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| A random terpolymer of L-lactide (LL), e-caprolactone (CL)j
’and glycolide (G) with a composition of 70:20:10 mol% was synthesnzed]
via bulk rng-opening polymerisation using stannous acetate as an;
:initiator. The polymer was biodegradable with potential for use as ani
*absorbable menofilament surgical suture, The polymer synthesized (M,
-= 92300, from GPC} was spun into a monofilament fibre by a smatl-.
iscale melt- -spinning apparatus. The mechanical strength of the as-spun:
fibore was improved by offline hot-drawing and annealing underl
controlled conditions of draw rate, draw ratio () and temperature. The!
results obtained from tensile testing showed that the fibre properties ;
were strongly dependent on the draw ratio. A high draw ratio wasi-
|obtained by offline  hot-drawing twice to A = 6.44 with intermediate
annealing at 60 -C for 20 hrs. The tensile strength of the drawn fi brei
iwas found to increase by 1125 % relative to that of the as-spun fibre. _;

Terpolymers of L-aclide (LL), e-caprolactone {CL) and
glycolide (G) are biodegradable and biocompatible and have potential
use as absorbable sutures. An appropriate balance of mechanical
properties is essential for their use in this type of application. For
example, the tensile strength of the fibre must be sufficiently high
while, at the same time, maintaining sufficient flexibility for handling
purpose. Such properties can only be achieved by controlling the
polymer microstructure during synthesis and then by optimizing the
conditions used in fibre processing. The aim of this study is to
examine the effects of hot-drawing and annealing on the mechanical
properties of the monofilament fibre during processing

Terpolymer DsC GPC Intrinsic
viscosity
LL:CL:G T T AH, M,, (dl g

& | O | ggh

70:20:10 - 144 | 15.89 | 92300 |0.595

| intrnsic viscosity measured in tetranydrofuran (THF) at 40 °C
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"I piiniag was perfonmied 8n pre-Tomnied polymer fods whith were .
rmeft-extrsded through a single. clrcular hole spinneret with an exh diameter
of 1,00 mm. The polymer was melted at 125 ¢ and extrudad Info a cooled
i water bath {5-1¢ °C} ins order lo eblain an almos! amorpheus as-spun fibre. :
i The Nbre dij ions were d by {he exteusion rate and the take-up
.spead The as-spun fibre was then drawn at 50 °C wilh & draw rate of 2700 H
| % min-1 followed by fixed-length annealing al 60 °C for 20 brs In & vacuum . ]
Finglly, it was hot-drawn agaln at 60 °C to & iolal & = 6.44 using &'
maximum draw rate. in onder to follow the thanges induced in tha fibre's ;
matrix merphology, tensile testing of the fibre was carvied oul at each siage {
Fnr processing ‘
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| (3) [+ Hordrawn fi er/I
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Fig.1 Gomparison of the stress-straln cuyres for the fibre at various stages of lts processing.!

E'rensue 1esis were performed &t room temparature with & load calf = 100 N,
Inallat gauge fenglh = 40 mm and rosshead speed = 20 mm/min

i
i
H

" The mechanical strength of the as-spun fibre was found to be’
dramatically improved by hot-drawing. Crystallisation after the 1% hot. o
drawing was induced by fixed-length annealing which also induced '
I molecular relaxation leading to increased flexibility and elongation at-
break isee Fig.1). After the 2™ hot.drawing. the molecular chains in
both the amorphous and crystalline regions were forced to allgn along .
ithe fibre axis. As a result. the fibre became stronger. as seen in Fig.1..

: These results show clearly the effects of hotdrawing and annealing.’
‘However, itis vitally important that the sequence of the operations and
;the temperaturetime conditions employed be optimized in order to.
‘pbtain the required balance of strength and flexibility These studies
lare continuing as our understanding of the molecular orientation’ -
ichanges taklng prace is becommg clearer L
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ABSTRACT

Cofterpolymers of L-lactide (LL), &-
caprolactone (CL) and glycolide (G) are
biodegradable in the human body and, as
such, have considerable potential for use
in biomedical applications such as
absorbable surgical sutures, nerve guides,
bone fixation devices and drug delivery
systems. This study focuses its attention
on their potential as monofilament fibers
for absorbable suture applications.
Random co/terpolymers with different
compositions of LL, CL and G were
synthesized via bulk  ring-opening
polymerization. The polymers obtained
were melt spun at slow speeds into ice-
cooled water to produce as-spun
monofilament fibers with as little
molecular orientation and crystallinity as
possible. Combinations of off-line hot-
drawing and annealing steps under
" controlied conditions of draw rate, draw
ratio, temperature and time were then
employed in order to develop the fiber’s
oriented semi-crystalline morphology.

