.c

preferably no nps& E)}%Weaﬁ aéoum {uQeSQI’\éadm&& of the caﬁﬂlary The length of the DOpE

that passes ?hroug I's subjected to %E? _§ I mum shear
ordinarily occprilianys E’ﬁfé"aEB(ﬁP F"1°5&‘93"s°§8‘f‘ 1@ fimesthediameter pf B APURKPOE o o

([err]) (in seqrdfesatlyjo meratiae about 5 times thediameter of the capillary and most preferably no
more than about 3.5 times the diameter of the capillary. The diameter of the hole may be
about uniform all the way through, inwhich case the capillary section extends throughout the

10 entire hole and there is no transition cone. However, the hole is preferably broader at the

. inlet, and becomes narrower through a transition cone within the spinneret to form a capillary

7 section that feads to the exit.

The entry angle into the capillary is the encompassing angle 8 between the walls
in the transition cone immediately before the dope enters the capillary section, as shown in

15 Figure 1. The transmon cone may contam several different angles, but the entry angle just
prior to the capillary is the critical angle for the present invention.

Dope passes into the inlet, through the hole (indluding the capillary section) and
out of the exit into a draw zone. The size and geometry of the hole are preferably selected to
maximize the stability of the dope flow through the hole, as described hereinafter.

20 Thin (low-denier) filaments can be spun at high speeds either by using a relatively
small capillary section with relatively low spin-draw ratio or by using a relatively large capillary
section at relatively high spin-draw ratios. There is no hard line between a high draw-large
hole pro-cess and a low draw-small hole process. Bo{h lie on a_.c_ontinuum, and the line may be
selected for convenience. In alow draw-small hole process, the capillary section and the exit

25 preferably have an average diameter of no more than about 0.5 mm, more preferably no more
than about 0.4 mm, and most preferably no more than about 0.35 mm. The exit is usually at

"least about 0.05 mm in diameter, and preferably at least about 0.08 mm. In a high draw-large
hole process, the capillary and exit are usually atleast about 0.5 mm in diameter, preferably at
least about 1 mm and more preferably at least about 1.5 mm. They are preferably no more

30 thanabout5 mmindiameter and more preferably no more than about 3.5 mm in diameter.

Dope that passes through the hole is subjected to shear. The maximum shear
ordinarily occurs in the capillary section. The capillary shear rate {y) (in sec.-1} can be
conveniently estimated by the Formula_:

= 8"</¢><

35 wherein v, is the average velocity of dope through the capillary section (in meters/sec.) and D¢ is

the diameter of the capillary section (in metefs)- The capillary velocity {v,) is conveniently

calculated by mass or volumetric flow rates. As the capillary section becomes smaller and/or the
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cohvéﬁiently estimated by the Formul a:
[err] = 8[err] 35 wherein v[ierr] is the average velocity of dope through

the capillary section (in neters/sec.) and Derr] is t he di aneter of
the capillary section (in neters). The capillary velocity (v[err]) is
conveniently cal cul ated by mass or volunetric flowrates. As the
capillary section becones snualler and/or the

8

velocity of the dope through the capillary increases, the shear on the dope increases as well. As
th-e shear rate increases, the geometry of the hole becomes more important.
For a dope that contains about 14 weight percent polymer in polyphosphoric acid

atabout 160°Cto 186‘(‘., the entry angle (8) may be about 180° or less as long as the shear rate

s onthedopeinthe capillaryisless than about 500 sec.-1. When the shear rate reaches about
1500 sec.1, the angle must be no more than about 90°. When the shear rate reaches about
2500 sec.-1, the angle must be no more than about 60°, When thelshear rate reaches about
3500 sec.-1, the angle must be no more than about 30°. When the shear rate reaches about |
$000 sec.-1, the angle must be no more than about 20°, if the entry angle is greater, then the

10 line stability usually decreases, and the line is more likely to break. Figures 4-10 relate shear

rate within the capillary section to the width of the capillary section, the spin-draw ratio and

.

the speed of the fiber line for different fiber thickness.
When the dope is more viscous than the dope described above, the angle may
need 1o be more acute than described above, and when the dope is less viscous, the angle may .

15 bemore obtuse. Viscosity can be affected by many different factors, such as temperature,
shear rate, molecular weight of the polyphosphoric acid and the polybenzazole polymer, and
concentration of the polybenzazole polymer. Forinstance, when the dope temperature is
increased above 180°C, it may be possible to operate at shear rates above those permitted in
the foregoing paragraph for each specified entry angle.

20 One theory, which we present without intending to be bound thereby, states that
the previouslydescribed hole geometfy may be necessary for the following reasons. Generally,
the spinning dope at typical fiber processing conditions has a high viscosity. For example, the
zero shear viscosity of 14 percent polyphosphoric acid solution of cis-polybenzoxazole (30 dl/g
L.V.) at 150° C reaches as much as 1,000,000 poise. At spi nniﬁé conditions the viscosity drops

25 due toshear rate effects, but it still has unusually high viscosity for wet spinning. We theorize
that for this reason the spinneret design needs to be similar to designs used in melt spinning.
Moreover, we theorize that a spinning dope of this general composition has very unique flow
behavior because of its liquid crystalline compc.)sition and highly elastic character. We theorize
that tfxe‘ spinning dope forms domains with a diameter of about 100 microns or less. Even

30 whenthe dopeis deformed by shear, the domain structure does not disappear easily. We
theorize that the maximum spin-draw ratio in spinning is mainly determined by the
extensibility of this domain structure. When the spinneret holes do not meet the criteria set
outinthis appliiation, the domains at the surface of a filament become significantly more
extended than domains at the center of a filament. The domains at the surface can not extend

35 as far as center domains without breaking and so the surface domains limit the spin-draw ratio
of whole filament. For this reason the fracture end of a filament shown in Figure 2 is often

observed at the break end of yarn.
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8' ) velocity of the dope through the capillary increases, the shear on

the dope_ increases as well. As the shear rate increases, the geonetry
of: "t he. hol e becones nore inportant. For a dope that
cont ai ns about 14 wei ght percent polymer in polyphosphoric acid at

about 160[er]C to 1 80C, the entry angle ([err]) may be about 180[err] or
| ess as long as the shear rate 5 on the dope in the capillary_ is |less than

about 500 sec.[err]. Wen the shear rat2 reaches about’ 1500 sec.[err],
the angl e nust be no nore than about 90f®rr]. When the shear rate reaches
about 2500 sec.-[err], the angle nust .be no nore than about 60. Wen

the shear rate reac h eswﬂaﬂmbf desirable spinneret holes are shown in Figure 3(a)-{d). Tne hole may
contam a single transition cone, as shownin thure 3(a) and (b) or multiple cones, as shown in
Figure 3(c), but only thelast cone before the capillary section is described as the entry angle to
the capillary.

s The dopes typically exhibit a sc;ftening temperature similar to a thermoplastic
material. They are preferably extruded at a temperature that is aque the softening
temperature, but below the decompositior').'temperature of the do;;_e. The spinning
temperature is preferably selected so that the viscosity of the dope (in state of shear flow) will
be between 50 and 1000 poise. For most dopes, the temperature is preferably atleast about

10 120°C, more preferably at least about 140°C, and preferably at most about 220°C, and more
preferably at most about 200°C. For example, in the case of a dope that contains 14 percent cis-
-PBO with an intrinsic viscosity of 30 dUg, the spinning temperature is preferably about 130°C
to 190°C and more preferably 160°C to 180°C.

Dope exiting the spinneret enters a gap between the spinneret and the

15 coagulation zone. The gap is typically called an “air gap” although it need not contain air. The
gap may contain any fluid that does not induce coagulation or react adversely with the dope,
such as air, nitrogen, argon, helium or carbon dioxide. The air gap contains a draw zone where
the dope is drawn to a spin-draw ratio of at least about 20, preferably atleast about 40, more
preferably at least about 50 and most preferably at leas.t abodt 60. The spin-draw u;atio is

20 defined in this application as the ratio between the take-up velocity of the filaments and the
capillary velocit-y v of the dope. The draw should be sufficient to provide a fiber having the
desired diameter per filament, as described hereinafter. To spin low diameter filaments using
large holes, very high spin-draw ratios (such as 75, 100, 150 or 200 or more) may be desirable.
The temperature in the air gap is preferably at least about 10°C and more preferably at least

25 about 50°C. Itis preferably no more than about 200°C and most preferably no more than about
170°C. The length of the air gapis usually at least about 5 cm and at most about 100 ¢m,
although it may be longer or shorter if desired.

