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ABSTRACT: Poly(L,p-lactide) [P(L,0)LA], L/D ratio 96/4,
and poly(r,pL-lactide) [P(L,pL)LA], L/DL ratio 70/30, multi-
filament fibers were prepared by wet-spinning and the
effects of the spin draw ratio and the coagulant on
the morphological, thermal, and mechanical properties of
the filaments were studied. The hydrolytic degradation of
filaments was studied in vitro. The filament diameter and
the mechanical properties of filaments were highly de-
pendent on the spin draw ratio, whereas the coagulant
had no or minor effect. The filament diameters were in
the range of 11-36 pm and the maximum tenacity of 150
MPa was obtained at the spin draw ratio of 7.0 for both
copolymers. The copolymer had the main importance on

the crystallinity of filaments, but it was also affected by
the duration of the coagulation process. The crystallinities
of P(L,p)LA 96/4 filaments were in the range of 5-16%,
whereas P(LpL)LA 70/30 filaments were totally amor-
phous. The degree of crystallinity had effect on the
hydrolytic degradation of filaments. The tenacity loss of
P(L,pD)LA 96/4 filaments was about 10% and that of
P(LoL)LA 70/30 filaments was as high as 50% after
24 weeks in vitro. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 113: 2683-2692, 2009
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INTRODUCTION

Polylactide is a bioresorbable polymer which is
widely used for medical purposes. It is produced by
the ring-opening polymerization of lactide into high-
molar-mass polymers. Lactide is the cyclic dimer of
lactic acid and exists in three stereoisomeric forms:
D,D cyclic dimer (p-lactide), L,L cyclic dimer (L-lac-
tide), and p,L cyclic dimer (mesolactide). p-Lactide
and L-lactide are partially crystalline polymers,
whereas DL-lactide is an amorphous polymer. The
degradation of enantiomerically pure polylactides is
very slow, depending on the purity of the polymer,
the molecular weight and its distribution, the crys-
tallinity, the shape of sample, and the processing
conditions (mechanical and thermal). The complete
degradation time of enantiomerically pure polylac-
tide could be many years.! In many medical applica-
tions, such a long degradation time is not necessary;
a shorter degradation time is enough for tissue
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repair. The degradation rate of polylactides can be
controlled through the copolymerization of L-lactide
with a different ratio to p-lactide or pi-lactide.”
When a more rapid degradation rate is needed, it is
possible to use poly(L,pD-lactide) [P(L,D)LA] or pol-
y(L,pL-lactide) [P(L,pL)LA] copolymers to fulfil the
requirements for tissue repair.

Polylactide filaments are possible to manufacture
by wet, dry, or melt-spinning processes. In the wet-
spinning process the polymer is dissolved in solvent.
Then the polymer solution is pumped through a
spinneret into a spin bath, where the polymer is pre-
cipitated and the filaments are reeled. The spin bath
includes polymer nonsolvent and possible addi-
tives.> The wet-spinning of poly(i-lactide) [P(L)LA]
filaments has been studied as early as 1966.* The
low mechanical strength of filaments is one reason
why the wet-spinning method has not been studied
widely after those days. The wet-spun filaments
have lower mechanical strength compared to dry-
spun and melt-spun filaments. This is due to the
high concentration of voids in the filament structure.
The voids are formed during the diffusion of solvent
and nonsolvent in the spin bath.” Nelson et al.® have
reported the ultimate stress values of wet-spun fila-
ments between 30 and 120 MPa.

In the dry-spinning, the polymer is also dissolved
in solvent and extruded through the spinneret. The
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polymer solution is flowed into an evaporation tun-
nel where solvent evaporates from the polymer jets
and the filaments solidify.> Pennings and cow-
orkers”® have reported as high as 2.3 GPa tenacity
values to dry-spun and subsequent hot-drawn
P(L)LA filaments (M, = 9.1 x 10°). The filaments
were extruded from chloroform/toluene solution at
60°C. The research group used high drawing tem-
perature (190-200°C) which enabled high draw
ratios and tensile strengths. The crystallinity of fila-
ments was about 53%. They” have also studied dry-
spinning and subsequent hot-drawing (at 145°C) of
P(L,p)LA 95/5 stereocopolymer filaments. The ten-
sile strength of filaments was 0.95 GPa and Young's
modulus was 9.2 GPa. The crystallinity of filaments
was about 20%. Fambri et al.'® reported the dry-
spinning at room temperature and subsequent hot-
drawing (at 200°C) of P(L)LA (M, = 6.6 x 10°) from
chloroform solution. The maximum tensile strength
was 1.1 GPa, Young’s modulus 9.6 GPa, and the
crystallinity of filaments about 19%. Gupta et al.'""'?
have studied the dry-jet-wet-spinning of P(L)LA
(M, = 1.5 x 10°). The polymer was dissolved in
chloroform and extruded through the spinneret and
the air gap to the methanol containing spin bath.
Afterwards the filament was drawn and heat-setted.
The maximum tensile strength of the filament was
0.6 GPa, Young’s modulus 8.2 GPa, and crystallinity
about 40%.

