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(57) ABSTRACT 

The processes and apparatus of the present invention con 
cerns melt spinning high viscosity ?uoropolyrners into 
single ?laments or multi-?lament yarns at high spinning 
speeds, the melt spinning being carried out at a temperature 
Which is at least 90° C. greater than the melting point of the 
polymer or in the case of per?uoropolymer, at a temperature 
of at least 450° C., and the yarns produced by the process, 
Wherein the ?laments exhibit a greater axial orientation in 
the center of the ?lament than at the surface. 
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HIGH MELT SPINNING OF FLUOROPOLYMER 
FIBERS 

RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
Ser. No. 09/857,573, ?led Jun. 5, 2001, Which is the national 
?ling from PCT application US00/0218, ?led Jan. 28, 2000, 
Which claims the bene?t of US. applications No. 60/117, 
831, ?led Jan. 29, 1999, and No. 60/109,631, ?led Dec. 8, 
1999, both noW abandoned, and claims the bene?t of all 
these applications. 

BACKGROUND OF THE INVENTION 

[0002] The processes and apparatus of the present inven 
tion concern melt spinning ?uoropolymers into single ?la 
ments or multi-?lament yarns at high spinning speeds. 

[0003] Melt spinning of thermoplastic copolymers based 
on tetra?uoroethylene is knoWn. HoWever, there is consid 
erable economic incentive to drive ?ber spinning rates ever 
higher for these high value polymers. One problem facing 
processes of melt spinning is that at high shear rates, melt 
fracture occurs Which becomes evident as surface roughness 
in the extruded ?bers. Since the critical shear rate for the 
onset of melt fracture decreases With increasing melt vis 
cosity, Ways to decrease melt viscosity have centered on 
raising the temperature of the melt. HoWever, in many 
polymers including thermoplastic copolymers based on tet 
ra?uoroethylene, the polymer exhibits thermal degradation 
before any signi?cant decrease in melt viscosity can be 
achieved. 

[0004] Fibers of polytetra?uoroethylene (PTFE) 
homopolymer are also highly valued, particularly for their 
chemical and mechanical properties, such as loW coef?cient 
of friction, thermal stability and chemical inertness. HoW 
ever, processing by melt spinning has proved elusive. Since 
polytetra?uoroethylene homopolymer ?bers are convention 
ally formed by a dispersion spinning process involving 
many steps and complicated equipment, there is great eco 
nomic incentive to ?nd a method for melt spinning such 
?bers. 

[0005] The problem of spinning ?bers from high viscosity 
polymer melts has been previously addressed for polyesters. 
In US. Pat. No. 3,437,725 a spinneret assembly is described 
having a top plate, a heating plate and a loWer plate With a 
spacer providing air space betWeen the top plate and the 
heating plate. HolloW inserts, one for each ?lament to be 
spun, are placed in the top plate and extend to the bottom 
face of the loWer plate. Molten polymer is fed into the inserts 
for spinning through capillaries. An electrical heater sup 
plies heat to maintain the loWer plate, heating plate and 
loWer portions of the inserts at a temperature at least 600 C. 
higher than the temperature of the supplied molten polymer. 
Heated capillary temperatures ranging betWeen 290 and 
430° C. Were listed in examples for spinning polyesters. No 
mention is made of any ?uoropolymer or temperatures 
needed to melt spin ?uoropolymers at high spinning speeds. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides a process for melt 
spinning a composition comprising a highly ?uorinated 
thermoplastic polymer or a blend of such polymers, com 
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prising the steps of melting a composition comprising a 
highly ?uorinated thermoplastic polymer or a blend of such 
polymers to form a molten ?uoropolymer composition; 
conveying said molten ?uoropolymer composition under 
pressure to an extrusion die of an apparatus for melt spin 
ning; and extruding the molten ?uoropolymer composition 
through the extrusion die to form molten ?laments, said die 
being at a temperature of at least 4500 C., at a shear rate of 
at least 100 sec-1, and at a spinning speed of at least 500 
m/min. 