When the filament leaves the draw zone, it should be moving at a rate of at least
about 150 meter/min. it is preferably moving at at least about 200 meter/min, more preferably

30 atleast about 400 meter/min and most preferably atleast about 600 meter/min. Speeds of
about 1000 meter/min. or more can be reachec.!. The filament is washed to remove residual acid
and taken up as yarn or fiber. Itis usually washed by contact with a fluid that dilutes the
solvent and is a non-solvent for the polybenzazole. The fluid m-éy be a gas, such as steam, but it
is preferably a liquid and more preferably an aqueous liquid. The washing may occurin a single

35 stage orin multiple stages. The stages may occur before or after the fiber is taken up, orsome
may come before and some after.

The bath may be in many different forms, such as the baths described in Japanese
Laid L :en Patent No. 63-12710; Japanese Laid Open Pa£ent No. 51-35716; and Japanese
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3500 sec.[err], the angle nust be no nore than about 30[err]. Wen the
shear rate reaches about 5000 sec.[err], the angle nust be no nore than
about "20[err]. If the entry angle is greater, then the 10

| i nestabilityusuallydecreases, and the line isnore |ikelyto break. Figures

4-10 rel ate shear rat.e within the capillary section to the wdth of the
capillary section, the spin-draw ratio and the speed of the fiber:line
for different fiber thickness. When 't he dope”is nore
viscous than the dope described above, {he angle nmay need to be nore

acute than described above, and when the_dope Is |l ess viscous, the angle
may 15 be noreaoihddbsRat N SLD304 Kiss a2 (Ber radyfe ede8@dd Ry paambedwefeiﬁ S¥caarters,

factors, such f@r’in&a‘i‘\m@ﬁéﬁ&ﬂe@ in Guemn.fiﬂeazftex&%fo?a zsﬁ%hx‘??ﬂ@ﬁ) W @hheddibed he

| yph h t f
Pﬁeygoﬁigeg;;}{)% g{ﬁou nénlsno$g ﬂyaneno%t wecgmerc rfqﬁesnhtcxja?‘aad Fnd morQ E%Epatbrya ion o

RAhEE ture
i ncr eased abomﬂmbﬁ‘rqbf’emvt'ﬂ%@"qset possi bl e to operate atshear rates

above thoseg per M t t ed Théwvashed fitefs drid &gmowg rrp.-&foagmph b Qd’ssu&jztﬁhﬁtﬁeﬁﬁfduf;h ed
entry angl e’ r.es

i ntending to lf@ obwﬁley &aﬁgwp élmﬁberso[v%hhéagecf rﬁﬁ%rs or by subjectmg tore uced pre;[sprg. he

. drying is preferably carried out at no more than about 300°C, in order to avoid damage to the
fiber. Examples of preferred washing and drying processes are described in Chau et al., UsS. Ser.
No. 07/929,272 (filed August 13, 1992).
10 The fiber may be heat-treated to increase tensile modulus if desired. Forinstance,
PR itis well known in the art to heat-treat polybenzazole fibers by passing them through a tubular
furnace under tension. See, for example, Chenevey, U.S. Patent 4,554,119 {November 19, 1985).
in-a preferred heat-treating process, the heat-treating medium is steam that moves cocurrent
with the fiber. A finish may also be applied to the fiber if desired.
is The resulting fiber has an average filament diameter of no more than about
18 pm. The fiber diameter is preferably no more than about 17 um, more preferably no more
than about 15 pm, and most preferably no more than about 12 pm. Its denier is preferably no
‘more than about 3.5 dpf (denier-per-filament), highly preferably no more than about 3.2 dpf,
more preferably no more than about 2.5 dpf, and most preferably no more than about 1.6 dpf.
20 Denier, acommon measure of fiber thickness, is the weightin grams of 9000 meters of fiber.
Diameters of 10 pm or 8 um or less can be reached. The minimum ﬁlament diameter and denier
is limited by practncal considerations. Each filament usually has an average diameter of atleast
about 3 um and an average denier of at least about 0.1 dpf.
The present invention can be reduced to practice iﬁ many different embodiments.
25 Inone preferred embodiment, the entry angle to the capillary is no more than about 30° the
‘\J’ hole size is between about 0:1 mm and 0.5 mm and the spin-draw ratio is at least about 20, as
previously described.
The present invention makes it possible to spin the desired fibers with relatively
highline stability. The Iir;e can preferably spin at least about 10 km at each spinning position
30 Withouta filament break, more preferably at least about 100 km, and most preferably at least
-about 1000 km. The averaée tensile strength of the fiber is preferably at [east about 1 GPa,
more preferably at least about 2.75 GPa, more highly preferably at least about 4.10 GPa, and
maost preferably at least about 5.50 GPa. The average te-nsile modulus of the fiber is preferably
atleast 260 GPa and more preferably at feast 310 GPa.
35 The followiné examples are for illustrative purposes only. They should not be
taken as limiting the scope of either the specification or the claims. Unless stated otherwise, all
parts and percentages are by weight.
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.t.he previouslydescribed hole geonetry may be necessary for the foll ow ng
reasons.. Cenerally, t he spinning dope attypical fiber processing
cohdi‘ti ons has a high viscosity. For exanple, the zero shear viscosity
of 14 percent pol yphosphoric acid soluti'on of cis-polybenzoxazole (30 dL/g
|.V.) at 150[err]C reaches as much as 1, 000, 000 poise. At spinning
conditions the viscosity drops 25 due to shear rate effects, but its til
has unusual ly hi gh viscosityforwetspinning. W theorize =~ that for this
reason the spinneret design needs to belkinlar to designs used in nelt
Spi nni ng. Moreover, we theorize thal & spinning dope of this general
conmposi tion has very umiseraeesamgigs. yarn-bisakfseduency ipseianingds gpnted \With jw gr grore
crystalline co ot aoMin@ N dhdll cBfletteEh@Shd fumbErf Breédke per odBpinhia®positidn fora t hat
t he. spi nni ng dope %hw%fgoq?ins with a dianeter of about 100 microns or
| ess. Even 30 WHEWI'RE “U0PE™i s def ornmed by shear, the dommin structure does
not - di sappear easily. Weintrnsigyissesty 9f@ pehbanzazpie ismeas e A 815U r aw ratio in
spinning i Sﬁahﬁ{hyndd@toarcﬁtiaeﬁkhb;wehe extensibility of this domain
structure. e@u&h%1§pgﬂﬂﬁ&ﬁ&998hﬁi do not neet the criteria set out in
CtTe donal

this applicaticrrr','2 s atthe surface of a filanent hecone
significantly nore A polymer solution which consisted of 14.7 weight percent of cis-

-polybenzoxazole (21 I.V.) and polyphosphoric acid (84.3 weight percent ons) was mixed and
degassed with a twin screw extruder at 170°C. The dope was extruded from the spinneret
10 having 166 holes. The geometry and capillary diameter of the holesis described in Table 1. The

el throughput per hole and the hole shape is shown in Table 1. The spin-draw ratio is shown in
e Table 1. The extru;:!ed yarn was introduced into a coagulation bath which had a spinning
funnel installed 55 ¢cm below from the spinneret and in which coagulation water was
maintained at about 22°C. The fiber was washed to remove residual acid and moisture in the
15 fiber was removed by contacting on a heating roller. A spin finish was applied and the fiber
wastakenupona winder. The take-up speed of spinning is measured. The results are shown .
in Table 1.
Table 1
Sample A B
20 _
Dope Through—put (g/min) 40 62
Capillary diameter (D¢ ) (mm) 0.22 0.25
Hole Shape illustrated in Figure 3(a) 3(b)
_ Entry Angle (°) 20 20
Ls/ % Calculated shear rate (y) (sec.”l) 1946 2051
Take-up speed (m/min.) 200 310
Spin-Draw Ratio . 63 81
Filament Breaks (Breaks per hour) 0.02 0.05
30 Denier per filament 1.5 1.5

Example 2- Spinning of PBO dope

A dope that contained 14 weight percent cis-PBO dissolved in polyphosphoric acid
was homogenized and filtered using metal screens and a sand pack shear-filtration medium.
35 Thedope was spun through a 10 hole spinneret with a throughput of 2.4 g/min. The
temperature of the spin block and spinneret was 165°C. The hole size is 0.20 mm and the hole
geometry was as illustrated in Figure 3(b) with a convergence angle (8) of 20°. The shear ratein

the capillary section is calculated at about 2585 sec.-*. The spin-draw ratio of the fiber is 52.
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ext ended than domains at the center of a filanment. The domains at the
sur-face .can not extend 35 as far as center donmains w thout breaking and so
the surface domains limt the spin-draw ratio of whole filanment. For
this reason the fracture end of a filament shown in Figure 2 is often
observed at the break end of yarn.