In the industrial-scale production the recovery of
solvent used for dissolving the polymer is important
to the economics of dry-spinning. The recovery
equipment increases the cost of the investment and
it decreases the popularity of the dry-spinning
method. This could be one reason why the studies
of the polylactide filament manufacturing have been
concentrated on the melt-spinning process.

The melt-spinning process is the main production
method of thermoplastic polymer filaments. The
polymer is heated until it melts, and the molten
polymer is then forced through the spinneret holes.
When the polymer jets emerge from the spinneret,
they are cooled and solidified with air. Melt-spun fil-
aments can be produced at high spinning velocities.
The drawback of melt-spinning method is that dur-
ing the melt-spinning the polymer is subjected to
elevated temperature, which can cause the thermal
degradation indicated by the decrease in molecular
weight.’?

The mechanical strength of melt-spun filaments has
been lower compared to the dry-spun filaments
because the number of entanglements in polymer
melt was higher compared to polymer solution and it
reduced the stretchability in drawing.'® Fambri et al.'*
have studied the two-stage melt-spinning and hot-
drawing of P(L)LA (M, = 3.3 x 10°). The mechanical
strength of filaments was 0.87 GPa, Young’s modulus
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9.2 GPa, and the crystallinity up to 65%. The mini-
mum diameter of filaments was 48 pm. Yuan et al.'®
have studied also the two-stage melt-spinning and
hot-drawing of P(L)LA (M, = 2.6 — 49 x 10°). The
tenacities were between 0.3 and 0.6 GPa, Young's
modulus values between 3.6 and 5.4 GPa, and diame-
ters between 110 and 160 um after the hot-drawing.
The crystallinities were between 50 and 64%. Fambri
et al.'® have studied the melt-spinning of [P(1,0L)LA]
70/30. The maximum tenacity was 0.18 GPa and
Young’s modulus 4.1 GPa. The diameter of the thin-
nest filaments was about 50 pm. Cicero and Dorgan'”
have studied the two-step melt-spinning and cold-
drawing of standard-fiber-grade P(L,0)LA 98/2 (M,, =
0.99 — 1.1 x 10°). The maximum tensile strength was
0.38 GPa and Young’s modulus 3.2 GPa. The crystal-
linity was around 50%.

The high-speed melt-spinning, which is economi-
cally and commercially more attractive, is also
widely studied. Mezhani and Spruiell'® have studied
the high-speed melt-spinning of P(L)LA (M, =
2.1x10°). The maximum crystallinity (about 40%), te-
nacity (0.38 GPa), and Young’s modulus (6 GPa)
were reached at spinning velocities between 2000
and 3000 m/min. The filament diameter was as low
as 12 pm at spinning velocity of 5000 m/min.
Schmack et al.'” have studied the high-speed melt-
spinning of P(L,p)LA (M, = 2.1-4.1 x 10°). The spin-
ning speeds were up to 5000 m/min. The orientation
increased the crystallinity, and it reached up to 40%
with the low D-content (1%) polymers. The orienta-
tion-induced crystallinity increased only to the level
of 10% with high p-content (8%) polymer. The maxi-
mum tenacity was 0.3 GPa and Young’'s modulus
6.8 GPa.

Despite the advantages of the melt-spinning pro-
cess, we wanted to use spinning method which does
not need an elevated temperature. Most of the possi-
ble end-uses of dry-spun and melt-spun polylactide
filaments have been bioresorbable sutures or
implants, and in these end-uses very high mechani-
cal strength during the healing process is important.
Our goal was to manufacture filaments for non-wo-
ven production, and therefore the moderate tensile
strength is sufficient. In the previous wet-spinning
studies P(L)LA filaments have been produced by a
syringe.®?’ In this study, we produced P(.,p)LA ster-
eocopolymer filaments by a gear pump and a 20-
hole spinneret. The purpose was to manufacture fine
multifilaments which have a shorter degradation
time than the enantiomerically pure polylactide has.
We®! have studied the phase separation of P(1,p)LA
stereocopolymers by cloud point titration and found
that methanol and ethanol had similar precipitation
properties. The earlier studies'"'** have used only
methanol in the spin bath, but this time we also
used ethanol for comparison.
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TABLE I
Tested Copolymers and their IVs, Molecular Weights and Spin Dopes
Spin dope Spin dope
Copolymer Material type IV (dL/g) M, (g/mol) concentration (%) viscosity (cP)

