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The effects of annealing on the thermal properties, morphologies and mechanical properties of poly(L-
lactide) (PLLA) films were investigated by differential scanning calorimetry, polarizing microscopy and
tensile testing. PLLA films prepared by solution casting were annealed by three different processes: process
A, direct annealing of the as-cast film; process B, melting and annealing; and process C, melting, quenching
and annealing. In the case of process B, the morphology depended strongly on the annealing temperature,
while it depended only slightly on the annealing temperature in the case of processes A and C. In process C,
nucleation occurred upon quenching or in the process of temperature rise after quenching, and its nucleation
density was higher than that obtained by process B. Therefore, in process C, overall crystallization lasted for
a shorter time than in process B, and the radius of the spherulites formed was much smaller compared with
that of the spherulites formed by process B. The crystallinity and melting temperature increased with
increasing annealing temperature and time of processes B and C, whereas in process A the annealing
conditions only slightly affected those values. Young’s modulus increased with increasing crystallinity for all
the films annealed by the three processes. Tensile strength showed similar behaviour to Young’s modulus,
but decreased when large crystallites or spherulites were formed. In the case of processes A and B,

elongation at break decreased with increasing crystallinity.

(Keywords: poly(L-lactide); morphology; properties)

INTRODUCTION

During the past decade poly(r-lactide) (PLLA) has been
attracting increasing attention, as it is resorbable in the
human body, has high mechanical strength and is non-
toxic after biodegradation. Indeed, a large number of
investigations have been pubhshed on the degradation of
this polymer both in virro'™® and in vivo*>"16°2,
However, it seems that the accumulation of more data
is required to draw generalized conclusions on the
biodegradation behaviour of PLLA, as the results
reported by many research groups on the biodegrada-
tion of PLLA are a little different from researcher to
researcher. This may be primarily due to differences in
the solid structure and properties of the PLLA specimens
that have been used for the degradation study, even if the
starting PLLA. specimens have similar chemical struc-
tures and molecular weights. It is well known that the
solid structure of a crystalline polymer like PLLA is

* To whom correspondence should be addressed

greatly dependent on the thermal history and pretreat-
ment it has received®*

The final objective of our series of studies on PLLA is
to elucidate the biodegradation mechanism of PLLA. In
this first report we aim at understanding the relationships
between the solid structure of PLLA and the annealing
conditions. A deep understanding will be required to
prepare different kinds of PLLA specimens for the
biodegradation study. We start with a single PLLA
specimen with a fixed molecular weight and subject it to
three different thermal treatment processes. The present
study will help us to obtain PLLA specimens having
different structures with respect to the crystallinity,
crystalline size and spherulite morphology.

EXPERIMENTAL

PLLA was synthesized by the method previously
reported®. 1-Lactic acid with an optical purity of 98%
was purchased as 90 wt% aqueous solution from CCA
Biochem BV, The Netherlands. The oligomeric PLLA
prepared by condensation polymerization of the free acid
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Table 1 Polymerization conditions and characteristics of PLLA

Polymerization conditions

Stannous octoate 0.03wt%
Temperature 140°C

Time 10h

Characteristics

] 6.63dlg”"

1, 3.9 x 10° gmot™
M (g.p.c) 6.1 x 10° gmol™!
My (g.p.c.) 1.33 x 10° gmol™
M, /M, 22

o) ~157°

was thermally decomposed to yield the lactide monomer.
Ring-opening polymerization was performed for L-lactide
in bulk at 140°C for 600min using stannous octoate
(0.03wt%) as polymerization catalyst®. The resulting
polymer was purified by reprecipitation using methylene
chloride as solvent and methanol as precipitant.

The viscosity-average molecular weight (M) of the
polymer was determined from the intrinsic viscosity [n] in
chloroform at 25°C using the equation?®:

7] = 5.45 x 10707 (1)

The specific optical rotation [a] of the polymer was
measured in chloroform at a concentration of 1gdi™
and 25°C using a Perkin-Elmer Polarimeter 241 at a
wavelength of 589 nm. The characteristics of the polymer
used in this work are listed in Table I, together with
the polymerization conditions. The [a]} value was
approximately —150°, in good agreement with the
literature value®’.