12

e ——
The fiber was washed, taken up at a speed of 200 m/min., washed further and dried. The fiber
had-an average diameter of 11.5 ym. The spinning was continuous for 60 minutes (12,000

meters) without a filament break.

10
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Ex‘arr,bl-‘es of desirable spinneret holes are shown in Figure 3(a)-(d). The

hot e may. contain a single transition cone, as shown in Figure 3(a) and
(b) or-multiple cones, as shown in Figure 3(c), but only the fast—cone
before the capillary section is described as the ent

capillary. The dopes typically exhi HW"EMMH",H’QHHIL
tenperature simlarto a thernoplastic mat eri al . They® arte preserably
extruded at a tenperature that is abovejghe sof t eni ng t enperature, but
bel ow the deconposition tenperature of dope. The spi nning )

A L P o o el B3R Y@ b aliab S hiRE AR atonbiiFa HRBS (11

polyphosphoric acid and a lyotropic polybenzazole polymer which is polybenzoxazole,
polybenzothiazole or a copolymer thereof, said process having the steps of:

. {A) spinning the dope through a spinneret that contains: (i) two faces and (i) a
5 plurality of holes through which the dope may pass from one face to the other,
. wherein:

(a}  each hole contains an f,ri!et by which dope enters the hole, a capillary
section, and an exit by which dope leaves the hole, and
{b) the entry to the capillary section and the diameter of the capillary section
10 are selected to spin on average at least 10 km of finished filament without
a filament break,
N whereby a plurality of dope filaments is formed; and
(8) drawing the dope filaments across a draw zone with a spin-draw ratio of at Ieast
20; and '

15 (Q in any order (a) washing a2 major part of the polyphosphoric acid from the
filaments, (b) drying the washed filaments and (c) taking up the filaments at a
speed of at least 150 meters per minute

whereby filaments that have an average diameter of no more than 18 ym per filament are
formed with on average no more than one break per 10 km of filament.

20 2. A process to spin a fiber from a liquid-crystalline dope that contains polyphos-
phoric acid and a lyotropic polybenzazole polymer which is polybenzoxazole,
polybenzothiazole or a copolymer thereof, said process having the steps of:

A) spinning the dope through a spinneret that contains a plurality of holes, wherein:
{i) each hole contains: an inlet by which dope .enters the hole, a transition
25 cone, a capillary section, and an exit by which dope leaves the hole, and

g"’* - (i)

(iii)  the angle in the transition cone immediately prior to the capillary section is

the inlet of each hole has a larger diameter than the exit,

no more than 30°,

whereby a plurality of dope filaments is formed;

30 (B) drawing the dope filaments across a gap draw zone with a spin-draw ratio of at
least 20; and
(@) washing a major part of the polyphosphoric acid from the filaments.

3. The process of Claim 1 wherein the inlet to each hole is larger than the exit,
and the hole contains at least one transition cone, in which the diameter of the hole decreases,

35 prior to the capillary section.
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bé bet ween 50 and 1000 poi se. For nost dopes, the tenperature is preferably
at:-1 east about 10 120[err]C, nore preferably at |east about 140[err]C, and
preferably at—nUsr—aqut—?ﬁﬁ‘[—erT‘}C and nore preferably at nost about

200[err] C. For ase of a dope that contains 14 percent cis-
-PBO with an | “J%mqmq of 30 dUg, the spinning tenperature is
preferably about rr 0 190[err]C and nore preferably 1 60[err]C
to 180[err]C Dope exiting the spinneret enters a gap
between the spinneret and the 15 coag j on zone. The gap is typically
called an "air gap" althou ot-.con n air.. P, may
contain any fluid. t haf- &% e"g é"('ra]’e(r:e(')"aca ‘f’a o a(t)ers';r%%é?l?g\%rsel y wth

t he dope, such assai"repf?ﬂeispbﬁé'ﬁ““'ﬁ}ew e VRTIFOMAPBT MRAT HEW PP OR e, The
air gap cont al_csbilaaséhham&enentw”ﬁgleofnomdrélfhadsme is drawn to a spin-draw
ratio of at |east abouyt ;
preferably at |east a Ouife%ﬁ(% o&& |§1lyv¥he?etl tlhg %}E:tl@tpcgh'{lg\g\g‘glaﬂggoﬁ?rtgbhe The

spi n-draw rat |<@lllay52®°clb4$|aneﬂwatfi‘glel‘?f'sO’a?fﬁp‘iabéq|on as the ratio between the
take-up velocity of the filanents and the- capillary velocity (v[err]) .
of the dope. The dr awzshrdgrocelsaf slaii € veheead the hegrawinge capilfanisestionssvi ng t he

between 500 sec.-! and 3500 sec.-.

8. The process of Claim 7 wherein the spinning temperature is between 160°C

~and 180°C.
10 8. The process of Claim 3 wherein the transition cone immediately p'rior to the
\“, capillary section has an entry angle of no more than 30°.
10. The process of Claim 9 wherein the shear rate in the capillary section is 500
sec.-1 and 5000 sec.-1.
11. The process of Claim 10 wherein the spinning temperature is between 160°C
= and 180°C.
12. The process of Claim 3 wherein the transition cone immediately prior ta the
capillary section has an entry angle of no more than 20°.
13. The process of Claim 12 wherein the shear rate in the capillary section is
greater than or equal to S000 sec.-1.
20 14. The process of Claim 13 wherein the spinning temperature is between 160°C
and 180°C.
15. The process of Claim 3 wherein the spinning temperature is above 180°C.
16. The process of Claim 1 wherein the spin-draw ratiois at - ast 40.
_ 17. The process of Claim 1 wherein the
g’,/ 2 spin-draw ratio is at least 75.
18. The process of Claim 1 wherein the filaments are taken up at a rate of atleast
200 meter/min. .
19. The process of Claim 1 wherein the filaments are taken up at a rate of atleast
_ 400 meter/min.
30 20. The process of Claim 1 wherein the average diameter per filament is at least
3 pm and most 12 ym.
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desired dianeter per filament, as deseribed hereinafter. To spin | ow

di aneter filanments using | ar ge hol es;very high spin-draw ratios (such
as- 75, 100, 150 or 200 or nore) may be desirable. The tenperature in
the air gap is preferably at |east about 10[err]C and nore preferably at

| east 25 about 50[err]C. It is preferably no nore than about 200[err]C and
nost preferably no nore than about 170[err]C.. The length of the air
gap is usually at |east about 5 cmand gt nost about 100 cm al t hough
it may be longer or shorter if desired.— When the fil anent
| eaves the draw zone, it should be noving.at a rate of at |east about
1 50 nmeter/mn. It is preferably noving at at |east about 200 neter/mn,
nore preferably 30 atl east about 400 neter/mn and nost preferably at

| east about 600 neterimn. Speeds of about 1000 neter/mn. or nore

canbe reached. The fllanentlsmashedt ve regi dual acid and taken

up as yarn or fiber. It is usually 2§Dby cohtact with a fluid that

dilutes the solvent and is a non- vent for the pol ybenzazol e. The

fluid may be a gas, such as steam but it is preferably aﬁiquid and
gle

nor e preferably an aqufB s liquid. The mashlng n@y occurin a;é

| ] | ©
% —

o

7
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.35 st‘age or in multiple stages. The stages may occur before or after the

fiber is -taken up, or sone may cone before and sone after.
The bath. may be in many different forns, such as the baths described in
Japanese Lai d Open Patent No. 63-12710; Japanese Laid Open Patent No.

51- 35716; and Japanese.