P(1,0) LA 96/4 Granulate 22 93 700 - -

Filament - 97 800 15 1720
P(L,or) LA 70/30 Granulate 3.1 167 200 - -

Filament - 167 100 10 1660

EXPERIMENTAL Characterization of filaments

Materials

The two tested medical grade polylactide stereoco-
polymers were supplied from Purac Biochem bv
(Gorinchem, The Netherlands). The copolymers
were P(L,D)LA, L/D ratio 96/4, and P(L,pL)LA, L/DL
ratio 70/30. The viscosity-average molecular weight
(M,) values were determined by gel permeation
chromatography,” and the inherent viscosities (IVs)
were reported by the polymer supplier. The intrinsic
viscosities and viscosity-average molecular weights
of copolymers are given in Table L

Spin dope preparation and wet-spinning

The polymer was dissolved in dichloromethane (an-
alytical grade) in a conical flask covered by a glass
stopper at room temperature. A magnetic stirrer was
used for the dissolution until the solution was clear.
The spin dope concentrations were calculated from
the volume of the solvent. The viscosities of polymer
solutions were measured by Brookfield-viscometer.
The spin dope concentrations and viscosities are
given in Table L

The polymer solution was pumped by Zenith gear
pump (Allweiler AG, Radofzell, Germany) through
the spinneret (20 holes, hole diameter 0.1 mm; Enka
Tecnica GmbH, Heinsberg, Germany) into the spin
bath. The used precipitants were methanol or etha-
nol (analytical grade). The filaments were reeled to a
bobbin (diameter 87 mm). The schematic drawing of
the wet-spinning equipment is presented in Figure
1. The utilized spin draw ratios (SDR) were from
1.4 (low) to 9.8 (high), and they were calculated
from the ratio of the final velocity (reeling velocity)
and the initial velocity (spinneret velocity). The
coagulation time was calculated by dividing the
length of the coagulation (0.9 m) by the average ve-
locity of the filaments. The spinneret velocities were
in the range of 7-22 m/min and the reeling veloc-
ities were between 10 and 70 m/min.

The filaments were evacuated in a vacuum oven
at 40°C overnight to eliminate chemical residues.*
The filaments were stored in a desiccator until their
testing to avoid the moisture intake.

A scanning electron microscope (SEM) (Jeol JSM-
T100, Jeol Ltd., Tokyo, Japan) was used to character-
ize the filament surface. An optical microscope was
used to determine the filament diameter. The mean
of diameter was calculated from 50 individual
filaments.

A heat-flux type differential scanning calorimeter
(DSC) 821™ from Mettler Toledo Inc. was used to
measure the thermal behavior of the copolymer
granulates and filaments. Two to four parallel sets of
samples (about 5 mg) were heated from —10 to
250°C in standard 40 pL aluminium sample cruci-
bles. Data were taken from the first heating scans.
The glass transition temperatures (T,), the peak
melting temperatures (T,,), the crystallization enthal-
pies (H.), and the melting enthalpies (H,,) were
measured at a heating rate of 10 K min '. The
degree of crystallinity (X) was calculated using the
H,, value of 93.7 J/g for the totally crystallinized
P(L)LA (:rys’cal.24

The breaking force and elongation at break were
tested from 50 individual filaments using the tensile
testing machine (Vibrodyn by Lenzing AG, Lenzing,
Austria). The gauge length was 20 mm, the testing
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Figure 1 Schematic drawing of wet-spinning equipment.
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Figure 2 SEM-images of filaments (SDR 1.4). Coagulation time (a,b) 5.6 s; (c,d) 1.9 s. Polymer: P(L,0)LA 96/4; coagulant:

ethanol.

speed was 20 mm/min, and the maximum force of
the load cell was 100 cN. If the elongation at break
was over 200% the gauge length was changed to
10 mm and speed to 10 mm/min. Because the diam-
eters of filaments differed from each other the break-
ing force was converted to the tenacity.