PLLA film to be used for the annealing experiment
was obtained via the casting method. Methylene chloride
solution of PLLA with a polymer concentration of
1.0gdl™" was cast onto a flat glass plate, followed by
solvent evaporation at room temperature for approxi-
mately one day. To avoid formation of a highly ordered
structure, solvent evaporation was performed more
rapidly than in our previous papers (one week)™ 3.
The solvent trapped in the resulting film was extracted

with methanol and dried ir vacuo for a week. A film with
a thickness of about 50 um was used for the mechanical
and thermal measurements and one of 25 um for the
morphology study.

Annealing of PLLA films was performed under three
different conditions as follows. The as-cast film was
placed between two micro-coverglasses of 32 x 18 mm?
and then sealed in a test tube under reduced pressure. In
process A the sealed tube was immersed in an oil bath
kept at different annealing temperatures (7,) ranging
from 100 to 160°C for predetermined periods of time (z,).
In process B the sealed tube was first put in an oil bath
kept at 200°C for 3min to melt the polymer and then
immersed in an oil bath kept at different 7, for
predetermined ¢,. In process C the sealed tube was kept
at 200°C for 3min in an oil bath to melt the polymer,
followed by quick quenching to 0°C and then immersed
in an oil bath for annealing at different 7, for
predetermined f,. All the films were quenched at 0°C
after annealing to stop further crystallization. The PLLA
films obtained by annealing through processes A, B and
C are named films A, B and C, respectively. The
appearance of the as-cast and annealed films was
opaque except that the melt-quenched film and the film
B annealed at 140°C for 7, below 10min appeared
transparent.

The crystallization and melting temperatures (7, and
T, respectively) and the enthalpy of crystallization and
fusion (AH, and AH_,, respectively) were determined for
the annealed films with a Shimadzu DT-50 differential
scanning calorimeter. They were heated under a nitrogen
gas flow at a rate of 10°Cmin ™", The values T;, T;,, AH,
and AH_, were calibrated using indium as standard. The
crystallinity (x.) of the PLLA films was evaluated
according to the following equation:

%o(%) = 100 x (AH,, + AH,)/93 2)

where 93 (J/g of polymer) is the enthalpy of fusion of
PLLA crystals having infinite crystal thickness reported
by Fischer ez al.,

The morphology of the films was studied with a Zeiss
polarizing microscope. The films of 25um thickness

Table 2 Thermal and mechanical properties of film A annealed at different T, for different ¢z,

T, fa T, T, T x,° o’ E° ep”
(°C) (min) C) 0 C) (%) (kgmm™) (kgmm ™) (%)
25 600 59 178 46 5.0 181 85
100 600 178 49 5.7 199 39
120 600 178 51 5.7 185 17
140 600 179 52 5.7 200 10
160 600 180 57 59 211 6
140 5 178 47 53 173 31
140 10 178 49 5.1 182 30
140 20 178 49 5.4 180 24
140 30 178 47 5.2 190 20
140 60 178 49 5.3 170 23
140 600 179 52 5.7 200 10

“ Crystallinity: x.(%) = 100 x (AH, + AH_)/93
¢ Tensile strength

° Young’s modulus

4 Elongation at break
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exhibited a morphology very similar to those 50 um
thick. Since the photo contrast of 25 ym film was much
higher than that of 50 ym film, the photos of 25 ym films
alone will be shown here. Mechanical properties of the
films were measured at 25°C and 50% relative humidity
using a tensile tester at a cross-head speed of
100% min~'. The initial length of the specimen was
always kept to 20 mm.

RESULTS

Process A

Process A consists of simple annealing of the as-cast
film. The thermal properties of film A estimated from the
d.s.c. thermograms are given in Table 2, together with the
mechanical properties, when annealed at different T, for
different ¢#,. It is seen that annealing caused a significant
increase in x,, Ty, tensile strength (o) and Young’s
modulus (£) with increasing T, and ¢,. In contrast to oy
and F, the clongation at break (eg) decreased with
increasing T, and 1,.

Figure 1 shows the photomicrographs of film A
annealed at 140°C for 600 min, together with that of
the as-cast film. As is seen, the morphology of film A is
very similar to that of the as-cast film, both having dark
round regions, which are probably spherulites. This
suggests that the ordered structure has already been
formed during the solvent evaporation process.