FIG. 3A FIG. 3B

2

/

N\

FIG. 3C FIG. 3D

N
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10 Publ i shed Patent No. 44-22204. Also, the fiber may be sprayed as it
passes between two rollers. for instance as described in Guertin. U S.
Patent 5,034,250 (July 23, 1991). The washed fi ber preferably contains
no. nor e -t han about 2 wei ght percent residual acid, and nore preferably
no.nmore than about 0.5 weight percent 5 Thewashed fiber is

dried by known net hods, such as by passing the fiber {hrough an oven
or by passing the fiber overheated rollers or bysubjecting it to reduced
pressure. The drying is-preferably carried out at no nor e t han about

300[err]C, in order to avoid damage to t#he
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fiber. Exanpl es of preferred washing and drying processes are described in

| NS (ST R T S
200 400 800  B0OO 1000
20 dpf PBO FIBER LINE SPEED (m/min)

Chau et al., U S Ser. No. 07/929,272 (filed August 13, 1992). 10
The, fiber may be heat-treated to increase tensile nmodulus if desired. For
I nst ance. it is well known in the art to heat-treat polybenzazol e
fibers by passing themthrough a tubul ar furnace under tension. See,
for exanple, Chenevey, U S. Patent 4,554,119 (Novenber 19. .1985). In a
preferred heat-treating process, the heat-treating medi um i s’ st eam t hat
noves cocurrent with the fiber. Aflrlltsh may al so be applied tothe fiber
If desired. 15 The resulting fiber has an average fil ament
di aneter of no ngEa t han about 18 [err]m The fiber dianmeter is
preferably no noré than about ib[err nore preferably no nore t han
about 15 [err]m nost preE bly nore than about 12 [err]m Its
denier is prefer '?ng nore than about 3 5 dpf (denier-per-filanent),
hi ghly preferabl y*;,_:no Qé)t'qan ab¢)ut /3.2 dpf,
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nor e 'preferably no nore than about 2.5 dpf, and nost preferably no nore
than about 1.6 dpf. 20 Denier, a common neasure of fiber thickness, is the
wei ght in grams of 9000 nmeters of fiber. D aneters of 10 [errJmor 8
[ert]mor |ess can be reached. The m ninmumfijlament dianeter and denier

Is limted by practical considerations. Each filanent usually has an

aver age di aneter of at |east about 3 [err]mand an average denier of
at | east about 0.1 dpf. The present invention can be
reduced to practice in many different enpodi ments. 25 In one preferred
enbodi rrent,thege«n\try angle to the capilTary is no nore than about 30[err],
t he hol e Siize is between about 0.1 mm-and 0.5 mm and the spin-draw
ratio is at Iea-é} about 20 previ ously descri bed.

The present in_\a_@aftion mkegﬁé-poéi ble to spin the desired fibers with
relatively u-h::?gé\ line stability. The line can preferably spin at |east
about 10km at c—Qc @Qﬂi Mg positio 30 mithoup a filapent break, nore’
preferably at |@®ast abdut [100 km And nwst pr erabl yat |east about
1000 km The a\_mré%e bens,le stre gth/f)’f t he/Ti ber/'rs preferably at |east
about 1 GPa, ,f, o) "[ - 7 - :

I - A . ——100
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[

Ebré'preferably at | east about 2.75 GPa, nore highly preferably at | east

ahout 4.10 GPa, and nost preferably at |east about 5.50 GPa. The
average .tensile nodulus of the fiber is preferably at. | east 260 GPa
and nore preferably at |east 310 GPa. 35 The foll ow ng
exanples are for illustrative purposes only. They should not be t aken
as limting the scope of either the specification or the clainms. Unless
stated ot herw se, all parts and percentages are by weight.
6
fT\ —— |O0um, SDR 26
O ——=— 160um, SDR 67
\&’J -—-——180um, SDR 85
e 10 — gggum SDR 105
n (G —-—220um, SDR |27
~ 2 —— 300um), SDR 237
T 7500
e
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T 6000
7))
= 4500
)
it
= 83000
58
— a|500
{1
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@ =2 0
OZ_ % l 200 400 600 800 1000
L

0.75 dpf PBOFIBER LINE SPEED (fn/min)
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I.n some exanpl es, yarn-break frequency in splnnlng I s counted mnth two or
nor e spi nni ng machi nes, and is-convertéd-into the number of breaks per
one spinning position for a gi ven nunber of hours. The
intrinsic viscosity of a polybenzazole is neasured at 30[err]C using 5

met hanesul fonic acid as the sol vent Exanpl e 1- Spinning of PBO dope

Title: Method For Spinning A Polybenzazole Fiber

ABSTRACT

Polybenzazole polymer dopes are spun into fibers at high
speed by passing through a spinneret with proper selection of
hole geometry, followed by spin-drawing to a spin—-draw ratio
of at least 20, washing, taking up and drying. The take up
speed is at least about 150 meters per minute, and the fibers

are spun in at least 10 km lengths without a break.

Figure 1

-—
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REPLACEMENT SHEELS SO

A pal-yfger.:;sol ution V\:hi ch consisted of 14.7 we ﬁ/tl)pﬁanpm pagedi.b-to paged.....
-pof ybenzoxazol e (21 1.V.) and pol yphosphoric di’ﬁla{xﬂé) 3 wpa@klt’x’pterpam
P[err] derr]) was mxed and degassed wit h| gt aw;gg(g)ewpegeﬂrx&ierpayd.@/ﬁ
170[err] C. The dope was extruded from the spi r'g/rgg,st;agt hay paged 880 ek
The geonetry and capillary diameter of the holes is descri Bed in Tab e 1.

The throughput per hole and the hol e shapeg i . e /o8
spin-draw ratio is shown in Table 1. 1The DATEOOR kﬁCEﬂbIl'?/K?ﬁ

into a coagul ation bath whi WE‘H—@%FBR ARG A owas&“z&%ﬂ@haéaﬂﬁm lled 55 cm
bel ow from the spinneret and In which coagul ation water was mai nt ai ned
at about 22[err]C. The fiber was washed to renove residual acid and

noi sture in the 15 fi bahe pragntisenticdelbs oimpracddiprgeses foashiredtifibgrswhel | er. A
spin finish ms}g@tgﬂlpl: n%}gzou]ﬁpélhn d)thlazole%@tr@ken up on a wi nder .The

t ake-u seedo spirn 'S e he résults are nTable 1
Tabl e 5_) P P Lyc%roplcllquld-crystallme polybenzoxazole and polybenzotxvnzole are not. able 1.

thermoplastic. They are typically made into fibers by dry-jet, wet-_splnmng techniques, in which

a dope that contains the polybenzazole polymer and an acid solvent s spun th'rough a

spinneret, drawn across an air gap, and coagulated by contact with a fluid that dilutes the

solvent and is a non-solvent for the polymer.

10 - Itis economically desirable to spin fibers at the highest speed possible, because
the spinning equipment is véry expensive. Itis also desirable to spin individual filaments with
as small a diameter as possible {(low denier), because fibers that contain a large number of low
denier filaments usually have better and more consistent physical properties than fibers that
contain a small number of high denier filaments.

15 Unfortunately, at high speeds and low deniers, the filaments frequently break. It
isdesirable to develop.'t'echniqdes that will allow spinning of iow-denier fibers at high speeds
without frequent breakage of the filaments.

The present invention is a process 1o spin a fiber from a liquid-crystalline dope
that contains polyphosphoric acid and a lyotropic polybenzazole polymer which is

20 Ppolybenzoxazole, polybenzothiazole or a copolymer thereof, said process comprising the steps
of:

(A) spinning the dope through a spinneret that contains: {i) two faces and (ii) a
plurality of holes through which the dope may pass from one face to the other,
wherein: -

25 {a) each hole contains an inlet by which dope enters the hole, a capillary

section, and an exit by which dope leaves the hole, and

(b) theentrytothe capillary section and the diameter of the cépillary section
are selected 1o spin on average at least about 10 km of finished filament
without a filament break

30 whereby a plurality of dope filaments is formed; and
(8) drawing the dope filaments across a draw zone with a spin-draw ratio of atleast

about 20; and

(€ in aﬁy order (a) washing a major part of the polyphosphoric acid from the
filaments, (b) drying the washed filaments; and (¢) taking up the filaments at a

35 speed of at least 150 meters.per minute, -.
whereby filaments that have an average diameter of no more than about 18 pm per filament

are formed with on average no more than about one break per 10 km of filament.
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Sarrpl e, A B

Dope Through-put (g/ nin) 40 62

Capillary diameter (Dc ) (nmm 0. 22 0. 25

Hol e Shape illustrated in Figure 3(a) 3(b).