The mechanical properties of the fibers

Biodegradable Polyester Monofilament Fibers 1

were tested after each processing step and
compared. The tensile test results showed
that the tensile strength was strongly
dependent on the draw ratio. A high draw
ratio was obtained by multiple off-line
hot-drawings with intermediate annealing.
The first hot-drawing step dramatically
enhanced the mechanical properties
relative to those of the weak, highly
extensible as-spun fiber.  Subsequent
annealing at a suitable temperature and for
an appropriate fength of time increased
fiber flexibility as a result of molecular
rélaxation. Additional hot-drawing steps,
again under precise temper_ature-time
conditions, increased the total draw ratio

and further enhanced the fiber’s

mechanical strength.

Keywords : Fibers; melt spinning;
biodegradable polyesters; hot-drawing;

annealing.
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1 Introduction

Cofterpolymers of L-lactide (LL), &-
caprolactone (CL) and glycolide (G) are
known to be both biocompatible and
biodegradable in the human body and so
are widely used in biomedical applications
such as absorbable surgical sutures
(Baimark et al., 2005; Bezwada et al.,
1995; Tomihata et al., 1998), absorbable
nerve guides (den Dunnen et al., 1995;
Meek et al. 1997; Rodriguez et al., 1999)
and controlled-release drug delivery
systems (Buntner et al., 1998; Ge et al.,
2000; Pitt, 1990). Biodegradation
proceeds via simple hydrolysis (random
chain scission) leading to prdgressively
lower molecular weight fragments which
are then removed from the implant site by
the body’s own biological mechanisms.

- The added value of these materials lies in
their versatility. By varying the
cofterpolymer composition, monomer
sequencing and molecular weight, the

polymer properties can be specifically

Biodegradable Polyester Monofilament Fibers

tailored to meet the requirements of each
particular application.

In this research work, attention is
focused on absorbable monofilament
surgical sutures.  Absorbable surgical
sutures can be classified into two main
groups, namely: monofilaments and
multifilaments.  Monofilament sutures
have a smooth surface and therefore show
less tendency to harbor bacteria - major
advantages in'minimizing tissue drag and
tissue reaction respectively. However,
compared with muitifilaments, they are
rglative]y stiff and not so easy to handle.
An appropriate balance of mechanical
properties is therefore essential for their
use in this type of application. For
example, the tensile strength of the fiber

must be sufficiently high while still

maintaining  sufficient flexibility ~for

handling purposes. At the same time, the

rate of biodegradation (hydrolysis) must
be appropriate to the time required for
absorption. The rationale for the choice of
LI, CL and G as the three monomers is

based upon these stringent property
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reduirements. LL is the main
crystallizable component which
determines the tensile strength. CL
increases chain flexibility and thermal
stability, thereby lowering the fiber
stiffness and widening the melt processing
window. Finally, G  increases
hydrophilicity and hydrolysability, thereby
providing a means of adjusting the rate of
biodegradation. By varying the
composition, polymer properties can be
tailored to meet specific demands.
However, such property control can
only be achieved by (a) controlling the
polymer's chemical microstructure during
synthesis and then (b) by controlling the
polymer's matrix morphology during fiber
processing. The influence of the various
synthesis ~parameters on  copolymer
microstructure has been well documented
(Choi et al., 1994; Grijpma et al., 1991;
" Hiljanen-Vainio et al., 1996). The main
aim of this present stqdy is to examine the
processing effects of hot-drawing and

annealing on the morphology and

mechanical properties of melt-spun P(LL-

Biodegradable Polyester Monofilament Fibers

¢o-CL) and P(L.L-co-CL-co-G)
monofilament  fibers. Given the
increasingly high cost of commercial
absorbable monofilament sutures, these

materials show potential for further

development as lower-cost alternatives.