Process B

This process is similar to conventional annealing from
the melt, which is widely applied for the investigation of
crystalline polymers. The thermal and mechanical
properties of film B are given in Table 3 for different
T, and ¢,. It is evident that T,,, x, and E increased with
increasing 7, and ¢,, whereas e decreases with
increasing T, and ¢,. In addition, op increased with ¢,
but decreased when 7T, was raised above 100°C. There
was an induction period of about 30 min for the increase
in Ty, X, op and E.

Photomicrographs of film B annealed at different T,
for 600 min are given in Figure 2. As is seen from Figure

Figure 1 Photomicrographs of: (A) film A (T, = 140°C, i, =
600 min); (B) as-cast film

2, the radius of spherulites of film B increased
dramatically from 10 to 150 um when T, was increased
from 100 to 160°C. This radius dependence of PLLA
spherulites formed from the melt on 7, is in good
agreement with the results of Marega et al.>! and our
recent report where a low-molecular-weight PLLA was
used®®. The spherulite density (SD) evaluated from
Figure 3 was 530, 72 and 11mm™ for T, = 120, 140
and 160°C, respectively. We could not evaluate SD for
T, = 100°C, because of too many small spherulites with
unclear boundaries.

Figure 3 shows photomicrographs of film B annealed
at 140°C for different #,. The spherulites were formed in
film B after about 7, = 5min and then spherulite growth
lasted for 60min. The spherulite radivs (v) of film B
evaluated from Figure 3 is plotted as a function of ¢, in
Figure 4. The radial growth rate of the spherulites of film
B evaluated from Figure 3 was 2.0 yummin~' at T W =
140°C. This value is in agreement with that evaluated
by Vasanthakumari and Pennings®® using the con-
ventional method (2.5pummin™' for M, =3.5x 10°

and 1.6pummin~' for M,=69x10° at 140°C).

Table 3 Thermal and mechanical properties of film B annealed at different T, for different 7,

T, f T, T, Tw x,° oy’ E® e’
0 (min) O 0 C) (%) (kgmm ™) (kg mm™?) (%)
0 600 60 114 177 0 5.0 174 27
100 600 177 40 6.2 194 11
120 600 177 47 6.2 190 7
140 600 183 54 5.3 192
160 600 191 63 4.5 211
140 5 58 108 177 0 4.6 168 22
140 10 58 108 177 0 4.5 i72 19
140 20 58 106 177 6 4.5 163 21
140 30 58 108 181 30 50 192 18
140 60 182 54 5.5 184 12
140 600 183 54 5.8 192 6

¢ Crystallinity: x.(%) = 100 x (AH, + AH,)/93
b Tensile strength

“Young’s modulus

“ Elongation at break
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Figure 2 Photomicrographs of film B annealed at different T,
{t, = 600min): (A) 100°C; (B) 120°C; (C) 140°C; (D) 160°C

Extrapolation of the spherulite radius to zero in Figure 4
gives the induction time for spherulite formation. The
value was found to be about 3 min. As will be mentioned
below, over a half of the film C surface arca was covered
with spherulites by this time. The apparent induction
period for crystallization of film B determined by x, in
Table 3 (20min) was longer than that by the spherulite
radius in Figure 4 (3 min).

Process C

Process C involves a quenching process from the melt
and subsequent annealing. Table 4 summarizes the
thermal properties of film C estimated from the d.s.c.
thermograms for different 7, and ¢,, together with the
mechanical properties. T, x. and E increased with
increasing ?, and 7,, while op increased with ¢, but
decreased with a rise of T,. The eg value of film C did not
show any clear dependence on T, and ¢,.

Figure 5 gives photomicrographs of film C annealed at
140°C for different #,. Comparison between Figures 3 and
5 reveals that the spherulites in film C were formed more
densely than in film B, covering a half of the observation
area even by annealing for 3 min. The growing front of the
spherulites overlapped each other at about ¢, = 5min,
resulting in rapid completion of overall crystallization
within 10 min. This is in good agreement with the result
reported by Migliaresi et a/.>*. The maximum spherulite
radius at T, = 140°C for film C (10 ym) was much smaller
than that for film B (120 um). The morphology of film C
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Figure 3 Photomicrographs of film B annealed at different ¢,
(T, = 140°C): (A) 5min; (B) 10 min; (C) 30 min; (D) 60 min

um

ta, min

Figure 4 Spherulite radius (r) as a function of time evaluated from
Figure 3
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Table 4 Thermal and mechanical properties of film C annealed at different T, for different 1,