Entry Angle ([err] 20 . 20 25 -

Cal cul ated shear rate ([err]) (sec. [err]z) 1946 2051
Take-up speed (M mn.) — . 200 310 .
Spin-Draw Ratio 63 81

Fi | ament Breaks (BreaksTipa@ropeusiedtion of hole size a@ €@y angle into the cagjlagsection of the
spinneret provide the necessary stability for high speed spinning of thin filaments without line
breaks. Selection of capillary size and spin-draw ratio can produce filaments of the desired
fhinness. Suitable choice of dope flow rates in the capillary and spin-draw ratio provide

5 filaments that are taken up at the desired speed.

Figure 1 shows a hole in a spinneret (5) having an entry (1), atransition cone 2
with entry angle (0), a capillary section (3), and an exit (4).

Figure 2 illustrates a fracturein a fiber.

Figure 3(a)-(d) shows four different examples of spinneret hole geometry.

10 Figures 4-10 graphically illustrate the shear within a spinneret hole at various line
speeds when fiber of a particular thickness is spun (depending upon capillary diameter and
spin-draw ratio). For the purpose of those Figures, "um” is the same as "pm”, and SDR stands
for spin-draw ratio. The size number next to each spin-draw ratic indicates the capillary
diameter.

is The present invention uses dopes that contain a lyotropic liquid-crystalline
polybenzazole polyme'ef, which is polybenzoxazole, polybenzothiazole or a copolymer of those
polymers. PBO, PBT and random, sequential and block copolymers of PBO and PBT are

described in references such as Wolfe et al., Liquid crystalline Polymer Compositions, Process

and Products, U.S. Patent 4,703,103 (October 27, 1987); Wolfe et al., Liquid C@allinef’olxmer
20 Compositions, Process and Products, U.S. Patent 4,533,692 (August 6, 1985); Wolfe et al., Liquid

Crystalline Poly(2,6-Benzothiazole) Compositions, Process and Products, U.S. Patent 4,533,724

{August 6, 1985); Wolfe, Liquid Crystalline Polymer Compositions, Process and Products, U.S.

Patent 4,533,693 (August 6, 1985); Evers, Thermooxidatively _S_table Articulated
p-Benzobisoxazole and p-Benzobisthiazole Polxmer's, u.s. Pate.nt 4,359,567 (November 16,
25 1982); Tsai et al., Method for Making Heterocvclic Block Copolymer, U.S. Patent 4,578,432
' (March 25, 1986); 11 Ency. Poly. Sci. & Eng., Polybenzothiazoles and Polybenzoxazoles, 601
(1. wiley & Sons 1988) and W. W. Adams et al., The Materials Science and £ngineering of Rigid-
-Rod Polymers (Materials Research Society 1989).

oy,

The polymer may contain AB-mer unitﬁ. as represented in Formulia 1(a), and/or
30 AA/BB-mer units, asrepresented in Formula 1(b)

e N\
N

35

1({a) AB
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30.. . 'Denier per filanent 1.5 1.5
Exanpi.e’ 2- Spi nni ng of PBO dope A dope that contained 14
wei ght percent cis-PBO dissolved in pol yphosphoric acid was
honogeni zed and filtered using netal screens and a sand pack
shear-filtration medium 35 The dope was spun through a 10 hol e spinneret
with a throughput of 2.4 g/mn. The tenperature of the spin bl ockand
spi nneretwas 165[err] C. The hole size is 0.20 mm and t he hole geonetry
was as illustrated in Figure 3(b) mﬁth3a convergence angle ([err]) of
20[err]. The shear rate in the capillary section is calculated at

about 2585 sec.[err]. The spln draw ratio of the fiber is 52.

// \\\A 17 T§>——nm ;}—

1(b} AA/BB

wherein:

10 Each Ar represents an aromatic group selected such that the polybenzazole
polymer is a lyotropic liquid-crystalline polymer (that is, it forms liquid-crystalline
domains when its concentration in solution exceeds a “critical concentration
point”). The aromatic group may be heterocydlic, such as a pyridinylene group,
butitis preferably carbocyclic. The aromatic group may be a fused or unfused

15 polycyclic system, but is preferably a single six-membered ring. Size is not critical,
but the aromatic group preferably contains no more than about 18 carbon atoms,
more preferably no more than about 12 carbon atoms and most preferably no
more than about 6 carbon atoms. Ar!in AA/BB-mer units is preferably a
1,2,4,5-phenylene moiety or an analog thereof. Ar in AB-mer unitsis preferably a

20 1,3,4-phenylene moiety or an analog thereof.

Each Z isindependently an oxygen or a sulfur atom.

Each DM isindependently a bond or a divalent organic moiety selected
such that the polybenzazole polymer is a lyotropic liquid-crystalline polymer. The
divalent organic moiety is preferably an aromatic group (Ar) as previously

described. Itis most preferably a 1,4-phenylene moiety or an analog thereof.

' The nitrogen atom and the Z moiety in each azole ring are bonded to
adjacent carbon atoms in the aromati.c group, such that a five-membered azole
ring fused with the aromatic group is formed.

The azole rings in AA/BB-mer units may be in cis- or trans-position with
respect to each other, as illusirated in 11 Ency. Poly. S5¢i.-& Eng., supra, at 602.
The polymer preferably consists essentially of either AB-PBZ mer units or AA/BB-

-PBZ mer units, and-more preferably consists essentially of AA/BB-PBZ mer units. Azole rings

within the polymer are preferably oxazole rings (Z = O). '

30

Preferred mer units are illustrated in Formulae 2(a)-(h). The polymer more
35 . . . . N :
preferably consists essentially of mer units selected from those illustrated in 2(a)-(h), and most
preferably consists essentially of a number of identical units selected from those illustrated in

2(a)-(d).
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The fiber. was washed, taken up at a speed of 200 mimin., washed further and
dri'ed. The fi ber

B 0620
B S o0
N S OS2/

0 2 (d) 4@: :©::}

30 N
(e) N .
0 :
35
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3

: h-ad an average dianeter of 11.5 [err]m The spinning was conti nuous for 60

m nutes (12, 000 nmeters) wthout a filanent break. 5

e,

10

15

20

25

30

35

o) -
JO® I

Each polymer preferably contains on average at least about 25 repeating units,
more preferably at least about 50 repeating units and most preferably at least about 100
repeating units. The intrinsic viscosity of rigid AA/BB-PBZ polymers in methanesulfonic acid at
25°Cis preferably at least about 10 al.lg, more preferably atleast about 15 dl/g and most
preferably at least about 20 dl/g. For some purposes, an intrinsic viscosity of at least about
25 dUg or 30 di/g may be best. Intrinsic viscosity of 60 d/g or higher is possible, but the
intrinsic viscosity is preferably no more than about 50 dL/g. The intrinsic viscosity of semi-rigid
AB-PBZ polymers is preferably atfeast about 5 dUg, more preferably at least about 10 dU/g and
most preferably atleast about 15dUg.

The polymer or copolymer is dissolved in polyphosphoric acid to form a solution
or dope. The polyphosphoric acid preferably contains at least about 80 weight percentP,O,,
and more preferably atleast about 83 weight percent. It preferably contains at most about 90
weight percent P;Os, and more prefer_ably at most about 88 weight percent. It most preferably
contains between about 87 and 83 weight percent P,O_.

The dope should contain a'hi_gh enough-éoncentrat_ion of polymer for the dope to
contain liquid-crystalline domains. The Ebncéntrat_ion of the polymer is preferably at least
about 7 weight percent, more preferably at least about 10 weight percent and most preferably
atleast about 14 weight percent. The maximum concentration is limited primarily by practical
factors,I such as polymer solubility and dope viscosity. The concentration of polymer is seldom
more than 30 weight percent, and usually no more than about 20 wefg_ht percent.