2 Materials and Characterization

Random co/terpolymers of L-lactide (LL},
g-caprolactone (CL) and glycolide (G)
with compositions of LL:CL:G = 75:25:0
and 70:20:10 mol % were synthesized via
ring-opening polymerization in bulk using
stannous acetate, Sn{Acet);, as the
initiator, as shown in Fig. 1. Precise
details of the synthesis procedure used
have been previously reported (Channuan
et al., 2005). The mechanism of the
polymerization reaction is of the so-called
coordination-insertion type and has been
described at’ length in the literature
(Albertsson and Varma, 2003; Stridsberg
et al, 2002). The polymer products
obtained were rigorously purified By

grinding into small pieces followed by
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heating under vacuum at 100 °C to
constant weight to remove any traces of
residual monomer. Generally, polymer
yields were near-quantitative (> 98 %)
based on the initial combined monomer
weights.

The co/terpolymer compositions and
monomer sequence distributions were
characterized using a Bruker Avance 1H
/13C Nuclear Magnetic Resonance (NMR)
Spectrometer. The compositions (mol %)
from 1H-NMR are shown in Table 1 and
corresponded with the initial monomer
feed ratios. The monomer sequence
distributions from 13C-NMR confirmed
the random nature of the monomer
sequencing but with some degree of
blockiness which could be attributed to the
differing monomer reactivities (G > LL >
CL). Weight-average molecular weights,
M,, were determined by- gel permeation
| chromatography (GPC) using a Waters
717 Autosampler GPC and employing
universal calibration (dual refractive index
and viscosity detectors). Tetrahydrofuran

(THF) was used as the solvent at 40 °C.

Riodegradable Polyester Monofilament Fibers

Intrinsic viscosities ([1]) were determined
by dilute-solution viscometry using a
Schott-Geriite AVS300 Automatic
Viscosity ~Measuring  System,  also

employing THF as the solvent at 40 °C.

‘Thermal characterization was carried out

by means of differential scanning
calorimetry (DSC) and thermogravimetric
analysis (TGA) using a Perkin-Elmer
DSC7/TGA7 Thermal Analysis System at
heating rates of 10 °C/min and 20 °C/min
respectively. The melting peak parameters
(peak T, and heat of melting, AHp) and
thermal degradation temperatures (Tq) are
also shown in Table 1.

Despite *  their microstructural
irregularity, the appearance of melting
endotherms in the DSC thermograms of
both the copolymér and terpolymer, as
shown in Figs. 2(a) and 3(a), indicate that
they were semi-crystalline in nature.
However, their  glass  transition
temperatures (T,) could not be clearly
observed, as is often the case with
copolymers.

crystallizable random

Instead, the T, values given in parentheses
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in Table 1 are estimates calculated from
the Fox Equation (1) for a random
cofterpolymer.

wie/ T + W/ Teer + wg /

To = /Tarcic (1

In Eq. 1, Wi, Wco and wg are the
respective weight fractions of the LL, CL
and G units, as calculated from the
corresponding mole fractions my;, McL
and mg from 1H NMR. Similarly, Tai,
TecL and Ty are the respective T (K)
values of the PLL (T, = 65 °C = 338 K),
PCL (T, = -60 °C = 213 K) and PG (T =
35 °C = 308 K) homopolymers, as
obtained from the reference literature
(Perrin  and English, 1997). When
substituted into Eq. 1, T, values for the
P(I.L-co-CL)75:25 copolymer and the
P(LL-co-CL-c0-G)70:20:10 terpolymer of
28 °C and 32 °C respectively are obtained.
" These values are consistent with the
design criterion that these materials need
to be flexible at room temperature.

Finally, the TGA curves for the

cofterpotymers are compared in Fig. 4.

