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Synopsis 

This paper is concerned with the influences of the extrusion speed and the winding speed 
during dry spinning of 4 w t  ‘% solutions of poly(L-lactide) (PLLA) in mixtures of chloroform and 
toluene, on the ultimate fiber tenacities after hot drawing. It was found that high-strength PLLA 
fibers (1.5 GPa) can be produced at  high spinning rates (> 180 m/min) if rupturing of the 
entanglement network and oriented crystallization during spinning is suppressed. This could be 
accomplished by avoiding spinline stretching and applying low elongational deformation rates in 
the spinneret during spinning. 

INTRODUCTION 

From studies on the gel spinning of ultra high molecular weight polyeth- 
~ l e n e , ’ - ~  it was shown that the extrusion rate and the winding speed may 
have a significant effect on the ultimate fiber properties. Adsorption of the 
extremely long molecules of polyethylene on the wall of the die and/or 
stretching of the spinline resulted in a severe rupturing of the entanglement 
network and had a lowering effect on fiber tenacity after hot drawing. 
Applying high spinning temperatures (above 200°C) suppressed the adsorp- 
tion and prevented the introduction of flaws such as chain scission and tight 
knots. I t  was possible to spin filaments at speeds up to 1500 m/min without 
fracture of the spinline. 

The aim of the present study is to investigate whether PLLA fibers can be 
prepared at higher spinning rates. In order to distinguish between effects 
originating from spinning conditions or hot-drawing conditions, the hot-draw- 
ing conditions were kept constant during this study. It will be shown that the 
shape of the spinneret and the size of the die exit have an enormous effect on 
the ultimate fiber properties. PLLA fibers can be spun at a rate of 180 m/min 
without loss of the tensile properties, provided that the right spinning condi- 
tions are applied. 
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EXPERIMENTAL 

The preparation of the poly(L-lactide) and the spinning solutions used in 
this study have been published else~here.~ The characterization of the fibers 
is described in Part I (this journal) of this study. 

In a piston-cylinder apparatus the 4% (m/v) PLLA solution was condi- 
tioned at 70°C for 3 h. The solutions were extruded at  60°C through a 
stainless-steel, conical die (see Results and Discussion) and collected (at 
20-22°C) on sand-blasted glass bobbins. The distance between die and bobbin 
was 6.5 cm. The extrusion rate could be varied. The as-spun fibers were dried 
on the bobbins at room temperature until constant weight was reached 
(usually about 40 h). There was no toluene left, which could act as a 
plasticizer during hot drawing.5 

Wide-angle X-ray scattering (WAXS) experiments were carried out with a 
Statton Camera using CuK, radiation (0.154 nm) produced by a Philips X-ray 
generator connected to a closed cooling circuit and operated at  25 kV and 
45 mA. 

RESULTS AND DISCUSSION 

In previous ~ tud ie s ,~ - '~  the strength of polymeric fibers was found to be 
affected by the concentration of surface flaws and consequently by the surface 
area of the fibers. Thinner filaments usually yield higher values of the 
breaking strength. The thickness of the fibers will be determined by, for 
instance, the orifice diameter of the spinneret. For this reason the first 
experiments concerning the influence of winding speed and/or extrusion speed 
on the ultimate properties of PLLA fibers were performed by applying a 
spinneret with an exit diameter of 0.25 mm (Fig. 1). The entrance angle of this 
die was 43". 

At first we tried to increase the production rate by extruding at a constant 
extrusion speed of 30 m/min and varying the winding speed. In Figure 2 the 

Fig. 1. A schematic representation of the conical die (length 23.5 mm; exit diameter 0.25 mm; 
entrance angle 43O). 
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Fig. 2. Ultimate tensile strength of PLLA fibers as a function of the winding speed during 
spinning of 4 wt % solutions of PLLA in chloroform/toluene (40/60). The filaments were 
extruded at 30 m/min (die: see Figure 1). 