For in vitro degradation tests the filament bundles
were placed in test tubes and the tubes were filled
(about 10 ml) with soaking solution (phosphate
buffer solution).” The filled test tubes were kept at
constant temperature (37 £ 1)°C. The soaking solu-
tion was changed during the testing time to main-
tain a pH of 7.4 + 02. At each data point the
filaments were taken out from the test tube, and the
breaking forces of 20 wet filaments were measured.
The data points were 0, 2, 4, 6, 8, 12, 16, 20, and
24 weeks. The breaking force values were also con-
verted to the tenacities.

RESULTS AND DISCUSSION
Wet-spinning

The viscosity-average molecular weight of P(L,pL)LA
70/30 remained same before and after the wet-spin-
ning as shown in Table I. The molecular weight of
P(L,p)LA 96/4 slightly increased after the wet-spin-
ning. Probably the dissolution process had an effect
on the polymer chains because the polydispersity
(PD) value slightly decreased (PDpolymer = 1.8; PDgipa-
ment = 1.7) after spinning. Because our wet-spun fila-
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ments were processed at room temperature the
polymer did not degrade as in the melt-spinning pro-
cess. Since melt-spun filaments are processed at ele-
vated temperature the molecular weight can decrease
significantly due to the thermo-oxidative degradation
caused by direct heating, conversion of mechanical
energy related to screw speed and torque, and the res-
idence time.”® The reported molecular weight
decreases have been, for example, 40% to poly(p-lac-
tide) (M, = 2.80 x 10°),* 50% to P(L)LA (M, = 42 x
10%) and P(Lp)LA 30/70 (M, = 1.6 x 10°), 60% to
P(1,pL)LA 80/20 (M, = 2.1 x 10°),%® and even 70% to
P(L)LA (M, = 3.3 x 10°)."* Respectively, during the
dry-spinning the decrease of molecular weight has
been lower. It has reported 25% reduction in the mo-
lecular weight of P(L)LA (M, = 9.1 x 10°)* and 6%
reduction also to P(L)LA (M, = 6.6 x 10°).!° The dry-
jet-wet spinning has decreased the molecular weight
of P()LA (M, = 1.5 x 10°) only about 5%."". The
length of the dissolution time has had an effect on the
reduction of the molecular weight. The time has been
one week for the dry-spun filaments and 24 h for the
dry-jet-wet-spun filaments. Respectively, our dissolu-
tion times were only 1-2 h.

Surface structure

In the previous studies'® the wet-spun filaments

have been shown a porous structure, which can be
seen also in our filaments with the low SDR [Fig.
2(a—d)]. The skin structure on the surface and the
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Figure 3 SEM-images of filaments (a) SDR 1.4; (b) SDR 7.0; and (c) SDR 9.8. Polymer: P(L,pL)LA 70/30; coagulant:

ethanol.

porous structure inside the filament can be seen in
the cross-section [Fig. 2(b,d)]. The porous structure
was formed during the coagulation process. The sur-
face of filament was solidified immediately and the
skin, thus, was formed first. Solvent and nonsolvent
were trapped inside the filament. The porous struc-
ture was formed when solvent and nonsolvent were
evaporated from the filament after the solidification.
In our previous study,” we found that the coagula-
tion rate of P(1,pD)LA 96/4 was faster than that of
P(L,oL)LA 70/30. If the solidification process is fast
the high number of pores is formed. Respectively,
the slow solidification rate decreases the formation
of pores.” Although we did not measured the poros-
ity of our filaments, P(r,oL)LA 70/30 filaments could
be less porous based on the solidification rate [Fig.
3(a)].

The surfaces of the high SDR filaments (7.0 and
9.8) were smooth [Fig. 3(b,c)]. The filament drawing
orientated the molecular structure and this can be
seen in the smooth surface. Similar appearance was
formed with both tested nonsolvents.

The coagulation time had an effect on the surface
of P(L,p)LA 96/4 filaments, as shown in Figure
2(a,c). A long coagulation time (5.6 s) produced fila-
ments with longitudinal striations, whereas a short
time (1.9 s) coagulated filaments had smoother sur-
face. A collapsed, serrated cross-section was formed
when the solidifying outer skin was rigid and more
solvent exited the filament than nonsolvent entered.
When the coagulation time was longer the volume
of solvent diffusing out was greater and the fila-
ments collapsed more. Because the coagulation rate
of P(L,oL)LA 70/30 was slower the solidifying outer
skin was softer and more deformable, and the cross-
section of filaments became more circular, as shown
in Figure 3(a).