[0007] The present invention also provides a process for 
melt spinning a composition comprising polytetra?uoroet 
hylene homopolymer, comprising the steps of melting a 
composition comprising a polytetra?uoroethylene 
homopolymer to form a molten polytetra?uoroethylene 
composition; conveying said molten polytetra?uoroethylene 
composition under pressure to an extrusion die of an appa 
ratus for melt spinning; and extruding the molten polytet 
ra?uoroethylene composition through the extrusion die to 
form molten ?laments. 

[0008] The present invention further provides an appara 
tus for melt-spinning ?bers comprising a spinneret assembly 
comprising means for ?ltering; a spinneret; an elongated 
transfer line, said transfer line being disposed betWeen said 
?ltration means and said spinneret; means for heating said 
elongated transfer line; means for heating said spinneret; and 
an elongated annealer disposed beneath said spinneret 
assembly. 

[0009] With respect to the process for melt spinning highly 
?uorinated thermoplastic polymer at an extrusion die tem 
perature of at least 450° C., this high minimum temperature 
is required for the per?uorinated ?uoropolymers. Lower 
extrusion die temperatures can be used for hydrogen-con 
taining highly ?uorinated thermoplastic ?uoropolymers, 
such as ethylene/tetra?uoroethylene copolymer (ETFE), 
Which have loWer melting points than the per?uorinated 
?uoropolymers, such as in the range of 250-270° C. for 
ETFE. These ?uoropolymers can be spun into yarn in 
accordance With the process of the present invention at 
extrusion die temperatures Which While less than 450° C., 
are still substantially greater than the melting point of the 
polymer. Thus, the process for melt spinning a composition 
comprising highly ?uorinated thermoplastic polymer 
(including a blend of such polymers) comprises melt spin 
ning at a temperature of at least 90° C. greater than the 
melting point of said polymer. Such melt spinning tempera 
ture is the same as the extrusion die temperature mentioned 
above. Preferably such melt spinning temperature is at least 
340° C., While for the per?uorinated thermoplastic poly 
mers, the minimum melt spinning temperature remains at 
450° C. 

[0010] Another embodiment of the present invention is the 
melt spun yarn itself. It has been found that in the melt 
spinning of the highly ?uorinated thermoplastic polymers in 
accordance With the process of the present invention, at least 
90° C. above the melting point of the polymer in general and 
at a temperature of at least 450° C. for the per?uorinated 
thermoplastic polymers, the resultant yarn, Whether 
mono?lamentary or multi?lamentary, has a novel cross 
sectional structure, characteriZed by the core of the ?laments 
having a greater axial orientation than the surface of the 
?laments. In the normal melt spinning of such polymers, i.e. 
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at temperatures considerably below those used in the present 
invention for the respective polymers being melt spun into 
yarn, orientation of the molecules Within the ?lament occurs 
upon the drawing of the yarn, either at a high rate of melt 
draW from the spinneret or such melt draW folloWed by draW 
of the yarn after it has solidi?ed, i.e. draW beloW the melting 
point of the copolymer (cold draW). Normally, such draW, 
Whether melt draW or melt draW plus cold draW causes the 
highest orientation of the molecules making up the ?lament 
to occur at the surface of the ?lament, because that is Where 
the shear stress on the copolymer is the greatest, by virtue of 
the ?lament cooling from the surface of the ?lament before 
the core cools. Thus, While the molecules at the surface of 
the ?lament become aligned in the axial direction of the 
?lament, the molecules in the core of the ?lament shoW less 
alignment. Cold draW of the ?lament accentuates the dif 
ference betWeen surface and core orientations. This orien 
tation phenomenon is further described in A. Ziabicki and H. 
KaWai, High-Speed Fiber Spinning, John Wiley & Son 
(1985) on p. 57. The highly ?uorinated thermoplastic poly 
mer yarn of the present invention has reverse orientation, 
Wherein the molecular orientation is greater in the core than 
at the surface of the ?lament(s) making up the yarn. 

