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TITLE OF THE INVENTION 

A WET-SPINNING FIBER PROCESS PROVIDING CONTROLLED MORPHOLOGY OF THE 
WET-SPUN FIBER 

BACKGROUND OF THE INVENTION 

1.   Field of the Invention 

The purpose of this invention is to form wet-spun fibers by 

varying the rate of polymer coagulation through adjustments in 

non-solvent/solvent miscibility and precipitation strength to 

control internal morphology of the wet-spun fibers. 

10   2.   Description of the Related Art 

As the microelectronics industry moves toward higher rates of 

data transmission, laminate materials with enhanced dielectric 

properties will be needed for high-speed multi-layer printed wiring 

boards  (PWB's).    Since composites  are  highly  filled with 

15 reinforcing materials, fibers will play a significant role in 

lowering the overall dielectric constant of PWB's. 

The development of polyimides possessing high solubility, 

optical transparency in the visible spectrum, and low dielectric 

constants has been studied. 

20 One such polyimide, known as poly (6FDA-4BDAF) , has been made 

from 2,2-bis (3,4-dicarboxyphenyl) hexafluoropropane dianydride 

(6FDA) and 2,2-bis [4-(4-aminophenoxy) phenyl] hexaf luoropropane 
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(4BDAF),   and has the following formula: 

CF, 
cp» 

o o 

This polymer has a dielectric constant of 2.5 at 10 GHz. 

However, the above-identified polymer has had little success 

in the area of fiber spinning. More specifically, fibers spun from 

the 6FDA-4BDAF polymer were reported as non-circular and containing 

large voids and/or a sponge-like texture that remained through heat 

treatment resulting in weak filaments. Therefore, successful 

production of solid core filaments from this polymer has not been 

achieved by these past attempts. Also, the resulting filaments 

exhibited low moduli (5GPa) and tenacity (0.2GPa). 

Accordingly, there is a need for a process which enables 

control of fiber microstructure, enabling production of fibers 

having a tailored microstructure, including a solid core 

microstructure. 

It is therefore an object of the present invention to provide 

a process that can control fiber morphology by varying the rate of 

polymer coagulation through adjustments in non-solvent/solvent 

miscibility and precipitation strength. 
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It is another object of the present invention to provide a 

process whereby the solvent utilized for spinning the fiber is 

selected based upon polymer solubility and solvent/coagulant 

miscibility such that the rate of coagulation can be controlled. 

It is another object of the present invention to provide a 

process utilizing a solvent that is miscible in only one of the 

agents of the coagulating bath such that, by varying the ratio of 

the binary solution in the coagulation bath, greater control of the 

fiber structure is achieved by limiting the rate of coagulation. 

10    SUMMARY OF THE INVENTION 

The present invention employs a fluorinated PI (polyimide) in 

a wet-spinning fiber process.   The fluorinated PI was chosen 

because of its desirable properties for electronic applications, 

and the present invention is not limited to this type of fiber. 

15        The solvent used for spinning of the fiber (the solvent in the 

spinning dope) requires a material which can form solutions with 

the polyimide. Examples include ethyl acetate, methylene chloride, 

and dimethylacetamide (DMAc).   These solvents were chosen to 

reflect a large range of both solubility parameters and miscibility 

20   with water. 
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For the coagulation bath utilized in the wet-spinning process 

of the present invention, the coagulation baths range from 100% 

coagulant to 40% water which is equivalent to a mole fraction range 

between 1.0 and 0.2-0.3, with the lower limit dependent upon the 

5   non-solvent used.  The coagulant chosen was ethanol or methanol. 

The advantage of the present invention is that the internal 

morphology of the wet-spun fibers can be controlled by varying the 

rate of polymer coagulation through adjustments in 

non-solvent/solvent miscibility and precipitation strength of the 

10   coagulation bath. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la is a high magnification SEM photograph of the internal 

structure of an E-100-Me fiber. 

FIG. lb is a high magnification SEM photograph of the internal 

15   structure of an E-95-Me fiber. 

FIG. lc is a high magnification SEM photograph of the internal 

structure of an E-60-Me fiber. 

FIG. 2a is a high magnification SEM photograph of the internal 

structure of an E-100-Mc fiber. 