Crystallinity and thermal behavior

The crystallinity of filament has an effect on its deg-
radation rate. During the hydrolytic degradation of
polylactide water diffuses first into amorphous

regions of polymer. The degradation rate of amor-
phous polymers is therefore faster than that of semi-
crystalline polymers. The crystallinity value is one
way to predict the degradation rate of polymer,
and therefore we measured the crystallinities of
polymers.

The crystallinity of P(L,p)LA 96/4 copolymer gran-
ulates was about 40%, T,, was 157.3°C, and T in the
range from 65.1 to 67.9°C, as shown in Table II. The
wet-spinning decreased crystallinities of filaments,
as shown in Table II and Figure 4. The post-crystalli-
zation, ie. cold-crystallization (X.0),5%03 was
observed in the temperature range from about 75 to
120°C with a peak temperature (T..) of about 89°C
slightly above T,, that took place with an enthalpy
relaxation (an endothermic peak), as shown in Fig-
ure 4. Very closely spaced T, and cold-crystallization
has been observed in a 1 : 1 blend of P(L)LA and
P()LA.>* The X.. of 12% and the X. of 28% were
obtained with both coagulants. Therefore, the wet-
spun P(L,0)LA 96/4 copolymer filaments were par-
tially crystalline with the degrees of initial crystallin-
ity (X = X, - X.) of 16% coagulated either in
methanol or ethanol, as shown in Table II. Our wet-
spun filaments were more amorphous than the melt-
spun filaments (X = 29%) which have been made
from a similar copolymer.**

The wet-spun P(L,D)LA 96/4 filaments were modi-
fied using longer coagulating time (5.6 s) in ethanol
(Fig. 4 and curve 4). The elongation at break was
higher (235%), Table IlI, and the greater X.. (17%)
was observed during the heating in DSC, as shown
in Figure 4. Hence, the initial crystallinity of wet-
spun filament was only 5%. In other words, the lon-
ger coagulation time produced more amorphous
wet-spun P(L,D)LA 96/4 filaments.

The T,, values of the partially crystalline wet-spun
P(L,p)LA 96/4 filaments remained practically
unchanged when the SDR was increased from 1.4 to
9.8, as shown in Table II and Figures 5 and 6. The
methanol coagulated P(L,D)LA 96/4 wet-spun fila-
ments lost 2% of their crystallinity at the SDR of 7.0
and 2% more at the SDR of 9.8. The crystallinity of

Journal of Applied Polymer Science DOI 10.1002/app



2688

RISSANEN ET AL.

TABLE II
Glass Transition Temperatures (Tg), Melting Peak Temperatures (T,,,) and Crystallinities of Original Copolymer
Granulates, and the Corresponding Filaments Coagulated in Methanol (Met-OH) and Ethanol (Et-OH)
with Different Spin Draw Ratios (SDR)

Curve number Material SDR T, (°C) T, °C) Crystallinity(%)
P(L,D)LA 96/4
1 Granulate - 65.1 - 67.9 157.3 40+0
2 Filament, Met-OH 14 65.8 £ 0.5 156.9 16 £1
8 Filament, Met-OH 7.0 69.9 + 0.0 156.3 14 +£2
9 Filament, Met-OH 9.8 70.0 + 0.0 157.1 12 +2
3 Filament, Et-OH 1.4 66.4 + 0.2 156.8 16 £ 2
4 Filament, Et-OH 14 66.3 + 0.1 155.4 5+1
10 Filament, Et-OH 7.0 69.2 + 0.0 156.4 12+3
11 Filament, Et-OH 9.8 70.0 £ 0.1 156.4 12 £ 2
P(L,pL)LA 70/30
5 Granulate - 59.6 - 61.7 121.5 14 +0
6 Filament, Met-OH 14 62.3 + 0.1 - -
12 Filament, Met-OH 7.0 64.5 + 0.0 - -
7 Filament, Et-OH 1.4 624 +0.2 - -
13 Filament, Et-OH 7.0 63.5 + 0.0 - -

* The curve 4 has been measured with a filaments that had an elongation at break of 235% and curve 3 that of 59%.