ultimate tensile strength of the PLLA filaments is presented as a function of 
the winding speed. The tensile strength decreased from 1.9 GPa at a winding 
speed of 10 m/min to 0.8 GPa at a winding speed of 182 m/min. At  higher 
winding speeds the spinline broke. DSC measurements on the as-spun fibers 
indicated a reduction of the heat of fusion for higher winding speeds (Table I). 
This reduction of the heat of fusion may be correlated to the number of 
entanglements and the amount of topological ~onstraints.'~-'~ Due to larger 
amounts of topological constraints it is not possible to acquire a high tensile 
strength after hot drawing. This is affirmed by a reduction in the maximum 
draw ratio of the as-spun fiber at higher winding speeds (Table I). Fibers 
produced at a winding speed of 10 m/min could be hot-drawn to a maximum 
draw ratio of 16, whereas fibers produced at a winding speed of 182 m/min 
could only be hot-drawn to a draw ratio of 9. The origin of the topological 
constraints, which are most likely the reason for the decrease in tensile 
strength, may be associated with the adsorption of the polymer chains on the 
wall of the die. The network is stretched on one end while the other end is 
anchored by the adsorbed layer on the wall of the die.2.8 This may give rise to 

TABLE I 
Heats of Fusion and Maximum Draw h t i m  of As-Spun PLLA Fibersa 

Kind @/mi4 A H  (J/g) A,, (hot draw) 

10 45.0 16 
20 40.1 13 
30 36.1 13 
60 34.4 10 
80 27.2 9 
182 21.8 9 

*Extrusion speed: 30 m/min; die: see Figure 1. 
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Fig. 3. WAXS pattern of a PLLA filament, extruded at 30 m/min and wound at 182 m/min 
(die: see Figure 1). 

stress-induced defects3 and leads to heterogeneous network structures. Figure 
3 shows a WAXS pattern of a PLLA fiber, extruded a t  30 m/min and wound 
a t  182 m/min. Enhanced intensities on the equator clearly illustrate improved 
orientation''-14 of the PLLA molecules in the direction of the axis of the 
as-spun fiber. Figure 4 presents a scanning electron micrograph of a PLLA 
fiber, extruded a t  30 m/min and wound a t  80 m/min, showing shish-kebab-like 
structures. These structures arise if the winding speed is larger than the 
extrusion rate, and causes poor fiber properties after hot drawing.3 

Another way of increasing the production rate of the PLLA fibers is to 
increase the extrusion rate. As is shown in Figure 2, a t  a constant extrusion 
speed the highest strengths were achieved by winding a t  a much smaller speed 
than the extrusion speed. A difficulty of this approach is the swinging of the 
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Fig. 4. SEM micrograph of a PLLA filament, extruded at 30 m/min and wound at 80 m/min 
(die: see Figure 1). 

spinline at  high extrusion rates which resulted in a complicated winding of the 
filaments. This could be avoided by taking the winding speed equal to 
the spinning speed. Figure 5 displays the ultimate tensile strength of PLLA 
fibers at various extrusion speeds. Increasing the extrusion speed resulted in a 
decreasing value of the fiber strength. The heats of fusion of the various 
filaments differed slightly, ranging between 36 and 42 J/g. The maximum 
draw ratio (Table 11) during hot drawing reduced from 15 for a fiber spun at  3 
m/min to 8 for a fiber spun at  200 m/min. Increasing the extrusion rate will 
induce a higher degree of orientation of the chains in the leading to a 
greater degree of swelling of the extrudate when leaving the spinneret. This is 
shown in Figure 6, which presents the extrudate swell, defined as the mea- 
sured weight of the fiber per unit length divided by the weight of the fiber per 
unit length as calculated from the spinneret dimensions and polymer concen- 
tration without extrudate swell, as a function of the extrusion speed (without 
winding). Above extrusion speeds of 150 m/min the extrudate swell had a 
value of around 6.0, indicating that by applying winding speeds equally to 
spinning speeds a “flow-induced” draw ratio of 6 is applied. 