20        FIG- 2b is a high magnification SEM photograph of the internal 

structure of an E-100-Ea fiber. 
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FIG. 2c is a high magnification SEM photograph of the internal 

structure of an E-100-D fiber. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is a process that controls the internal 

5   morphology of wet-spun fibers from a polyimide by varying the rate 

of polymer coagulation through adjustments in the 

non-solvent/solvent miscibility and precipitation strength. 

Resultant filament morphologies range from very porous or 

spongy to fully solid.  Intermediate structures include fibers 

10   containing a spongy core with a non-porous skin, spongy fibers 

containing large voids, and a relatively solid material containing 

randomly spaced small voids. 

As the polymer used for spinning the fiber, a poly (6FDA-4BDAF) 

prepared by NASA-Langley Research Center (Hampton, VA) was chosen 

15 because of its desirable low dielectric constant. This polymer has 

been reported to have an inherent viscosity of 1.55 dL/g. Various 

solvents and coagulants were purchased and used as received from 

either Fisher Scientific or Aldrich. 

Materials which form solutions with poly(5FDA-4BDAF) were then 

20   selected as the solvent for spinning the fiber.  Ethyl acetate 

(Ea) , methylene chloride (Mc) , and dimethylacetamide (DMAc) were 

chosen as solvents for spinning the fiber in the present invention. 
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This choice of solvents was made to reflect a large range of both 

solubility parameters with the polymer and miscibility with water, 

and is not meant as a limitation on the present invention. 

The miscibility of each solvent used for spinning varied in 

relation to the coagulants. DMAc is completely miscible with water 

and other suitable solvents such as acetic acid and alcohols. 

Ethyl acetate and methylene chloride are immiscible in water, but 

are miscible in water solutions containing either acetic acid or 

alcohol. 

The coagulation baths ranged from 100% coagulant to 40% water. 

In all cases, the lower limit of 40% water is near the two phase 

boundary.  The coagulant utilized was methanol or ethanol. 

A modified Bradford University Research Limited wet-spinning 

line was used in conjunction with a type SD/50 single hole 

spinneret of 100 urn  diameter for fiber production. 

A 4-L coagulation bath and a water filled wash bath were 

fitted with individual circulating cooling/heating units for 

temperature control. 

Each of the spinning dopes had a 14.5% (w/w) polymer 

concentration. All dopes were degassed by centrifuging and 

filtered immediately before spinning. 

The spinning dopes, at 20°C, were extruded beneath the surface 

of a binary coagulation bath  (10°C) .   Filaments exited the 
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coagulation bath via rollers and were fed into a 30°C wash bath. 

After washing, filaments were collected on a take-up spool and 

dried under vacuum at 80°C for 14 hours. 

A no-stretch condition was used between the cluster rollers 

and take-up winder. Minimal stretching in the coagulation bath was 

achieved by using the slowest roller speeds (4.5 m/min) and 

extrusion rate (0.041 cm3/min) for a stable and continuous spin 

line. Under these conditions, a low gel stretch of about 1.2x 

overall was obtained. The fibers were later zone-drawn, by direct 

contact over a hot-pin at constant stress and speed. 

Table 1 below lists the different spinning solvents and 

coagulant baths utilized in the process of the present invention. 

As shown in Table 1, the spinning solvents utilized in the 

process of the present invention are dimethylacetamide (DMAc) , 

ethyl acetate (Ea), and methylene chloride (Mc) . 

For the coagulant bath, either a mixture of methanol (M) and 

water or a mixture of ethanol (E) and water was used. The amount 

of water in the coagulation bath ranged from 0% to 40%. 
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Sample* Gel-Zone 
Length (cm) 

Color Cross- 
Sectional Area 

Cross-Sectional 
Shape 
(MMJ> 

Internal Structure 

Hiqh precipitation strength: 

H-100-D 2-3 white 3,240 thick dog-bone small voids with 
sponge texture 

M-95-D 2-3 white 3,720 oval small void with 
sponge texture 

M-95-Ea <1 white 1,420 oval sponge texture 

H-95-Mc 10-12 yellow 1,180 solid skin with 
thin sponge core 

M-60-D <1 yellow- white 2,600 thin dog-bone large voids with 
sponge texture 

Low precipitation strength: 