[0011] In terms of forming the novel yarn of the present 
invention, the process of the present invention can also be 
described as melt spinning the polymer at a temperature 
above the melting point of the polymer Which is effective to 
produce such yarn Wherein the orientation in the ?laments 
thereof is greater in the core of the ?laments than at the 
surface thereof. The parameters of minimum shear rate and 
spinning speed described above are preferred for each of the 
process de?nitions for the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a cross-sectional vieW of a portion of a 
conventional apparatus for melt spinning. 

[0013] FIG. 2 is a cross-sectional vieW of one embodi 
ment of a portion of a melt spinning apparatus of the present 
invention having an elongated spinneret. 

[0014] FIG. 3 is a cross-sectional vieW of one embodi 
ment of a portion of a melt spinning apparatus having a 
shortened elongated spinneret. 

[0015] FIG. 4 is a cross-sectional vieW of one embodi 
ment of a portion of a melt spinning apparatus of the present 
invention having a shortened elongated spinneret With heat 
ing means disposed Within a center cavity thereof and 
heating means disposed on an outer surface thereof. 

[0016] FIG. 5 is an exploded cross-sectional vieW of one 
embodiment of a melt spinning apparatus of the present 
invention featuring an elongated transfer line disposed 
betWeen a pack ?lter and a spinneret disc. 

[0017] FIG. 6 is an assembled cross-sectional vieW of the 
melt spinning apparatus of FIG. 5. 

[0018] FIG. 7 is an exploded cross-sectional vieW one 
embodiment of a melt spinning apparatus of the present 
invention featuring another embodiment of an elongated 
transfer line and spinneret disc. 

[0019] FIG. 8 is an assembled cross-sectional vieW of the 
melt spinning apparatus of FIG. 7. 
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[0020] FIG. 9 is a schematic of one embodiment of a melt 
spinning apparatus of the present invention. 

[0021] FIGS. 10A and 10B are cross-sectional vieWs of 
one embodiment of an annealer useful in the present inven 
tion. 

[0022] FIG. 10B is an enlarged vieW of a portion of FIG. 
10A. 

[0023] FIG. 11 is a graph plotting shear rate (1/sec) vs. 
SSF at 500° C. for a composition of Example 1, Wherein the 
darkened triangle represents the spin stretch factor (SSF) at 
?rst ?lament break and the open triangle represents the SSF 
at the last ?lament break. Included is some data for denier/ 
tenacity/speed/gpm. 
[0024] FIG. 12 is a graph demonstrating that temperature 
exerts a positive effect on SSF at ?rst ?lament break at 
constant shear rate. The circle represents SSF at 420° C.; the 
square represents SSF at 460° C.; and the triangle represents 
SSF at 500° C. (see also Example 1). 

[0025] FIG. 13 is a graphical representation of throughput 
vs. solidi?cation distance from a spinneret With and Without 
an annealer using FEP-5100, a 30-mil/30-?lament spinneret, 
a 3-in diameter, 41-in long annealer, and spinneret tempera 
tures of 380° C. (triangle), 430° C. (square) and 480° C. 
(circle), Wherein the open symbols represent no annealer and 
the darkened symbols represent use of an annealer. 

[0026] FIG. 14 is a graphical representation of distance 
from a spinneret (inch) vs. yarn temperature With an 
annealer (darkened symbols) and Without an annealer (open 
symbols) using FEP-5100, a 39.4-mil/30-?lament spinneret, 
a spinneret temperature of 480° C., at 45.4 gpm/6.0 pph, 
Wherein the square represents the yarn temperature at a 
spinning speed of 400 mpm, the circle represents the yarn 
temperature at 500 mpm, and the triangle represents the yarn 
temperature at 700 mpm. 

[0027] FIG. 15 is a graphical representation of length of 
annealer (inch) vs. ?rst-?lament-break speed in meters/ 
minute The folloWing Were used: FEP-5100 ?uo 
ropolymer, a 30-mil/30-?lament spinneret, a spinneret tem 
perature of 480° C., and 44.8 grams/minute (gpm). 