In the aforementioned described methods, it was recognized that in both 
cases of producing fibers at  higher rates, the overall draw ratio increases at 
higher production rates. The overall draw ratio is defined as A,, X Ah& in 
which A,, is the spinline draw ratio (winding speed divided by extrusion 
speed or the flow-induced draw ratio) and hhd is the maximum draw ratio 
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Fig. 5. Ultimate tensile strength of PLLA fibers versus extrusion speed during spinning of 
4 wt % solutions of PLLA in chloroform/toluene (40/60). The applied winding speed was equal to 
the spinning speed (die: see Figure 1). 

during hot drawing. This phenomenon was also observed by high-speed gel 
spinning of polyethylene.' In that case overall draw ratios were found in the 
range 1000-1500, which is much higher than the ratio of fully extended chain 
length to the radius of gyration of the random coil molecules. From this 
observation and from studies on the fiber morph~logy,'~ it could be concluded 
that, already at low flow rates, the molecular network splits up into long 
bundlelike flow units, each consisting of bundles of elongated chain parts 
connected via entanglements to large clusters of unoriented molecules. For 
this reason Xext is not a unique characteristic of the macromolecules in 
solution. The draw ratio of each macromolecule itself, will, of course, be much 
lower. At larger flow rates the original long flow units in the spinning solution 
are destroyed, due to the occurrence of elastic flow instabilities (elastic 
turbulence) in the solution. 

High deformation rates, induced by high spinning speeds as well as high 
winding speeds, may induce chain s c i ~ s i o n i n g , ~ ~ - ~ ~  which undoubtedly can 
give rise to a reduction of the tensile strength attainable after hot 

This happens not to be the case during the PLLA spinning 
process. Table I11 shows the molecular weights of the PLLA in the as-spun 

TABLE I1 
Heats of Fusion and Maximum Draw Ratios of As-Spun PLLA Fibers" 

K,, (m/min) AH (J/g) A,, (hot draw.) 

3 
30 
60 
100 
200 

36.6 
36.1 
40.2 
42.5 
38.5 

15 
13 
9 
9 
a 

" Winding speed = extrusion speed; die: see Figure 1. 
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Fig. 6. Extrudate-swell of PPLA filaments, spun from 4 wt % solutions of PLLA in chloro- 

form/toulene (40/60) as a function of the extrusion speed (die: see Figure 1). 

fiber as obtained from viscosity meas~rernents.~ It is shown that the molecu- 
lar weight is more or less independent of the extrusion rate. The only 
reduction in the molar mass was found during the preparation of the spinning 
solutions. By dissolving the PLLA in chloroform for 1 week the molecular 
weight decreased from 9.1 X lo5 to 7.0 X lo5 g/mol. After adding the toluene, 
the molecular weight remained constant. This decline in molecular weight 
could be suppressed by drying the chloroform on P,05 and preparing the 
solutions under dried nitrogen. Then the molecular weight only decreased to 
7.9 X lo5 g/mol. This reduction can most likely be ascribed to traces of 
ethanol in the chloroform. The invariability of the molecular weight during 
extrusion implies that the splitting of the molecular network into long bundle- 
like flow units8 has to go by disentangling rather than by chain scissioning. 

The main reason for inferior fiber properties is most likely the breakup of 
the molecular network in the extrusion process. As a consequence of the 
converging flow lines in the die and the attachment of the long polymer 
molecules to the die wall by adsorption, the entanglement network will be 
effectively At  high deformation rates in the die, a rapid length 
increase of the molecular network may occur locally, which will not be 
compensated by a corresponding area decrement in the surrounding regions. 

TABLE111 
Molecular Weight of PLLA in the As-Spun Fibers" 

K,, (m/min) M" (g/mol) 

3 6.5 x lo5 
30 6.7 x 105 

100 7.0 x 105 
200 7.0 x lo5 

aExtrusion speed = winding speed; die: see Figure 1. 
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This may lead to flow instabilities (i.e., elastic turbulence)28. 29 from which 
voiding and cavitation occur, disrupting the entanglement structure com- 
pletely and giving rise to anisotropic structures. As a result the coherence of 
the entanglement network in the as-spun fiber is lost and inferior fiber 
properties are found after hot drawing. This process may be intensified by 
phase separation, followed by partial crystallization (see Part I and Refs. 3, 
30-34), induced by the effective orientation of the molecules, or parts of the 
 molecule^,^^^ 36 in the flow field. Quenching of these partly oriented solutions 
gives rise to partially fibrillar crystallization in the direction of the fiber axis. 
This is confirmed by WAXS measurements showing equatorial diffraction. 
Because of the increased melting temperature of these constrained fibrillar 
~rys ta l l i t es ,~~ the alignment of the PLLA chains during hot drawing of the 
compositelike as-spun fiber is enormously disturbed and will yield inferior 
fiber properties. 