Suitable polymers or copolymers and dopes can be synthesized by known
procedures, such as those described in Wolfe et al., U.S. Patent 4,533,693 (August 6, 1985);
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Sybert et al., U.S. Patent 4,772,678 (September 20, 1988); Harris, U.S. Patent 4,847,350 (July 11,
1989); Gregory, U.S. Patent 5,089,591 (February 18, 1992); and Ledbetter et al., "An Integrated
Laboratory Process for Preparing Rigid Rod Fibers from the Monomers,” The Materials Science

and Engineering of Rigid-Rod Polymers at 253-64 (Materials Res. Soc. 1989). In summary,

suitable monomers (AA-monomers and BB-monomers or AB-monomers) are reacted in a
solution of nonoxidizing and dehydrating acid under nonoxidizing atmosphere with vigorous
mixing and high shear at a temperature that is increased in step-wi,ée or ramped fashion from
no more than about 120°C to at least about 190°C. Examples of suitable AA-monomers include
terephfhalic acid and analogs thereof. Examples of suitable BB-monomers include

4 s-diaminoresorcinol, 2,5-diaminchydroquinone, 2,5-diamino-1,4-dithiobenzene and analogs
thereof, typically stored as acid salts. Examples of suitable AB-monomers include 3-amino-4-
-hydroxybenzoic acid, 3-hydroxy-4-aminobenzoic acid, 3-amino-4-thiobenzoic acid, 3-thio-4-
-aminobenzoic acid and analogs thereof, typically stored as acid salts.

In order for the most efficient spinning, the dope should preferably be very
homogeneous and free of salid particulatés. Particulates can be eliminated by knowr;
methods, such as (but hot limited t0) filtering particles using screens and/or shear filtration
media like silica sand, metal filings or particulates, glass beads, sintered ceramics or sintered
metal plates or shaped structures. Likewise, the dope can be further homogenized using
known equipment such as single- and multiple-screw extruders, static mixers and other mixing
devices.

The dope is spun through a spinneret. Referring to Figure 1, the spinneret
contains a plate or thimble shaped structure (5), which contains a plurality of holes that go
from one face of the spinneret to the other The number of hol esin the spinneret and their
arrangement is not critical to the invention, but it is desirable to maximize the number of holes
for economic reasons. The spinneret may contain as many as 100 or 1000 or more, and they
may be arranged in circles orin grids or in a.ny other desired arrangement. The spinneret may
be constructed out of ordinary materials that will not be degraded by the dope, such as
stainless steel.

Referring to Figure 1, each hole contains:

(a) aninlet(l), _

{b) optionally. a transition cone (2) where the hole narrows by-an angle (8)

before entry into a capillary section,

() acapillary section (3), which is the thinnest (smal lest-dlameter) section of the *

hole where the walls are about parallel, and _

(d) anexit(4). -
The inlet may optionally have a counterbore, which may optionally be concave upward or

concave downward or a fixed angle.
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] The capillary section is usuallyimr';lediately adjacent to the exit from the hole, and
usually has about the same diameter as the exit from the hole. The length of the capillary
section is not critical to the presentinvention. ltis preferably at least about 0.1 times the
diameter of the capillary, more preferably atleast about 0.5 times the diameter of the capillary,
and most preferably at least about 0.8 time; the diameter of the capillary. Thelength of the
capillary is preferably no more than about 10 times the diameter of the capillary, more
preferably no more than about 5 times the dlameter of theca p:llary and most preferably no
more than about 3.5 times the diameter of the capillary. The diameter of the hole may be
about uniform all the way through, in which case the capillary section extends throughout the
entire hole and there is no transition cone. However, the hole is preferably broader at the
inlet, and becomes narrower through a transition cone within the spinneret to form a capillary
section that leads to the exit.

The entry angle into the capillary is the encompassing angle 8 between the walls
in the transition cone immediately before the dope enters the capillary section, as shown in
Figure 1. The transition cone may contain several different angles, but the entry angle just
prior to the capillary is.‘.the critical angle'fOf the presentinvention.

Dope passes into the inlet, through the hole (including the capillary section) and
out of the exitinto a draw zone. The size and geometry of the hole are preferably selected to
maximize the stability of the dope flow through the hole, as described hereinafter.

Thin (low-denier) ﬂléments can be spun at high speeds either by using a relatively
small capillary section with relatively low spin-draw ratio or by using a relatively large capillary
section at relatively high spin-draw ratios. There is no hard line between a high draw-large
hole process and a low draw-small hole process. Bothlieona continuum, and the line may be
selected for convenience. In alow draw-small hole process, the capillary section and the exit
preferably have an average diameter of no more than about 0.5 mm, more preferably no more

than about 0.4 mm, and most preferably no more than about 0.35 mm. The exitis usually at

" least about 0.05 mm in diameter, and preferably at least about 0.08 mm. Ina high draw-large

hole process, the capillary and exit are usually at least about 0.5 mm in diameter, preferably at

least about 1 mm and more preferably at least about 1.5 mm. They are preferably no more

than abourt 5 mm in diameter and more preferably no more than about 3.5 mm in diameter.
Dope that passes through the hole is subjected to shear. The maximum shear

ordinarily occurs in the capillary section. The capillary shear rate {y) (in sec.-1} can be

conveniently estimated by the Formula:

' Y = 8%dp,
wherein v, is the average velocity of dope through the capillary section (in meters/sec.) and D¢ is
the diameter of the capillary section (in mete'rs). The capillary velocity (v,) is conveniently

calculated by mass or volumetric flow rates. As the capillary section becomes smaller and/or the
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velocity of the dope through the capillary increases, the shear on the dope increases as well. As
tl';e shear rate increases, the geometry of the hole becomes more important.

For a dope that contains about 14 weight percent polymer in polyphosphoric acid
at about 160°C to 18b°c, the entry angle (8) may be about 180° or less as long as the shear rate
on the dope in the capillary is less than about 500 sec.-). When the shear rate reaches about
1500 sec.-1, the angle must be no more r_.han about 90°. When the shear rate reaches about
2500 sec., the angle must be no more than about 60°. When the shear rate reaches about
3500 sec.-1, the angle must be no more than about 30°. When the shear rate reaches about |
5000 sec.-1, the angle must be no more than about 20°. If the entry angle is greater, then the
line stability usually decreases, and the line is more likely to break. Figures 4-10 relate shear
rate within the capiflary section to the width of the capillary section, the spin-draw ratio and
the speed of the fiber line for different fiber thickness. -

When the dope is more viscous than the dope described above, the angle may
need to be more acute than described above, and when the dope is less viscous, the angle may
be more obtuse. Viscosity can be affected by many different factors, such as temperature,
shear rate, molecular weight of the polyphosphoric acid and the polybenzazole polymer, and
concentration of the polybenzazole polymer. For instance, when the dope temperature is
increased above 180°C, it may be possible to operate atshear rates above those permitted in
the foregoing paragraph for each specified entry angle.

One theory, which we present without intending to be bound thereby, states that
the previouslydescribed hole geometry may be necessary for the following reascns. Generally,
the spinning dppe at typical fiber processing conditions has a high viscosity. For example, the
zero shear viscosity of 14 percent polyphosphoric acid solution of cis-polybenzoxazole (30 dl/g
1.V.) at 150° C reaches as much as 1,000,000 poise. At spinniné conditions the viscosity drops
due to shear rate effects, but it still has unusually high viscosity for wet spinning. We theorize
that for this reason the spinneret design needs to be similar to designs used in melt spinning.
Moreover, we theorize that a spinning dope of this general composition has very unique flow
behavior because of its liquid crystalline comp&sition and highly elastic character. We theorize
that the spinning dope forms domains with a diameter of about 100 microns or less. Even
when the dope is deformed by shear, the domain structure does not disappear easily. We
theorize that the maximum spin-draw ratio in spinning is mainly determined by the
extensibility of this domain structure. When the spinneret holes do not meet the criteria set
outin this applic:ation, the domains at the surface of a filament become significantly more
extended than domains at the center of a filament. The domains at the surface can not extend
as far as center domains without breaking and so the surface domains limit the spin-draw ratio
of whole filament. For this reason the fracture end of a filament shown in Figure 2 is often

observed at the break end of yarn.
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Exaniples of desirable spinneret heles are shown in Figure 3{a)-{d). The hole may
c;ntain a single transition cone, as shown in Figure 3(a) aed (b) or multiple cones, as shown in
Figure 3(c), but only thelast cone before the capillary section is described as the entry angle to
the capillary.

