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SYNOPSIS

Effects of the mixing ratio of poly(Dl.-lactide) (PDLLA) and poly(e-caprolactone) (PCL)
on the thermal and mechanical properties and morphologies of the solution-cast blends
were investigated by differential scanning calorimetry (DSC), polarizing microscopy, tensile
tests, and dynamic mechanical analysis. The presence of amorphous PDLLA did not disturb
crystallization of PCL over the PDLLA content [Xpppa = PDLLA/(PCL + PDLLA)]
from 0.1 to 0.9 and allowed PCL to form spherulites over Xppi1.a ranging from 0.1 to 0.6.
The spherulite radius was larger for the blends than for the nonblended PCL. Phase sep-
aration occurred for the blends with Xppr 4 between 0.1 and 0.9. T, of PCL remained
unchanged in the Xpprra range up to 0.6 but decreased at Xpp. s above 0.6, whereas the
crystallinity of PCL was constant around 60%, irrespective of Xppy 4. The tensile strength
(op), the yield stress (gy), the Young’s modulus (£), and the storage modulus () of the
blends increased monotonously with Xppya if 65 at Xpp 4 = 0 and 0.6 and oy at Xppipa
= 0.6 were excluded. Elongation-at-break (eg) of PDLLA increased dramatically, while ¢g
of PCL decreased remarkably when a small amount of the other component was added.
Equations and parameters predicting oy, E, and G’ of the PCL-PDLLA blends were proposed

as a function of Xpprra. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

Recently, much attention has been paid to degrad-
able aliphatic polyesters such as poly(L-lactide)
(PLLA), poly (D-lactide) (PDLA), poly (DL-lactide)
(PDLLA), poly(glycolide), poly(B-hydroxybuty-
rate), poly (e-caprolactone) (PCL), and their co-
polymers because they are biodegradable in the hu-
man body as well as in the earth. For their practical
applications, however, they should have proper
properties with respect to mechanical strength, deg-
radation, and drug release, depending on their ap-
plication purposes. PLLA, PDLA, and PDLLA are
in the glassy state at room temperature with T,
around 50°C,'® while PCL is in the rubbery state
at room temperature with 7, around —60°C.**°
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Random and block copolymers of lactide and e-cap-
rolactone have been utilized for regulating the deg-
radation rate,®!!"'® mechanical properties,®'° and
drug release profiles.!®* On the other hand, simple
physical blending between two of these polymers
may also produce biodegradable materials having a
variety of physical properties. Indeed, the following
blend pairs from PLLA, PDLA, PDLLA, and PCL
have been investigated:

1. PLLA and PDLLA;*7

PLLA and poly (L-lactide- co-glycolide ) ; 131°
PLLA and poly(L-lactide-co-e-caprolac-
tone) ;1819

PDLA and D-lactide-rich poly (lactide);*®
PDLA and poly (D-lactide- co-glycolide ) ;2°
PCL and poly (L-lactide- co-glycolide ) ; *°
PLLA and PDLA;1520-36

PDLA and L-lactide-rich poly (lactide);®
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Table I Molecular Charaecteristics of the Polymers

[7] M, M, M,
(dL/g) (g/mol) (g/mol) (g/mol) M,/M,
PDLLA 1.95 1.33 X 10° 2.00 X 10° 3.25 X 10° 1.63
PCL 1.45 1.20 X 10° 1.38 X 10° 2.66 X 10° 1.93

9. PLLLA and poly(D-lactide-b-e-caprolac-
tone);%" and
10. PDLA and poly(L-lactide-co-glycolide).2
Blends 1-6 are different from those of blends
7-10 in that the latter blends form stereo-
complex (racemic crystallites) between the
L-lactide monomer sequences and the D-lac-
tide monomer sequences.??° Blends 1-6 have
been studied mostly on the degradation and
drug release properties but not on the me-
chanical properties.'®

Recently Domb showed that a blend from PDLLA
and PCL, both of a low molecular weight (My
= 2000), formed a homogeneous phase both in so-
lution and melt blending.*® However, there have been
few reports on blends from high molecular weight
PDLLA and PCL. Cha and Pitt concluded on the
basis of no change in the crystallinity of PCL (M,
= 7.6 X 10%) in the presence of PLLA (M, = 2 X 10%)
that they were immiscible when solution-cast blends
were compression-molded.!®

The purpose of this work is to study the effects
of polymer mixing ratio on the mechanical and
thermal properties and morphology of solution-cast
blends from PDLLA and PCL. In this work, blends
were obtained by solution casting instead of melting
of mixed polymers because melting at high temper-
atures causes degradation of aliphatic polyesters and
transesterification between them.

EXPERIMENTAL

Materials

PDLLA and PCL were synthesized with the method
reported previously.®® DL-lactide was purchased from
Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan, and
purified by repeated recrystallization using ethyl ac-
etate as solvent. e-Caprolactone was purchased from
Nakarai Tesque Co. Ltd., Kyoto, Japan, and purified
by distillation under a reduced pressure. Ring-open-
ing polymerization was performed for DL-lactide and
e-caprolactone in bulk at 140°C for 10 and 72 h,
respectively, using stannous octoate (0.03 wt %) as
the polymerization catalyst.’’ The resulting polymer

was purified by reprecipitation using acetone and
methylene chloride as the solvent for PDLLA and
PCL, respectively, and methanol as the precipitant
for both the polymers.

The viscosity-average molecular weight (M,) of
the polymers was determined from the intrinsic vis-
cosity (77) using the following equations reported for
PDLLA by Schindler and Harper*' and for PCL by
Koleske and Lundberg.*?