B-100-Kc >15 transparent 
yellow 

830 C-shaped solid skin with 
thin sponge core 

S-100-Ea 2-3 white 1,600 oval sponge texture 

B-100-D 8-10 white 3,460 circular large voids with 
sponge texture 

B-95-Mc 10-15 transparent 
yellow 

1,160 C-shaped solid 

E-60-MC 8-10 yellow 1,270 oval solid with small 
voids 

B-60-D <1 white 2,640 thin dog-bone large voids with 
sponge texture 

•Sample notation follows a 'coagulant - % coagulant - solvent' scheme. 
D « DMAc, B ■ ethanol, Ea « ethyl acetate, M » methanol, Mc « methylene chloride 

Within each of the series shown in Table I above, the 

30   precipitation strength varies by coagulant choice and water content 

of the coagulation bath. 

Precipitation  strengths  were  determined  using  UV-Vis 

spectroscopy to  detect  the  scattering power  of  partially 

precipitated polymer solutions,  where  the magnitude of the 

35   absorbance between 600 nm and the cutoff wavelength was used to 
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assign a relative ranking of precipitation strength for the 

coagulants. A high value for absorbance indicated a more 

precipitated solution. Each series in Table 1 is therefore grouped 

according to this evaluation. 

5 With respect to degree of miscibility, high miscibility 

systems include DMAc, moderate miscibility systems include ethyl 

acetate, and low miscibility systems include methylene chloride. 

Extrusion of each of the spinning dopes in Table 1 into the 

coagulant bath formed filaments at varying precipitation rates. 

10 This is indicated by the length of the gel zone. The gel zone is 

the distance between the point at which the spinning dope enters 

the coagulant bath and the point at which precipitation occurs, 

i.e., the point at which color is observed as listed in Table 1. 

By varying the ratio of water and coagulant in the coagulation 

15   bath, the length of the gel zone can be altered. 

Table 1 also describes the internal structure (morphology) of 

the resultant wet-spun fiber from each series. The figures provide 

an illustration of the morphologies of some of the resultant wet- 

spun fibers listed in Table 1. 

20        Specifically, Figure la is a photograph of a fiber spun from 

E-100-Mc, Figure lb is a photograph of a fiber spun from E-95-Mc, 

and Figure lc is a fiber spun from E-60-Mc.  This series of 

photographs illustrates that by changing the type of coagulation 
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bath, (100% ethanol, 95% ethanol, and 60% ethanol) , porosity can be 

altered according to the process of the present invention. 

Figure 2a is a photograph of a fiber spun from E-100-Mc, 

Figure 2b is a photograph of a fiber spun from E-100-Ea, and Figure 

5 2c is a photograph of a fiber spun from E-100-D. This series of 

photographs shows that porosity can also be controlled by the 

choice of solvent used for spinning the fiber. More specifically, 

Figure 2a utilizes methylene chloride as the solvent for spinning 

the fiber, Figure 2b utilizes ethyl acetate as the solvent for 

10 spinning that fiber, and Figure 2c utilizes DMAC as the solvent for 

spinning the fiber. 

The present invention allows control of the morphology of wet- 

spun fibers. By tailoring the non-solvent/solvent miscibility and 

precipitation strength of the coagulation bath, the rate of polymer 

15   coagulation and therefore control over the internal microstructure 

of wet-spun fibers has been achieved. 

As a result, a wide variety of morphologies ranging from 

sponge-like to fully solid has been obtained. Intermediate 

structures including fibers containing a spongy core with a non- 

20 porous skin, sponge-like fibers containing large voids, and a 

relatively solid material containing randomly space small voids 

have been obtained. 
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The ability to tailor the porosity of fibers provides a 

potential advantage in forming wet-spun fibers having desirable 

properties such as a lower dielectric constant for applications 

such as laminate materials with enhanced dielectric properties. 

Various modes of carrying out the invention will be evident to 

those skilled in the art without departing from the spirit and 

scope of the present invention. 
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ABSTRACT OF THE DISCLOSURE 

A wet-spinning fiber process which controls the micro- 

structure of the wet-spun fiber by varying the non-solvent/solvent 

miscibility and precipitation strength. 