The dopes typically exhibit a softeni ng temperature similartoa thermoplastic
material. They are preferably extruded at a temperature thatis above the softening
temperature, but below the decompositi or-{'temperature of the do;;e. The spinning
temperature is preferably selected so that the viscosity of the dope (in state of shear flow) will
be between 50 and 1000 poise. For most dopes, the temperature is preferably at least about
120°C, more preferably at least about 140°C, and preferably at most about 220°C, and more
preferably at most about 200°C. For example, in the case of a dope that contains 14 percent cis-
-PBO with an intrinsic viscosity of 30 dUg, the spinning temperature is preferably about 130°C
to 190°C and more preferably 160°C to 180°C.

Dope exiting the spinneret enters a gap between the spinneret and the
coagulation zone. The gap is typically called an “air gap” although it need not contain air. The
gap may contain any fluid that does not induce coagulation or react adversely with the dope,
such as air, nitrogen, argon, helium or carbon dioxide. The air gap contains a draw zone where
the dope is drawn to a spin-draw ratio of at least about 20, preferably at least about 40, more
preferably at least about 50 and most preferably at leas.t abodt 60. The spin-draw éatio is
defined in this application as the ratio between the take-up velocity of the filaments and the
capillary velocify (vo) of the dope. The draw should be sufficient to provide a fiber having the
desired diameter per filament, as described hereinafter. To spin low diameter filaments using
large holes, very high spin-draw ratios (such as 75, 100, 150 or 200 or more) may be desirable.
The temperature in the air gap is preferably atleast about 10°C and more preferably atleast
about 50°C. it is preferably no more than about 200°C and most preferably no more than about
170°C. The length of the air gap is usually at least about S cm and at most about 100 ¢cm,
althoughitmay be longer or shorter if desired.

When the filament leaves the draw zone, it should be moving at a rate of atleast
about 150 meter/min. Itis preferably moving at at least about 200 meter/min, more preferably
atleast about 400 meter/min and most preferably at least about 600 meter/min. Speeds of
about 1000 meter/min. or more can be reached. The filament is washed to remove residual actd
and taken up as yarn or fiber. ltis usually washed by contact with a fluid that dilutes the
solvent and is a non-solvent for the polybenzazole. The fluid méy be a gas, such as steam, but it
is preferably a liquid and more preferably an aqueous fiquid. The washing may occurina single
stage or in multiple stages. The stages may occur before or after the fiber is taken up, or some
may come before and some after.

The bath may be in many different forms, such as the baths described in Japanese
Laid 3 zen Patent No. 63-12710; Japanese Laid Open Pa{ent No. 51-35716; and Japanese.
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13 . CLAI MS: 1. A process to spin a fiber
froma I|qU|d crystal line dope that contains a sol vent pol yphosphori c
acid -and a |yotropic polybenzazol e polymer which is pol ybenzoxazol e,

pol ybenzot hi azol e or a copol yner thereof, said process having the steps of:

(A spi nni ng the dope through a spinneretthat contains:-(i)two faces
and (ii) a5 plurality of holes through which the dope may
pass fromone face to the other. 10 wher ei n:

(a) each hole contains an inlet whi ciTdope enters the hole hvwouﬁBJllary

section, and afybbshed Pawr. Whict-R228% [féw‘i t@%\ﬂ)ﬁé mPgh? shraYeg as 'h?ﬂﬁses betwee
(b) t he entr yfot ipsterte asciapiibddan Guegingy.5. Gptept P38 AE0 (HYZADEN. THE wethed foehi | | ary

section 10 preferably contains no more thin2b&@ 2e@igbtper@nupidealord.anémau@rederateast 10
kmof finis hed er@{R%QLbo‘Mﬁ ?Qggmpercent. a filament break.
5 The washed fiber s dried by known methods, such as by passing the fiber through

an oven or by passing the fiber over heated rollers or by subjecting it to reduced pressure. The

drying is preferably carried out at no more than about 300°C; in order to avoid damage to the
fiber. Examples of preferred washing and drying processes are described in Chau et al., U.S. Ser.
No. 07/929,272 (filed August 13, 1992).

10 The fiber may be heat-treated to increase tensile modulus i desired. Forinstance,
itis well known in the art to heat-treat polybenzazole fibers by passing them through a tubular
furnace under tension. See, for example, Chenevey, U.S. Patent 4,554,113 (November 19, 1985).
In a preferred heat-treating process, the heat-treating medium is steam that moves cocurrent
with the fiber. A finish may also be applied to the fiber if desired.

15 The resulting fiber has an average filament diameter of no more than about
18 pm. The fiber diaméter is preférably no more than about 17 pm, more preferably no more
than about 15 pm, and most preferably no more than about 12 pm. Its denier is preferably no

‘more than about 3.5 dpf {denier-per-filament), highly preferably no more than about 3.2 dpf,
more preferably no more than about 2.5 dpf, and most preferably no more than about 1.6 dpf.

20 Denier, a common measure of fiber thickness, is the weightin grams of 9000 meters of fiber.
Diameters of 10 pm or 8 pm or less can be reached. The minimum filament diameter and denier
is limited by practicai considerations. Each filament usually has an z;verage diameter of at least
about 3 pm and an average denier of atleast-about 0.1dpf.

The present invention can be reduced to practice i.n many different embodiments.

25 Inone preferred embodiment, the entry angle to the capillary is no more than about 30° the
hole size is between about 0.1 mm and 0.5 mm and the spin-draw ratio is at least about 20, as
previously described. o

The present invention makes it possible to spin the desired fibers with relatively
high line stability. The line can preferably spin at least about 10 km at each spinrii ng position

30 Wwithouta filament break, more preferably at leastabout 100 km, and most preferably at least
.about 1000 km. The average tensile strength of the fiber is preferably at least about 1 GPa,
more preferably at least about 2.75 GPa, more highly prgferably atleast about 4.10 GPa, and
most preferably at least about 5.50 GPa. The average tensile modulus of the fiber is preferably
at least 260 GPa and more preferably at least 310 GPa. '

35 The followiné examples are for illustrative purposes only. They should notbe
taken as limiting the scope of either the specification or the claims. Unless stated otherwise, all

parts and percentages are by weight.
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"V\he’r-eby__ -a.plurality of dope filanents is formed; and (B) dr awi ng
the dope filanments across a draw zone with a spin-draw ratio of at |east

20; and 15 (Q) in any order (a) washing a major part of the

pol yphosphoric acid fromthe filaments, (b) drying the
washed filarent-s and (c) taking up the filanents at a .

speed of at |east 150 neters per m nute whereby filanents that have an
average di aneter of no nore than 18 [err]m er filament are formed with

on average no nore than one breagk .Qe;‘_brlgk#emuonc Fishi  cofried with two or more
A process to spin a fib&OPEERME S VYIPE TSI e dope T hat cont alns

pol yphos ph erinningasckinesnands cogsrtedipiodhanympreh 3k Pes oRfSPIPRIER PRRftioBferias
EOl _ybentZ(ﬁxaz;)I eg;ve,}numgg,loy?eﬁ};_ot hi azol e or a copol ynmer thereof, said process
avi ng e steps of: A L I NPy a spi nneret
that -contains a plurali {hg"é%'"ﬂ%‘l'sé%s,'waﬁé’?g}%%:gazwﬁ"g%gdsmwng(i )Io each
hol e contai nsg ethemdsdfonisyacidias dpsadSpe enters the hole, a transition
Example 1- Spinning of PBO dope '

A polymer solution which consisted of 14.7 weight ):;ercent of cis-
-polybenzoxazole (21 1.V.) and polyphosphoric acid (84.3 weight percent PzO;) was mixed and
degassed with a twin screw extruder at 170°C. The dope was extruded from the spinneret

10 having 166 holes. The geometry and capillary diameter of the holesis described in Table 1. The
throughput per hole and the hole shape is shown in Table 1. The spin-draw ratio is shown in
Table 1. The extru.ded yarn was introduced into a coagulation bath which had a spinning
funnel installed 55 cm below from the spinneret and in which coagulation water was
maintained at about 22°C. The fiber was washed to remove residual acid and moisture in the

15 fiber was removed by contacting on a heating roller. Aspin finish was applied and the fiber

wastakenupona winder. The take-up speed of spinning is measured. The results are shown

inTable 1.
Table 1
Sample ' . A B
20 :
Dope Through~put (g/min) _ 40 62
Capillary diameter (D¢ ) (mm) 0.22 0.25
Hole Shape illustrated in Figure 3{a) 3(v)
Entry Angle (°) 20 20
; 25 Calculated shear rate (y) (sec.”l) 1946 2051
- Take-up speed (m/min.) - 200 310
Spin-Draw Ratio _ 63 81
Filament Breaks (Breaks per hour) 0.02 0.05
30 Denier per filament | 1.5 . 1.5