ethanol coagulated fibers decreased by 4%, when the
SDR was increased from 1.4 either to 7.0 or to 9.8.
The drawing orientates the filaments, and the crys-
tals become thinner, which can be seen as a
decreased crystallinity.'"** The increase of the SDR
from 1.4 to 9.8 increased T, about 4°C with both
coagulants, and the T, was 70.0°C at the SDR of 9.8.
The increase of draw ratio increased the orientation
of the amorphous zones and the number of intermo-
lecular bonds, and this can be seen as an increasing
Tg.“'33 The cold-crystallization started earlier when
the SDR increased which can be seen as the decrease
of the T... It decreased about 7°C with the methanol
coagulated filaments and about 5°C with ethanol
coagulated filaments when the SDR increased from
1.4 to 9.8.
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Figure 4 DSC curves of P(L,D)LA 96/4 copolymer: (1)
granulate; (2) filament, SDR 1.4, coagulated in methanol,
coagulation time 1.9 s; (3) filament, SDR 1.4, coagulated in
ethanol, coagulation time 1.9 s; and (4) filament, SDR 1.4,
coagulated in ethanol, coagulation time 5.6 s. The curves
have been shifted by an arbitrary amount for clarity.
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Crystallinity of the original partially crystalline
P(L,oL)LA 70/30 granulates was about 14%, T,, was
121.5°C, and T, in the range from 59.6 to 61.7°C
with an enthalpy relaxation (an endothermic peak)
based on DSC measurements, as shown in Table II.
The crystallinity of the P(r,pL)LA 70/30 filaments
was lost and the filaments were amorphous, as
shown in Figure 7. There was no cold-crystallization
during the heating process of P(r,bL)LA 70/30 in the
DSC. The amorphous nature of the P(L,pL)LA 70/30
filaments did not change by increasing the SDR or
by changing the coagulant, as shown in Table II and
Figure 7.

Mechanical properties

The filament diameter was controllable by the SDR.
It was possible to spin very fine filaments when the
SDR was high. The diameters of the obtained wet-
spun filaments were between 11 and 36 pm as
shown in Table IIl. The methanol coagulated
P(L,p)LA 96/4 filaments with the short coagulation
time had larger diameter than other filaments manu-
factured by otherwise similar process parameters.
As reported earlier the precipitation rate of P(L,0)LA
96/4 was faster than that of P(r,pL)LA 70/30, and
methanol and ethanol had similar coagulation prop-
erties in low polymer concentrations (< 6%).”" In the
present study, the spin dope concentration was 15%,
and the diffusion of nonsolvent was more difficult
caused by higher density of polymer solution. Meth-
anol is a smaller molecule than ethanol and it can
diffuse easier into the polymer solution. The volume
of methanol diffusing in was greater than the
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TABLE III
Spinning Parameters, Diameters and Mechanical Properties of Wet-Spun Filaments
Pump velocity ~ Reeling velocity =~ Coagulation Tenacity Young's
SDR (m/min) (m/min) time (s) Diameter (um) (MPa) modulus (GPa) Elongation (%)
Methanol coagulated P(L,0)LA 96/4
1.4 21.4 30 19 36 £3 49 + 4 07 +0.1 92 £13
7.0 7.1 50 1.7 18 +1 80 + 8 1.0 £ 0.1 67 £3
9.8 7.1 70 1.2 14+1 94+ 8 1.3 +0.1 47 +3
Ethanol coagulated P(L,0)LA 96/4
14 7.1 10 5.6 26 £ 3 77 £7 12 +0.1 235 + 15
1.4 21.4 30 1.9 30+7 53+5 1.2+ 0.2 59 +£ 16
4.2 7.1 30 2.6 17 £ 2 125 £ 10 1.5 £0.1 105 +£ 9
7.0 7.1 50 1.7 13 +£2 148 + 10 1.7 £02 70 £8
9.8 7.1 70 1.2 12+ 2 113 £ 12 1.6 £ 0.1 42 +6
Methanol coagulated P(L,pbL)LA 70/30
14 7.1 10 5.6 29 £3 45 +5 0.8 +£0.1 231 £ 13
1.4 21.4 30 1.9 32 +5 55+ 6 0.7 £0.1 105 + 14
42 7.1 30 2.6 17 £2 103 + 10 1.0 £0.1 94 + 4
7.0 7.1 50 1.7 13+£2 148 + 12 1.3 £0.1 59 +4
9.8 7.1 70 1.2 11+1 126 £+ 14 1.3 +£0.1 41+3
Ethanol coagulated P(r,oL)LA 70/30
14 7.1 10 5.6 27 £3 56 + 6 09 +0.1 211 £ 19
1.4 21.4 30 1.9 27 £ 6 98 + 12 14 +0.2 92 +£17
42 7.1 30 2.6 18 £2 105 + 13 09 + 0.1 82 +13
7.0 7.1 50 1.7 14 +£1 146 + 18 1.3 +02 47 +5
9.8 7.1 70 1.2 12 +1 135 £ 17 1.3 +0.1 34 +5

volume of dichloromethane diffusing out, and the
filament solidified in the swollen state.