Biodegradable Polyester Monofilament Fibers

With initial thermal degradation (weight
loss) tempera’éures (Tg) of about 280 °C,
the T, and Ty values in Table 1 are
sufficiently far apart (> 100 °Cy for
thermal  degradation  during melt
processing to be easily avoidable. As
mentioned previously, the choice of CL as
a comonomer is partly related to this
question of melt stability. Not only are CL
units more flexible than LL and G units,
they are also more thermally stable.
Hence, CL not only flexibilizes the
polymer chain, it also improves its thermal
stability, thereby widening the melt
pr.ocessing range. This is particularly
relevant for producing absorbable surgical
sutures where melt spinning is the
preferred method of processing. Thermal
degradation ciuring processing is to be
avoided at all costs since the resulting
therma! degradation products (different
from hydrolysis products) may be toxic to

the human body.
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3 Fibre Processing

The melt spinning apparatus used in this
work was a modular-design, small-scale
fiber extruder manufactured by Ventures
& Consultancy Bradford Ltd, (formerly
Bradford University Research Ltd.),
Bradford, UK. A schematic arrangement
of the apparatus is shown in Fig. 5 with a
more detailed diagram of the compression,
melting and metering zones, comprising
the cylinder, heating block, filter mesh and
spinnerette, shown in Fig. 6. The minimal
dead volume within the system enabled
sample sizes of as small as 20 g to be
processed satisfactorily. The cooling bath
(ice-cooled water) was maintained at a
temperature of 5-10 °C, while the vertical
distance (air gap) between the spinnerette
(single circular hole, 1.0 mm diameter)
and the surface of the bath liquid was kept
constant at 4-5 cm.

| Prior to melt spinning, the
co/terpolymer chips were first compressed
into cylindrical rods. This wa;; done by
heating the chips in the cylinder end-

capped with a plain blanking plate under

Biodegradable Polyester Monofilament Fibers

pressure from the ram. Typically, a
temperature within a range of about 10 °C
either side of the initial (onset) melting
temperature (from the DSC curve) was
found to be suitable for this purpose, just
enough for the chips to soften and stick
together without appreciable melting.
Melt spinning from these pre-formed rods
gave fibers of more consistent quality than
from chips and also reduced the tendency
for void formation.

One of the prime considerations in any
melt spinning-process is the melt spinning
temperature. This is because, for a given
polymer molecular weight, the spinning
temperature determines the melt viscosity
which, together with the extrusion and
take-up rates, determines the filament line
stability. For the co/terpolymers studied
here, it was found that a spinning
temperature of peak Ty * 10 °C (again
from the DSC curve), depending on
molecular weight, generally yielded fibers
of consistent quality in terms of their
uniformity of diameter and smooth surfacé

appearance. As mentioned previously,
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both of the co/terpolymers have wide melt
processing ranges. Even so, it is
preferable to choose a  spinning
temperature near the lower end of the
range. This is because the higher the
temperature, the more heat that needs to be
dissipated from the extruded fiber as it
cools. Hence, increasing the spinning
temperature above the required minimum
is only beneficial if it is really necessary to
lower the melt viscosity.

In addition to the spinning
temperature, the other main processing
variables are the extrusion rate (ram
speed), take-up rate, spinnerette diameter,
the vertical distance (air gap) between the
spinnerette and the cooling bath, and the
cooling bath temperature. In combination,
these variables contro! the as-spun fiber
diameter at the macroscopic level and the
degree of molecular orientation and

.crystallinity at the microscopic level. In
this work, the intention was to produce as-
spun fibers with as little molecular
orientation and crystallinity as possible by

employing slow extrusion rates coupled
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with quench-cooling and just enough on-
line drawing to maintain filament line
stability. The rationale behind this was
that it enabled the semi-crystalline
morphology to be gradualfly built into the
fiber through a succession of off-line hot-
drawing and annealing steps under more
controlled conditions.  This multi-step
approach also allowed for the fiber’s
morphology and mechanical property
development to be followed at each step in
the process. Off-line hot-drawing of the
as-spun fibers was carried out at various
temperatures within the range 40-80 °C at
high draw rates of 2700-3800 %/min.
Annealing (fixed length) was carried out at
60 °C for 20 hrs in a vacuum oven to allow
molecular relaxation to occur.

The rod-forming and melt spinning
temperatures, the extrusion and take-up
rates, and the resultant as-spun fiber
diameters are given in Table 2. The
uniformity of the fiber diameters is notable
bearing in mind that such slow spinning
speeds were used. While slow speeds

facilitate heat removal, they sometimes
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give rise to an oscillatory instability
known as “draw resonance”, the cause of
which can be traced back to the tensile
stress to which the extruded fiber is
subjected. However, draw resonance was
not encountered in this work within the
range of spinning conditions studied,
neither was cohesive or capillary fracture.
The spinning dynamics were therefore
considered to be conducive to the
establishment of a stable and uniform

filament line.