[0028] FIG. 16 is a graphical representation of tempera 
ture vs. ?rst ?lament break speed (mpm) for Example 23, 
Wherein the darkened circle represents the sample of the 
present invention and the square represents the comparative 
sample. 

DETAILED DESCRIPTION 

[0029] The process of the present invention affords the 
bene?ts of high temperature spinning While avoiding the 
pitfalls thereof. In the process of the present invention, the 
composition comprising highly ?uorinated thermoplastic 
polymer or blend of such polymers can be exposed to 
temperatures above the degradation temperature of the poly 
mers for times suf?cient to cause a decrease in melt viscosity 
but insufficient for signi?cant polymer degradation to occur. 
In melt spinning, the molten composition experiences the 
highest shear rate during its transit through the extrusion die, 
e.g. capillaries, of the spinneret of the melt spinning appa 
ratus. In the process of the present invention, it is at that 
point that the molten composition can be heated to a 
temperature above the degradation temperature of the highly 
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?uorinated polymer. Because of the high throughput speed 
achievable in the present invention due to the elevated 
temperature, the residence time of the composition in the 
extrusion die is kept to a minimum. 

[0030] Accordingly, the present invention provides a ?rst 
process for melt spinning a composition comprising a highly 
?uorinated thermoplastic polymer or a blend of such poly 
mers, comprising the steps of melting a composition com 
prising a highly ?uorinated thermoplastic polymer or a blend 
of such polymers to form a molten ?uoropolymer compo 
sition; conveying said molten ?uoropolymer composition 
under pressure to an extrusion die of an apparatus for melt 
spinning; and extruding the molten ?uoropolymer compo 
sition through the extrusion die to form molten ?laments, 
said die being at a temperature of at least 450° C., at a shear 
rate of at least 100 sec_1, and at a spinning speed of at least 
500 m/min. 

[0031] In the melting step, a composition including a 
highly ?uorinated thermoplastic polymer or a blend of such 
polymers is melted. Highly ?uorinated thermoplastic poly 
mers for the purpose of this ?rst process include homopoly 
mers other than polytetra?uoroethylene (PTFE), such as 
polyvinylidene ?uoride (PVDF), and copolymers, such as 
copolymers of tetra?uoroethylene prepared With 
comonomers including per?uoroole?ns, such as a per?uo 
rovinylalkyl compound, a per?uoroalkylvinyl ether, or 
blends of such polymers. The term “copolymer”, for pur 
poses of this invention, is intended to encompass polymers 
comprising tWo or more comonomers in a single polymer. A 
representative per?uorovinylalkyl compound is hexa?uoro 
propylene. Representative per?uoroalkylvinyl ethers are 
per?uoromethylvinyl ether (PMVE), per?uoroethylvinyl 
ether (PEVE), and per?uoropropylvinyl ether (PPVE). Pre 
ferred highly ?uorinated polymers are the copolymers pre 
pared from tetra?uoroethylene and per?uoroalkylvinyl ether 
and the copolymers prepared from tetra?uoroethylene and 
hexa?uoropropylene. Most preferred copolymers are TFE 
With 1-20 mol % of a per?uorovinylalkyl comonomer, 
preferably 3-10 mol % hexa?uoropropylene or 3-10 mol % 
hexa?uoropropylene and 0.2-2 mol % PEVE or PPVE, and 
copolymers of TFE With 0.5-10 mol % per?uoroalkylvinyl 
ether, including 0.5-3 mol % PPVE or PEVE. In addition to 
the per?uorinated thermoplastic tetra?uoroethylene copoly 
mers described above, such highly ?uorinated thermoplastic 
polymers as ethylene/tetra?uoroethylene copolymers 
(ETFE) can also be used in the present invention. Such 
ETFE is a copolymer of ethylene and tetra?uoroethylene, 
preferably containing minor proportions of one or more 
additional monomers to improve the copolymer properties, 
such as stress crack resistance. US. Pat. No. 3,624,250 
discloses such polymers. The molar ratio of E (ethylene) to 
TFE (tetra?uoroethylene) is from about 40:60 to about 
60:40, preferably about 45:55 to about 55:45. The copoly 
mer also preferably contains about 0.1 to about 10 mole % 
of at least one copolymeriZable vinyl monomer that provides 
a side chain containing at least 2 carbon atoms. Per?uoro 
alkylethylene is such a vinyl monomer, per?uorobutyleth 
ylene being a preferred monomer. The polymer has a melt 
ing point of from about 250° C. to about 270° C., preferably 
about 255° C. to about 270° C. Melting point is determined 
according to the procedure of ASTM 3159. Preferably, the 
ETFE used in the present invention has a melt ?oW rate 
(MFR) of less than 45 g/10 min using a 5 kg load in 
accordance With ASTM D 3159, Wherein the melt tempera 
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ture of 297° C. is speci?ed. More preferably, the MFR of the 
ETFE is no more than 35 g/10 min. Also suitable for the 
practice of this invention are blends of the highly ?uorinated 
thermoplastic polymers including blends of TFE copoly 
mers. 