Another possible explanation for the destruction of the molecular network 
may be that the shearing of the molecular network over the sharp edges inside 
the orifice (see Fig. l), combined with the acceleration of the solution at that 
specific place, might rupture the solution structure. 

The flow disturbances can be suppressed in various ways. Adding lubri- 
cants, like aluminium stearate, to polyethylene solutions made it possible to 
collect gel filaments with takeup speeds up to 100 m/min having strengths 
of 3.0 GPa.8 Increasing the extrusion temperature of polyethylene 
solutions2.3-38 from 170 to 250°C resulted in a remarkable enhancement in 
stretchability of the spinline, as caused by a reduced tendency of the polymer 
molecules to being adsorbed on the wall of the die, yielding fibers of 3.5 GPa 
at  winding speeds of loo0 m/min. Analogue improvements could not be 
applied to the dry-spinning process of PLLA. Added lubricants may reduce 
fiber strength (due to the incorporation into the crystal lattice) if not ex- 
tracted from the as-spun fibers, whereas applying higher spinning tempera- 
tures is not possible, because of the low boiling temperature of the chloroform 
in the spinning solutions. 

Another way of suppressing flow instabilities is changing the shape of the 
die. Both enlargement of the orifice diameter and reduction of the entrance 
angle will result in a smaller velocity gradient (deformation rate) in the orifice 
and thus may reduce partial crystallization and rupturing of the molecular 
network, due to phase separation. Orientation by a flow field can be obtained 
if the alignment of the polymer chains prevails over the relaxation of the 
deformed molecule. This is the case if i . T < 1,39 i being the elongational 
deformation rate and T the relaxation time of the molecule. Moreover, the 
exposure time t of the molecules to the orientational action of the flow field 
should be long enough to achieve orientation. This is the case if i . t >> 1. For 
this reason we replaced the spinneret in the previous experiments by a 
pseudohyperbolic die4' (see Fig. 7) having an entrance angle of 3" and an exit 
diameter of 1.0 mm and carried out the experiments again with variable 
extrusion rates. Figure 8 presents the ultimate tensile strengths of PLLA 
fibers as a function of extrusion speed. A maximum extrusion rate of 180 
m/min was the experimental restriction of our spinning apparatus. The 
applied winding speeds were equal to the spinning speeds. After hot drawing 
to a maximum draw ratio of 19, the tenacities of all the fibers appeared to be 
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Fig. 7. A schematic representation of the pseudohyperbolic die (length 43.0 mm; exit diameter 
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Fig. 8. Ultimate tensile strength of PLLA fibers versus extrusion speed during spinning of 
4 wt % solutions of PLLA in chloroform/toluene (40/60). The applied winding speed was equal to 
the extrusion speed (die: see Figure 7) 

TABLE IV 
Heats of Fusion and Draw Ratios of As-Spun PLLA Fibers" 

1 
50 

100 
180 

46.1 
48.0 
49.0 
51.9 

19 
17 
19 
20 

a Winding speed = extrusion speed; die: see Figure 7. 
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Fig. 9. WAXS pattern of a PLLA fiber extruded and wound at 180 m/min (die: see Figure 7). 

about 1.5 GPa. There were some remarkable differences with the previous 
experiments (Table IV). The ultimately attainable draw ratio was much 
greater ( A  = 19) by applying the pseudohyperbolic spinneret with a large 
orifice diameter (1.0 mm), than ( A  = 13) by applying the conical spinneret 
with a small orifice diameter (0.25 mm). Additionally the heat of fusion of the 
as-spun filaments increased going to higher extrusion rates. Figure 9 presents 
a WAXS pattern of a PLLA fiber extruded and wound a t  180 m/min, showing 
no preferential orientation of the PLLA chains. 