4 Morphology Development

Recent work carried out in this research
group has shown that random terpolymers
of LL, CL and G containing 70 mol % or
more of LL units exhibit a semi-crystalline
morphology in. which the crystalline
component is essentially equivalent to the
o crystal phase of the PLL homopolymer
(‘Channuan et al, 2005). Furthermore, the
crystal structure appears to be largely
invariant. to  different  processing

conditions, such as whether the terpolymer

is crystallized under quiescent conditions
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or hot-drawn from pre-spun fibers to a low
or high draw ratio. Consequently, since
the crystalline phase of these materials is
similar to that of PLL, the following Eq. 2
can be used to calculate the % crystallinity

to a reasonable approximation

% Crystallinity = (AHnpx

100)/ AH.* % )

where AH,, is the heat of melting (from
DSC) of the co/terpolymer and AH,* is
the heat of melting of a hypothetical 100
% _crystalline sample of PLL (= 93.0 J/g)
(Fischer et al., 1973).

As the appearance of melting peaks in
their DSC curvés in Figs. 2(a) and 3(a)
shows, both. the copolymer and the
terpolymer were semi-crystalline materials
as synthesized.  Following their melt
spinning, both of the co/terpolymer as-
spun fibers were again semi-crystalline, as
shown in Figs. 2(b) and 3(b), although
with much reduced crystallinities as a

result of quench-cooling. Subsequent hot-

drawing then increased their crystallinities



J. Sivipitayananon et af.

back up again, as shown in Figs. 2(c) and
3(c), due to strain-induced crystallization
resu.lting from enforced molecular
alignment along the fiber axis. The %
crystallinities at each of these three stages,
as calculated using Eq. 2, are compared in

Table 3.

5 Mechanical Properties

Mechanical (tensile) property testing was
carried out using a Lloyds LRX+
Universal Testing Machine operating at
room temperature under the following test

conditions. Each fiber sample was tested

at least five times before a test result was.

chosen which was considered to be truly

representative of the sample.

grips = bollard-type
loadcell = 100N
initial gauge length = 40 mm

crosshead speed = 20 mm/min

Biodegradable Polyester Monofilament Fibers

The stress-strain curves for the P(LL-
co-CL-co-G) terpolymer fiber after hot-
drawing at various temperatures within the
range 40-80 °C are shown in Fig. 7. This
temperature range was chosen because it
was immediately above the estimated glass
transition temperature T, of 32 °C (Table
1), thus allowing for a certain amount of
molecular motion (chain  segmental
rotation) during hot-drawing. From the
results in Fig. 7, the highest tensile
strength (stresé at break) was obtained for
the fiber which was hot-drawn at 50 °C.
Similar results were also obtained for the
P(LL-co-LL) copolymer fiber. The stress-
strain curves in Fig. 7 also demonstrate
clearly how the mechanical strength of the
as-spun fiber was dramatically improved
by hot-drawing. As intended, the as-spun
fiber, spun at a very low speed with
quench-cooling and minimal on-line
drawing, was basically a very weak,
highly extensible fiber with low degrees of
chain orientation and crystallinity. By

design, these features were introduced into
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the fiber’s matrix by the subsequent hot-
drawing process. The effects of hot-
drawing on the thermal and tensile
properties of the co/terpolymer fibers are

demonstrated in Table 3.

6 Combined Effects of Hot-
Drawing and Annealing

A single hot-drawing step at an
appropriate temperature, as shown in the
previous section, is clearly advantageous
but is generally considered to be
insufficient by itself to achieve the target

properties.  Instead, two or more hot-

drawing steps are usually needed with

intermediate annealing. Furthermore,
rates of drawing, temperatures and times
~ are all important variables which need to
be studied and their influences understood.
In this work, the overall fiber production

process consisted of the following 4
stages. In between stages, the fibers were

stored (at fixed length) at room

temperature.
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(1) melt spinning (as-spun)