Compared with earlier studies our filaments were
relatively fine (11-14 pm at the SDR 9.8). For exam-
ple, in the earlier studies filaments with diameters
between 28-550 um have been produced by the wet-
spinning method.®* Respectively, Gupta et al. have
produced the jet-wet-spun filaments, whose mini-
mum diameter was about 50 pm."" They have manu-
factured filaments with the syringe pump and the
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Figure 5 DSC curves of P(L,D)LA 96/4 copolymer: (1)
granulate; (2) filament, SDR 1.4, coagulated in methanol,
coagulation time 1.9 s; (8) filament, SDR 7.0, coagulated in
methanol; and (9) filament, SDR 9.8, coagulated in metha-
nol. The curves have been shifted by an arbitrary amount
for clarity.

nozzle with one hole. In our study the gear pump
and the 20-hole-spinneret (hole diameter 0.1 mm),
which is normally used in the textile filament wet-
spinning production, were used. This enabled thin-
ner diameter of the filaments.

The filament tenacity was also controllable by the
SDR. Tenacities of methanol coagulated P(r,p)LA
96/4 filaments were between 49 and 94 MPa and
that of ethanol coagulated filaments between 53 and
148 MPa, as shown in Table IIl. Respectively, the
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Figure 6 DSC curves of P(LD)LA 96/4 copolymer: (1)
granulate; (3) filament, SDR 1.4, coagulated in ethanol,
coagulation time 1.9 s; (10) filament, SDR 7.0, coagulated
in ethanol; and (11) filament, SDR 9.8, coagulated in etha-
nol. The curves have been shifted by an arbitrary amount
for clarity.
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Figure 7 DSC curves of P(L,pL)LA 70/30 copolymer: (5)
granulate; (6) filament, SDR 1.4, coagulated in methanol;
(12) filament, SDR 7.0, coagulated in methanol; (7) fila-
ment, SDR 1.4, coagulated in ethanol; and (13) filament,
SDR 7.0, coagulated in ethanol. The curves have been
shifted by an arbitrary amount for clarity.

Young’s modulus values were between 0.7 and 1.3
GPa for the methanol coagulated filaments and
between 1.2 and 1.7 GPa for the ethanol coagulated
filaments. Because the ethanol coagulated filaments
were thinner and the tenacity depends on the fila-
ment diameter, the ethanol coagulated filaments
were stronger than the methanol coagulated fila-
ments. Also the coagulation properties could have
effect on the mechanical properties. The high effi-
cient coagulant, as methanol in our study, can form
the high number of pores and capillaries inside the
filament, and thus reduce the mechanical strength.5

The tenacities of the methanol coagulated
P(L,oL)LA 70/30 filaments were between 45 and 126
MPa and that of the ethanol coagulated filaments
between 56 and 135 MPa, as shown in Table III.
Respectively, the Young’s modulus values were
between 0.7 and 1.3 GPa and between 0.9 and 1.4
GPa. The tenacity and the Young’s modulus values
were quite similar with both coagulants. The precipi-
tation rate of P(r,pL)LA 70/30 was slower,?" and in
the present study the tested coagulants had similar
coagulation properties to P(L,poL)LA 70/30. Hence,
both coagulants produced similar mechanical
properties.

The highest tenacity values were obtained at the
SDR of 7.0. The increase of the SDR to 9.8 caused
the overstretching of molecular chains, and this can
be seen as the decrease of tenacity.

The coagulation time had effect on the elongation
at break of filaments. We tested two different coagu-
lation times at low SDR. The long coagulation time
(5.6 s) ensured the long elongation at break (more
than 200%). If the coagulation time was short (1.9 s)
at the same SDR the elongation at break values were
smaller (59 — 105%).

The stress—strain curves of P(.,p)LA 96/4 filaments
are presented in Figure 8 and those of P(L,bL)LA 70/
30 filaments in Figure 9. The beginning of curves
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Figure 8 Tenacities of P(L,0)LA 96/4 filaments: (—) meth-
anol coagulated filaments and (- -) ethanol coagulated fila-
ments. L: long coagulation time (5.6 s); S: short
coagulation time (1.9 s). Mean of 50 measurements.