At low extrusion rates, fibers spun through the pseudohyperbolic spinneret 
with a large orifice diameter and subsequently hot drawn had a tensile 
strength of 1.4 GPa ( d  = 41 pm), whereas fibers spun through the conical 
spinneret with a small exit diameter were 2.2 GPa ( d  = 12 pm) after hot 
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TABLE V 
Heats of Fusion, Draw Ratios, and Ultimate Tensile Strengths of PLLA Fibers Spun from 

Various Solvent Compositionsa 

Toluene (%) hmax A H  (J/g) a (GPa) 

20 
50 
60 
70 

10 
17 
19 
17 

30.6 
44.3 
48.0 
52.8 

0.9 
1.2 
1.4 
1.0 

"Extrusion speed = winding speed = 100 m/min; die: see Figure 7. 

drawing. This again demonstrates that the fiber diameter has a marked effect 
on the tensil 

In a previous investigation it was found that the solvent composition during 
dry spinning of PLLA had a profound effect on the ultimate fiber proper tie^.^ 
Fibers spun from solutions of PLLA in mixtures of chloroform and toluene 
(40/60) had tensile strengths of 2.3 GPa after hot drawir~g.~ These high 
tenacities could only be achieved at  this specific solvent composition. At the 
other solvent compositions, flow-induced phase separation resulted in inferior 
fiber properties after drawing (see Part I). A t  higher production rates this 
solvent composition still appeared to be favorable. Table V displays the 
ultimate tensile strength which can be attained after spinning a t  100 m/min 

Fig. 10. SEM micrograph of a PLLA fiber, spun from a 4 wt % PLLA solution in a mixture of 
chloroform/toluene (50/50), at a speed of 100 m/min. 



1286 POSTEMA E T  AL. 

Fig. 11. SEM micrograph of a PLLA fiber, spun from a 4 w t  % PLLA solution in a mixture of 
chloroform/toluene (40/60), at  a speed of 100 m/min. 

from PLLA solutions with different solvent composition. It shows that the 
strongest fibers were produced from PLLA solutions in mixtures of chloroform 
and toluene in a ratio of 4050. This is also reflected in the ultimately 
attainable draw ratio. A maximal draw ratio of 19 was achieved a t  the 40/60 
mixtures. Decreasing the solvent quality by adding a poor solvent (toluene) 
reduces the number of entanglements and thus must increase the heat of 
fusion of the as-spun filaments. 

Small variations in solvent composition had a great effect on the morphol- 
ogy of the as-spun fibers. Figure 10 shows a scanning electron micrograph of a 
PLLA fiber spun from a chloroform/toluene (50/50) mixture. The fiber was 
extruded and collected at  rates of 100 m/min. The fiber has a lumplike 
structure. Figure 11 is a scanning electron micrograph of a PLLA fiber 
extruded from a chloroform/toluene (40/60) mixture. This fiber was also spun 
and collected a t  100 m/min. These changes in fiber morphology, induced by 
variation of solvent composition, can most likely be ascribed to the rate of 
phase separation (see Part I and Refs. 31-34), leading to heterogeneous fiber 
textures, which results in a reduced fiber coherence. 

CONCLUSIONS 

From this study on the influence of the extrusion speed and winding speed 
during dry spinning of PLLA solutions, as reflected in the tensile strengths, 
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the following conclusions may be drawn: 

PLLA fibers, having high tensile strengths (1.5 GPa), can be produced at 
high extrusion rates (>  180 m/min) by avoiding rupturing of the molecular 
entanglement network, due to phase separation and oriented crystallization. 

By applying a pseudohyperbolic die, this destruction of the molecular 
network and phase separation can be suppressed substantially. 

Independent of the production rate, maximal fiber strengths have been 
found by spinning PLLA fibers from solutions of PLLA in mixtures of 
chloroform/ toluene (40/60). 

The authors wish to acknowledge the AKZO, The Netherlands, for financial support. The 
assistance of W. Hoogsteen (WAXS) and H. Nijland (SEM) is greatfully acknowledged. 
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