{2) 1st hot-drawing at 50 °C

(3) fixed-length annealing at 60 °C
for 20 hrs

(4) 2nd hot-drawing at 50 °C

The effects of these successive hot-
drawing and a‘nnealing steps on the stress-
strain curve are illustrated in Fig. 8 for the
P(LL-co-CL-co-Q) terpolymer fiber. Hot-
drawing at 50 °C at fast drawing rates, as
employed here, forces the molecules to
align along the fiber axis against the
constraints of molecular entanglements
and with minimal time for molecular
relaxation. This inevitably creates strain
within the matrix. Fixed-length annealing
at an appropriate temperature above Ty, in
this case 60 °C, then allows the molecules
to rearrange themselves into less-strained
conformations but without accompanying
fiber shrinkage. As seen in Fig. 8, this
molecular relaxation has the combined
effects of lowering both the tensile
strength and initial modulus (stiffness). In
the final stage (4), the 2nd hot-drawing

step stretches the relaxed fiber, further
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orienting the molecules ip both the
amorphous and crystalline phases, thereby
increasing the tensile Strength apd

modulus. A similar set of stress-strain
curves to those shown in Fig. 8 was also
obtained for the P(LL-co-CL) copolymer

fiber.

7. Discussion and Conclusjgng

The melt spinning process whic, has been
described here is a simple batch-type
discontinuous process which ig suitable for
the small-scale production of speciality
fibers but obviously not for the large-scale,
high-speed production of commercial
textile fibers. In such a highly Specialized
application as surgical Sutures, the fiber’s
semi-crystalline morphology needs to be
precisely controlled in order ¢ be able to
obtain the appropriate balance of physical,
mechanical and biologica] Properties, all
of which are interrelated, Separating the
processing sieps is one way of achieving

this level of control. It hag been with this

objective in mind that this work has

focused its attention op studying the
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effects of hot-drawing and annealing on
the morphology and mechanical properties
of the co/terpolymer fibers.

The mechanical property changes
shown in Fig. 8 clearly demonstrate how
an orieﬁted semi-crystalline morphology
can be gradually built into a fiber in a
controlled way through a combination of
hot-drawing and annealing steps. The
mechanical st'rength of the as-spun fiber
was dramatically improved by the 1st off-
line hot-drawing as a consequence of the
semi-crystailine morphology that was
induced in the fiber matrix. The exact
natﬁre of this semi-crystalline
morphology, both in terms of molecular
orientation and degree of crystallinity, has
profound effects on mechanical properties
such as tensile strength and modulus. Due
to the time-temperature dependency of
solid-state molecular motion in polymers,
an appropriate draw-rate at an appropriate
temperature is essential for developing a
morphology ~ which  gives properties
suitable for a particular application.

Furthermore, it is necessary to employ
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annealing in order to stabilize the fiber
morphology and facilitate molecular
relaxation (Tsuji and Ikada, 1995). The
main effects of annealing, as seen in Fig.
8, are to decrease the tensile strength but
increase pliability and extensibility. The
2nd hot-drawing after annealing then

restores the tensile strength.  These

findings are consistent with the generally

accepted view that the higher the draw
ratio, the stronger the fiber since the
polymer chains in both the amorphous and
crystalliqe regions are forced to align
along the fiber axis (Fambri et al., 1997;
Toki et al, 2002; Toki et al, 2003).
However, in suture applications, tensile
strength needs to be balanced with
flexibility. The challenge therefore lies in
finding the appropriate combinations of
temperatures, rates and times necessary to
obtain this balance.

In conclusion, these results have
served to emphasize that both the melt
spinning process and the post-spinning
treatments are highly complex,

multivariate procedures. Understanding

Biodegradable Polyester Monofilament Fibers

and controlling what the molecules are
doing in response to the various forces
being exerted upon them is the secret to
success in obtéining fibers with the desired
properties. This work has shown that, by
performing the hot-drawing and annealing
processes off-line rather than on-line, a
greater level of molecular contro! can be
achieved. These studies are continuing as
our understanding of the molecular

changes taking place is becoming clearer,
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Cof/terpolymer
composition

LL:CL:G "
mol %

GPC

Viscometry

DSC

TGA

n1°¢
di/g

Tn ?
°C

AHm I
Jig

Ts#
°C

Co 75:25:0

Ter 70:20:10

837 x10*

9.23x 10"

0.587

0.595

(28)

(32)

155

151

194

223

280

280

Mmoo 6 of, % 5 oo

Table 1.