was a linear Hookean region. In this region the mo-
lecular chains started to stretch and the molecules
straightened in the amorphous region of the fila-
ment, and the intermolecular bonds strained. Yield
stresses of P(L,pL)LA 70/30 filaments with the low
SDR were smaller compared with P(L,p)LA 96/4 fila-
ments, and therefore the chain molecules and inter-
molecular bonds in P(L,pL)LA 70/30 were easier to
strain compared to P(L,D)LA 96/4 filaments. At the
high SDR the yield stresses of both stereocopolymers
were similar. After the linear Hookean region came
a region of easier extension. At the low SDR this
region was very long, whereas at the high SDR it
was practically disappeared. In this region the
highly strained bonds in the amorphous area broke
because they could not withstand the force applied
to them. The molecules straightened further and the
load increased to the other bonds. Therefore, the
extension became easier. After the region of easier
extension came the region of increasing slope. In this
region some of the molecules were fully straightened
and further extension became more difficult. The
increasing strain affected on the bonds and mole-
cules, and finally the filament broke.*
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Figure 9 Tenacities of P(L,pL)LA 70/30 filaments: (—)
methanol coagulated filaments and (- -) ethanol coagulated
filaments. L: long coagulation time (5.6 s); S: short coagula-
tion time (1.9 s). Mean of 50 measurements.
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Figure 10 Retention of tenacity in vitro for wet-spun fila-
ments. Filaments: (¢) P(L,D)LA 96/4 and (M) P(L,DL)LA
70/30. Coagulant: methanol. Mean of 20 measurements.

In vitro degradation

The in vitro hydrolytic degradation results are pre-
sented in Figure 10. The filament, which were tested,
were spun at the low SDR (1.4) and the coagulation
time was short (1.9 s). Those spinning parameters
gave about 16% crystallinity to the P(L,p)LA 96/4 fil-
aments and the P(1,p)LA 70/30 filaments were amor-
phous. As already mentioned the crystallinity has
influence on the hydrolysis properties of polylactide.
During the hydrolytic degradation water diffuses
into the amorphous regions of polymer and causes
the breakage of the ester bonds which initiates a
reduction in molecular weight and later on a reduc-
tion in mechanical strength. After amorphous
regions the hydrolytic degradation occurs in the
crystalline regions leading to increased mass loss
and finally to complete resorbtion.”” Because our
P(L,oL)LA 70/30 filaments were totally amorphous,
the tenacity loss occurred earlier compared to the
P(L,p)LA 96/4 filaments, as shown in Figure 10. The
tenacity loss started after 2 weeks. After 24 weeks
the tenacity loss of P(L,poL)LA 70/30 filaments was
about 50% from the initial tenacity. Respectively, it
was about 10% with the P(L,pD)LA 96/4 filaments.

The degradation rate of enantiomerically pure
polylactide is slow. Suuronen et al.' have studied
the biodegradation of semi-crystalline self-reinforced
(SR) P(L)LA plates (X = 53%). After five years
in vivo, small particles of polymers still existed but
the mechanical strength of material was lost. The
degradation of P(r,0)LA copolymers is faster. Kallela
et al.”® have studied the use of totally amorphous SR
P(L,oL)LA 70/30 screws, and after 24 weeks in vivo,
there were cracks, clefts and fragmentation in some
screws. Under in vitro hydrolysis the material lost its
mechanical strength after 48 weeks. Although it is
not possible to fully compare the degradation of
screws and our filaments, the degradation rate of
our filaments is in accordance with the earlier
studies.
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CONCLUSIONS

Our study showed that it is possible to prepare fine
polylactide copolymer multifilaments by the wet-
spinning method. Because there was no need to use
elevated temperature during the spinning process,
the molecular weight of copolymer remained similar
before and after spinning. However, the degree of
crystallinity decreased due to wet-spinning. The
P(L,p)LA 96/4 filaments were semicrystalline with
the remaining degree of crystallinity from 5 to 16%.
Respectively, P(L,oL)LA 70/30 filaments were amor-
phous. The degree of crystallinity had an influence
on the hydrolytic degradation rate. P(r,pL)LA 70/30
filaments biodegraded faster than P(L,p)LA 96/4 fila-
ments. Hence, the use of P(L,pL)LA 70/30 filaments
is recommendable when shorter degradation time is
needed.

The spin draw ratio had effect on the mechanical
properties of filaments. The optimum spin draw ra-
tio was observed to be 7.0 to get the tenacity of 150
MPa. It is high enough, for example, to the non-wo-
ven production. The coagulant had no or minor
effect on the mechanical properties and thus metha-
nol and ethanol are both suitable coagulants for the
spin bath. However, the use of ethanol is recom-
mendable in the laboratory scale because of its lower
toxicity.
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