7, fa T, T, T x° op’ E° e’
°C) (min) 0 4] 0 (%) (kgmm™?) (kgmm %) (%)
0 600 60 114 177 0 5.0 174 27
100 600 177 39 59 178 12
120 600 177 49 5.7 199 5
140 600 182 56 5.6 203 16
160 600 191 65 5.1 216 6
140 3 58 106 177 3 4.9 175 10
140 5 58 103 177 27 5.3 180 12
140 10 180 52 5.7 185 8
140 30 181 54 5.1 185 20
140 60 181 53 54 185 10
140 600 182 56 5.6 203 16

¢ Crystallinity: x.(%) = 100 x (AHy, + AH,)/93
b Tensile strength

“ Young’s modulus

¢ Elongation at break

Figure 5 Photomicrographs of film C annealed at different 1, (T, =
140°C): (A) 3 min; (B) Smin; (C) 10min

did not depend practically on T, at least when annealed at
100 to 160°C for a longer period than 600 min.

Combined process

Combination of two annealing processes by which
PLLA films with different morphologies are formed may
produce a film having both the morphologies obtained

el A e S
T

Figure 6 Photomicrograph of PLLA film annealed through the
combined process of: melting at 200°C for 3 min/annealing at 140°C
for 20 min/quenching at 0°C/annealing at 140°C for 580 min

220
200

180¢

220
¢
- 200
E

—

180,

220/ ¢ Ta=211°C
200} 7

Tm =Ta

18045‘ o E

100 150 200 250
Ta, °C

Figure 7 The plots of T}, evaluated from d.s.c. thermograms of PLLA
films as functions of T, (¢, = 600 min): (A) film A; (B) film B; (C) film C

by each of the single annealing processes. Figure 6 shows
one example of a film that was obtained by annealing at
140°C for 20 min after melting (process B}, foliowed by
further annealing at 140°C for 580 min after quenching
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Figure 8 Crystallinity (x,) evaluated from d.s.c. thermograms of
PLLA films as functions of T, (¢, = 600min): (A) film A; (O) film B;
(@) film C

at 0°C (process C). The values of T, and total #, were set
to 140°C and 600 min, respectively, similar to that in
Figures 14 and 2C. Compared with Figures 3C and 5C it
is revealed that this twice-annealed film has the combined
morphologies of films B and C annealed at 140°C: that is,
relatively large spherulites formed in the first annealing
process B, surrounded by many small spherulites formed
during the second annealing process C.

Thermal and mechanical properties of films A, B and C

The T, and x, values of films A, B and C are plotted as
functions of T, in Figures 7 and &8, respectively.
Obviously, the dependence of T,, and x, on T, is
smaller for film A than for films B and C. In addition, x,
and T, of films B and C increased with the rise of 7. The
equilibrium melting temperatures (7)), estimated by
extrapolation of T, plotted against 7, above 120°C to
T, = T,, were 181, 212 and 211°C for films A, B and C,
respectively. Clearly, T2 of film A was much lower than
that of films B and C, while T2 of films B and C were
very similar to that reported by Kalb and Pennings
(215°C)*>,

Values of op and eg of PLLA films are plotted as a
function of T, in Figures 9a and 9b, respectively. Film B
showed the highest o at 7, = 100-140°C, but the lowest
at T, = 160°C among the three films. The op of films B
and C decreased at higher T,, whereas og of film A did
not change even if T, was raised to 160°C. Films B and C
did not exhibit a similar dependence of o on T,, in
contrast to that of T, and x,, especially at high 7,. The
e of films A and B decreased with the rise in T, finally
approaching the same value of 6%. The ep of film C did
not show any definite dependence on T,.

DISCUSSION

As demonstrated above, the three annealing processes
produced PLLA films with different morphological struc-
tures and physical properties. The difference between films
B and C was not significant but film A had structures and
properties fairly different from films B and C. This can be
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Figure 9 (a) Tensile strength o and (b) elongation at break ep of PLLA
films as functions of 7,: (A) film A; (O) film B; (@) film C

understood in terms of the extent of crystallinity of the
PLLA films prior to annealing. The annealing of process
A was performed on the as-cast film, which already
contained many microcrystallites or spherulites as shown
in Figure 1B and had a very low potential for additional
crystallization by further annealing at higher tempera-
tures. On the contrary, process B started from the
annealing of a molten PLLA film without any crystalline
region; while the starting film for annealing of process C
was also free of crystallites, although the film was in the
solid glassy state. Thus, the starting specimens for
processes A, B and C were a crystallized film, a molten
film and an amorphous film, respectively.