Example 2- Spinning of PBO dope

A dope that contained 14 weight percent cis-PBO dissolved in polyphosphoric acid
was homogenized and filtered using metal screens and a sand pack shear-filtration medium.
35 Thedope was spun through a 10 hole spinneret witha throughpu{ of 2.4 g/min. The
temperature of the spin block and spinneret was 165°C. The hole size is 0.20 mm and the hole
geometry was as illustrated in Figure 3(b) with a convergence angle (6) of 20°. The shear ratein '

the capillary section is calculated at about 2585 sec.-*. The spin-draw ratio of the fiber.is 52.
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25.77, cone, a capillary section, and an exit by which

-dope l'eaves the hole, and (iti) the inlet of each hole has
a larger dianeter than the exit, (iii) the angle in the
transition cone imediately prior to the capillary section is

no nore than 30[err], whereby plurality of .dope filaments
is formed; 30 (B) drawi ng thepglope filanments across a gap draw
zone wWith a spin-draw ratio of at —_— | east 20; and (O

washing a nmej or prkiberas diiiBed) BkHUPAEIHBEd of 200Gh/Akirt. inaifell RethEd ahdB®a! Fhe fiber
2. The process %a%?\lem daleefle Dy L 08 il Glnidevas 850 JL%lt%réoSmaL.ﬂLsg?{ ophan the
heé hol e & S a% east % t ﬁ%l

exit, and t > contaln one-transition cone, | ch the
di ameter of the MYr®vibeytefdamentiyeknrj or to the capillary section.
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147" o 3. The process of Caim2 wherein capillary shear rate is
| ess than' 1500 sec. [err].

o I

13

—*-__

CLAIMS .
. A process 1o spin a fiber from aliquid-crystalline dope that contains a solvent

polyphosphoric acid and a lyotropic polybenzazole polymer which is polybenzoxazole,

polybenzothiazole or a copolymer thereof, said process having the steps of:

. . (A) spinning the dope through a spinneret that contains: (i) two faces and (ii) a
5 plurality of holes through which the dope may pass from one face to the other,
. wherein:

(3)  each hole contains an inlet by which dope enters the hole, a capillary
sedion, and an exit by which dope leaves the hole, and
(b)  the entryto the capillary section and the diameter of the capillary section
10 are selected to spin on average at least 10 km of finished filament without
a filament break,

whereby a plurality of dope filaments is formed; and

(8) drawing the dope filaments across a draw zone with a spin-draw ratio of at least
20; and _
15 (Q in any order (a) washing a major part of the polyphosphoric acid from the

filaments, {b) drying the washed filaments and (c) taking up the filamentsat a
speed of atleast 150 meters per minute
whereby filaments that have an average diameter of no more than 18 pm per filament are
formed with on average no more than one break per 10 km of filament.

20 2 __A-DEocecctocnin bg om-aliauid -,.:...- hat cantains.nolynhn
phoric acid and a lyotropic polybenzazole polymer which is polybenzoxazole,
polybenzothiazole or a copolymer thereof, said process having the steps of;

(A) spinning the dope through a spinneret that contains a pldfality of holes, wherein:
)] each l‘gole contains: an inlet by which dope ;enters the hole, a transition
25 cone, a capillary section, and an gxif by which dope leaves the hole, and
{J _ (i)  theinlet of each hole hagatarger diameter than the exit, .
{iii) theangleinthe sitiqn cone immediately prior to the capillary section is
no more thafi 30°, .
wherebyaflurality of dope filaments is formed;

30 (8) graWwing the dope filaments across a gap draw zone with a spin-draw ratio of at

least 20; and '

OEDaLL-O ha.palunhatnhar a gitnheluaments.

2,3 The process of Claim 1 wherein the inlet to each hole is larger than the exit,
and the hole contains at least one transition cone, in which the diameter of the hole decreases,

35 prior to the capillary section.
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4.,'.'-I'he'process me transition cone imediately prior to

the - capillary s ' ntry angle of no nore than 90[err].
5. The process oiﬂﬁﬁ&\mnmmm“ the transition cone imediately prior to
the 5 capillary s&€VROM.Nas an entry angle of no nore than 60[err]. _
6. The process of Caim5 wherein the shear rate in.the capillary section is
bet ween 500 sec.[err] and 3500 sec.[errla 7. The process of
Claim 6 wherein the spinning tenperagure 3 between 160[err]C and

180[err]C. 10 . 3.4 The pBocess SNBaipEOGREH ogilldg) shéamtaze ivksethen 50D k..
transition cone i mredi.-@.t ﬂlé}br&@!sgf Cl$i91§tvh\ereinthe transition cone immediately prior to the

capillary section has an entry angle of no more than 90°.
5.4 The processof C aimi'wherein the transition cone immedi ately'prior to the
s capillary section has an entry angle of no more than 60°.

6 = The process of Claim&wherein the shear rate in the capillary section is
between 500 sec.-! and 3500 sec.-1.

“7.48 The process of Claim ?*wherein the spinning temperature is between 160°C

and 180°C.
10 £ .- The process of Claim3wherein the transition cone immediately p'rior to the
capillary section has an entry angle of no more than 30°.
9 .4€ The process of Claim gwherein the shear rate in the capillary section is 500
sec.-! and 5000 sec.-.
s 1Q.++ The process of Claim 10 wherein the spinning temperature is between 160°C
and 180°C.
j 1.+ The process of Claim %wherein the transition cone immediately prior to the
capillary section has an entry angle of no more than 20°.
12,13 The process of Claim gi'wherein the shear rate in the capillary section is
greater than or equal to 5000 sec.-1.
20 I3 #% The process of Claim ¥3wherein the spinning temperature is between 160°C
and 180°C. 2
I%.#5 The process of Claim 3*wherein the spinning temperature is above 180°C.
{8 4. The process of Clai m_'}_l:‘v;rherein the spin-draw ratio is at |- ast 40,
- {b A% The process of Claim 1 wherein the
spin-draw ratio is atleast 75.
. 1. 8- The process of Claim 1 wherein the filaments are taken up at a rate of atleast
200 meter/min.
{8.%3- The process of Claim 1 wherein the filaments are taken up at a rate of atleast
400 meter/min.
30 19.26. The process of Claim 1 wherein the average diameter per filament is at least
3 pm and most 12 pm.
35
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"‘capi |l ary. section has an entry angl.e-of na.more than 30[err].

9.~ The process of Claim8 wherein the shear rate in the capillary section
is500 - sec.[err] and 5000 sec.[err]. 10. The process of
Claim9 wherein the spinning tenperature is between 160[err]C and
180[err] C. 11. The process of Claim2 wherein the transition
cone imedi ately prior to the capi |l d&ry sectian has an entry angle of
no nore than 20[err]. 12. "The process of Claim 11l wherein the
shear rate in the capillary section is . ~greater than or equal to 5000
sec.[err]. 13. The process of Caim 12 wherein the spinning
tenperature is between 1 60[err]C and 180[err]C 14. The
process of Claim2 wherein the spinning tenperature is above 180[err]C

15. The process of Claim1l wherein tl?‘? F@n-dram‘ ratio is at |east 40.
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" 16;- The process of Claim1 wherein the 25 spin-draw ratio is at |east
75: 17. The process of Claiml wherein the filanments are
taken up at a rate of at |east 200 meter/ mn. 18. The
process of Claiml wherein the filanments are taken up at a rate of at |east
- 400 neter/m.n. 30 19. The process of Claim1 wherein the

aver age di aneter per filanment is at Ieazst 3 [err]mand nost 12 [err]m

———y *

.

FIG. 3¢ FIG. 3D

Z)
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Title: Method For Spinning A Polybenzazole Fiber

ABSTRA

Polybenzazole polymer dopes are spun into fibers at high
speed by passing through a spinneret with proper selection of
hole geometry, followed by spin-drawing to a spin-draw ratio

of at least 20, washing, taking up and drying. The take up

‘speed is at least about 150 meters per minute, and the fibers

are spun in at least 10 km lengths without a break.

Figure 1
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