[0032] The ?uoropolymers suitable for the practice of the 
present invention except for ETFE preferably exhibit a melt 
?oW rate (MFR) of 1 to about 50 g/ 10 minutes as determined 
at 372° C. according to ASTM D2116, D3307, D1238, or 
corresponding tests available for other highly ?uorinated 
thermoplastic polymers. 

[0033] The composition comprising the highly ?uorinated 
thermoplastic polymer or a blend of such polymers can 
further comprise additives. Such additives can include, for 
example, pigments and ?llers. 

[0034] In the present process the composition comprising 
the highly ?uorinated polymer or blend of such polymers, 
discussed above, is melted to form a molten ?uoropolymer 
composition. Any means knoWn in the art for providing a 
melt can be used. A representative method can include 
introducing the ?uoropolymer composition to an extruder 
Which is heated to a temperature suf?cient to melt the 
composition but beloW the degradation temperature of the 
highly ?uorinated thermoplastic polymer or blend of such 
polymers. This temperature is dependent upon the particular 
polymers used. 

[0035] Once the composition is in a molten state, it is 
conveyed under pressure to an extrusion die, such as a 
spinneret, of an apparatus for melt spinning. Means of 
conveying compositions to the extrusion die are Well knoWn 
in the art and include apparatus With a ram or piston, a single 
screW or a tWin-screW. In a preferred embodiment of the 

process of the present invention, an extruder is employed to 
melt and convey the molten composition suitable for the 
practice of this invention to a single or multi-aperture strand 
extrusion die to form, respectively a mono?lament or mul 
ti?lament ?ber product. The extruder barrel and screW, and 
the die are preferably made from corrosion resistant mate 
rials including high nickel content corrosion resistant steel 
alloy, such as Hastelloy C-276 (Cabot Corp., Kokomo, Ind.). 
Many suitable extruders, including screW-type and piston 
type, are knoW in the art and are available commercially. A 
metering device, such as a gear pump, may also be included 
to facilitate the metering of the melt betWeen the screW and 
the spinneret. 

[0036] In the process of the present invention, after the 
molten ?uoropolymer composition is conveyed to the extru 
sion die, it is extruded through the apertures of the extrusion 
die, said die being at a temperature of at least 90° C. greater 
than the melting point of the polymer or in the case of 
per?uorinated thermoplastic polymers, at least 450° C., at a 
shear rate of at least 100 sec_1, and at a spinning speed of at 
least 500 m/min. 

[0037] The apertures of the extrusion die can be of any 
desired cross-sectional shape, With a circular cross-sectional 
shape preferred. The diameter of a circular cross-sectional 
aperture found suitable for use in the process of the present 
invention can be in the range of about 0.5 to 4.0 mm, but the 
practice of this invention is not limited to that range. The 
length to diameter ratio of the extrusion die aperture useful 
in the present invention is preferably in the range of about 


