As a result, films B and C showed very similar thermal
data (T}, and x.) (Figures 7 and 8) and very similar d.s.c.
traces to each other (data not shown) when annealed for
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600min. The average crystal size, crystal-size distribution
and crystallinity were very similar between films B and C.
On the other hand, the small increase in x, and T
observed for film A even at high T, or long ¢, (Table 2),in
contrast with films B and C, suggests that the network
structure linked by the crystallites formed during the
solvent evaporation process hindered the recrystallization
or formation and growth of crystallites in film A.
Equilibrium melting temperature (7, 0y, which is assumed
to be the melting temperature of a crystal having infinite
size or above which no crystal could exist, was smaller for
film A (181°C) than for film B (212°C) and film C (211°C).
In the case of film A, the network structure formed during
the solvent evaporation process must have hindered the
growth of crystals to an equilibrium size and decreased T,
at an arbitrary T, resulting in low T, 9.

The difference between films B and C lies in the
spherulite density, which is larger for film C than for film
B (Figures 2C and 5C). It is likely that the quenching
process before annealing or the process of temperature
rise after quenching for process C may have accelerated
the nucleation and increased the spherulite density.
Higher spherulite nucleation density of film C must
have shortened the annealing time required for the
completion of overall crystallization and decreased the
spherulite radius. As the spherulite nucleation density of
film B decreased with a rise of T,, larger spherulites were
formed at higher T,, in contrast to film C where the
spherulite nucleation density or radius seemed to be
unchanged by 7,. The independence of the spherulite
density or radius of film C on T, between 100 and 160°C
indicates that nucleus formation has almost completed
before temperature rise to 100°C. Figures 7 and 8 imply
that one can control Ty, and x, by varying T, if processes
B and C are employed for annealing PLLA. Especially,
process C allows us to produce PLLA films with different
T,, by varying T, without the morphology change.

One of the possible reasons for the low o of films B and
C at high 7, may be thermal degradation during
annealing. However, this is not certain, because op of
film A did not change although T, was raised to 160°C.
The finding that T}, of film A was almost independent of
T, and smaller than that of films B and C for all T,
suggests that the crystal size of film A is almost constant
and smaller than that of films B and C. These imply that
the decrease in oy of films B and C at high 7, was due to
the formation of large crystallites. The difference in op
between films B and C at high 7, may be due to the
difference in spherulite radius at high T,. The spherulite
radius of film C was practically constant and smaller than
that of film B at 7, = 100-160°C. As mentioned above,
the radius of the spherulites of film B increased dramati-
cally with increase in T, (Figure 2), while og decreased. It
seems probable that large spherulites may have lowered
op of film B at high T, in good agreement with the litera-
ture>*. All of the E values of PLLA films increased with a
rise of T, and ¢,, irrespective of the annealing process. The
increase in E must be associated with the increase in x, of
PLLA film resulting from raised T, and ¢,.

It is evident from Tables 2—4 that og and E of PLLA
films increased with increase in x., irrespective of Ty, or
spherulite size. However, there are exceptions. For
instance, PLLA films with high 7, (fiims B and C
annealed at 160°C, Tables 3 and 4) or large spherulites
(film B annealed at 160°C, Figure 2D and Table 3) have

rather low og. As the PLLA films with high 7, may
contain large crystallites, large crystallite or spherulite
seems to have lowered ogp, as mentioned above. The
spherulite radius itself did not affect the mechanical
properties of PLLA films when the radius was below
100 um. In contrast to E, the eg of the PLLA films
decreased with increase in x, except for that of film C,
which did not show any clear dependence on x..

In summary it may be concluded that process B will
allow us to obtain various PLLA films having different
solid structures and mechanical properties. This is
probably because the starting polymer prior to anneal-
ing is composed mostly of the amorphous phase, while
the other two already contain nuclei and a fraction of
crystalline region. The effect of spherulite morphology of
PLLA on its degradation in hydrolytic media will be
published in the near future.
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