copolymer and the P(LL-co-CL-co-G) 70:20:10 terpolymer as obtained from synthesis.

as determined from 1H-NMR peak integrations
using THF as solvent at 40 °C (universal calibration)
using THF as solvent at 40 °C
as calculated from the Fox Equation (Eq. 1)
peak Ty, from melting endotherm
heat of melting « T, peak area
initial weight loss temperature

Molecular weight and thermal property characterization of the P(LL-co-CL) 75:25

Cofterpolymer Rod-forming | Melt spinning | Extrusion | Take-up On-line As-spun fiber
Sample temperature | temperature rate rate draw ratio diameter
°cC °C m/min m/min mm
P(LL-co-CL) 135 155 0.12 0.50 4.2 0.90+ 0.02
P(LL-co-CL-co-G) 130 145 0.12 0.50 42 0.76 + 0.02

Table 2.  Processing conditions used for producing the as-spun co/terpolymer fibers

(spinnerette diameter = 1.0 mm).
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Co/terpolymer Peak T, AH,, Crystaliinity * Fiber Draw Stress % Strain
diameter ratio at break at break
Sample °C Jg % mm MPa %
P(LL-co-CL)
From synthesis 155 194 209 - - - -
As-spun fiber 151 6.7 72 090£0.02 | 42° <20 > 1000 ¢
Hot-drawn fiber 156 194 20.9 0.38 £ 0.01 6.2° 184 240
P(LL-co-CL-co-G)
From synthesis 151 22.3 24.0 - - - -
As-spun fiber 137 15.1 16.2 0.76 £0.02 | 4.2° <207 > 1000 ¢
Hot-drawn fiber 155 22.8 24.5 62° " 181 114

0.34 0.01

RO oo

Table 3. Comparison of the effects of the processing steps on the thermal and mechanical

as calculated from Eq. 2
on-line draw ratio from melt spinning
off-line draw ratio from hot-drawing

as-spun fiber did not break within the limit of elongation of the testing machine

properties of the P(LL-co-CL) copolymer and the P(LL-co-CL-co-G) terpolymer.
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CH,
L(-)-lactide g-caprolactone glycolide
(LL) (CL) | (G)
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o Sl‘(o\/
120 °C/ 48 hrs e .
o)
H3 ? Hs
4 H"ﬁ'O‘C H’ﬁ- - = —0=fC Hz')‘s'ﬁ— - "’O'CHz"ﬁ"O'C H 2'32—'
) 0 (8] 10) 0
(LL. unit) main component {CL unith modifier (63 unity modifier
controlied synthesis
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Fig. 2. DSC thermograms of the P(LL-co-CL) copolymer (heating rate = 10 °C/min; N;

atmosphere): (a) as synthesized, (b) as-spun fiber, (c) fiber after hot-drawing.
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Fig. 3. DSC thermograms of the P(LL-co-CL-co-G) terpolymer (heating rate = 10 *C/min;

N; atmosphere): (a) as synthesized, (b) as-spun fiber, (c) fiber after hot-drawing,
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Fig. 4. TGA curves of the (@) P(LL-co-CL-co-G) terpolymer and (b) P(LL-co-CL)

copolymer (heating rate = 20 °C/min; N, atmosphere).

21



J. Siripitayananon et al. Biodegradable Polyester Monofilament Fibers

Control Take-up Unit

. Cylinder
Unit

Cooling Bath Bobbin

. o

= = =

Fig. 5. Schematic arrangement of the small-scale melt spinning apparatus.
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Fig. 6. Schematic diagram of the compression, melting and metering zones showing the (a)
ram, (b) cylinder, (c) band heater, (d) heating block, (e) stainless steel filter mesh, (f)

thermocouple, (g) spinnerette, and (%) extruded monofilament fiber.
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Fig. 7. Stress-strain curves for the P(LL-co-CL-co-G) terpolymer (a) as-spun, and after being hot-
drawn at (b) 40 °C, (¢} 50 °C, (d) 60 °C, (e) 70 °C and (f) 80
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Fig. 8 Stress-strain curves for the P(LL-co-CL-co-G) terpolymer at various stages of ils
processing; in sequence: (1) as-spun, (2) after Ist hot-drawing at 50 °C, (3) after annealing at 60 °C

and (4} after 2nd hot-drawing at 50 °C.
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