[7] = 2.21 X 10™* M%™
(PDLLA in chloroform at 25°C) (1)

[7] = 9.94 X 10™° M9®
(PCL in benzene at 30°C) (2)

My and M,, were evaluated using a Tosoh GPC sys-
tem with TSK-GEL columns (GMHy; X 2) and
polystyrene as standard. Molecular characteristics
of the polymers are given in Table 1.

Blend films were prepared with a solution casting
method using methylene chloride as cosolvent.
Methylene chloride solutions having different
PDLLA and PCL contents were prepared at a total
polymer concentration of 1.0 g/dL and then cast
onto flat glass plates, followed by solvent evapora-
tion at room temperature for approximately 1 week.
To avoid reaching a dried state of quasi-equilibrium,
the solvent evaporation was performed very slowly
as reported in previous papers (ca. 1 week).1%20%
The resulting films were dried in vacuo for 1 week
and stored at room temperature for more than 1
month so that equilibrium could be attained. Dif-
ferential scanning calorimetry (DSC), tensile tests,
and dynamic mechanical relaxation tests were per-
formed on the samples of 50 um thickness, while
the morphology study was performed on those of 25
um thickness.

Measurements

The glass transition and melting temperatures (7,
and T,,, respectively) and the enthalpy of fusion
(AH,,) of the blends were determined with a Shi-
madzu DT-50Q differential scanning calorimeter
equipped with a liquid nitrogen quenching system.
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Figure 1 DSC thermograms of the equimolar blend and
nonblended PDLLA and PCL: (A;) nonblended PCL (1st
run); (A,;) nonblended PCL (2nd run); (B,) equimolar
blend (1st run); (B,) equimolar blend (2nd run); (C,)
nonblended PDLLA (1st run); (C;) nonblended PDLLA
(2nd run).

For the first run, the samples were cooled to ca.
—140°C and then heated to 100°C under a nitrogen
gas flow at a rate of 10°C /min, while the second
run was performed on the sample used for the first
run under the same condition as the first run after
quick quenching from 100 to ca. —140°C. T, T',,
and AH,, were calibrated using indium as the
standard. The glass transition temperature of PCL
in the blends could not be evaluated accurately
because its transition was too small. In addition,
the glass transition of PDLLA (ca. 50°C) and
melting of PCL (ca. 60°C)*>** were overlapped in
the DSC thermogram. We evaluated the transition
enthalpy from the area surrounded by DSC orig-
inal spectrum and the extrapolated line of the
baseline after transition. The crystallinity of PCL
(x.pcL) was calculated under the assumption that
the enthalpy of glass transition of the blends per
gram of PDLLA was constant and the same as
that of nonblended PDLLA (AH, ppLra = 4 and 0
J /g of PDLLA for first and second runs, respec-
tively). Under this assumption, x, pcL. was calcu-
lated for different PDLA contents ( Xppppa) by the
following equations,.

xepcr (%) = (AH, — AHg ppria* XppLLa)
-100/[(1 — Xpprra) - 142]  (3)
XppLra (w/w) = PDLLA/(PCL + PDLLA) (4)
where AH, (J /g of polymer) is the enthalpy of over-

all transition including the glass transition enthalpy
of PDLLA and melting enthalpy of PCL, and 142
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(J/g of PCL) is the melting enthalpy of PCL with
100% crystallinity reported by Crescenzi et al.**

Morphology of blend films was studied with a
Zeiss polarizing microscope. Films of 25 um thick-
ness exhibited a morphology very similar to those
of 50 um. Since the optical contrast of 25 um films
was much clearer than that of 50 um, the photos of
25 um films alone will be shown below.

Tensile properties of blend films were measured
at 25°C and 50% relative humidity using a tensile
tester at a crosshead speed of 100% /min. The initial
length of the specimen was always kept to 20 mm.
The dynamic mechanical analysis of blends was
performed using Orientec Rhovibron DDV-01FP at
35 Hz and a heating rate of 4°C/min.
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Figure 2 Melting temperature [T}, pc1; (a)] and crys-
tallinity [x, pcr; (b)] of PCL in the blends as a function of
Xpprra: (O) 1st run; (@) 2nd run.
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(a) x26

Figure 3 Photomicrographs of the blends with different Xppia [X26; (a)] and magni-
fication for XpprLLa = 0.7 [X105; (b)].

RESULTS

Differential Scanning Calorimetry

Figure 1 shows DSC thermograms of first and second
runs for the equimolar blend and the nonblended
PDLLA (DLLA homopolymer) and PCL (CL ho-
mopolymer). The transition observed around 50 and

60°C on the first run is the glass transition of
PDLLA! and the melting of PCL,**** respectively.
Clearly, the melting peak of PCL in the blend is
quite similar to that of the nonblended PCL in shape
and position both for the first and second runs,
though the melting peak on the first run in the blend
as well as in the nonblended PCL shifts to lower
temperature on the second run. The absence of PCL
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Figure 3 (Continued from the previous page)

crystallization peak on the second scanning both for
the blend and the nonblended PCL suggests that
PCL rapidly crystallized during quenching from the
melt with liquid nitrogen. The difference in the DSC
spectrum between the first and the second scan may
be ascribed to the larger lamella thickness of PCL
in the spherulites formed by prolonged drying of the
cast blend films rather than to that of the PCL
spherulites of the second run formed during
quenching with liquid nitrogen.

Figure 2 shows the melting temperature [ T, pcL
(°C)] and the crystallinity [x. pcL (%)] of PCL in
blends with different Xppppa for the first and second
runs. The x, pcr, value for Xppr 4 = 0.6 is not given
in Figure 2(b) because large domains of 1 mm size
were formed in the films, which made the x, pcy, es-
timation from DSC difficult. As is evident from the
result of first run, T}, pcy, is almost constant for
XppLia between 0 and 0.6 but lowers from 62 to 58°C
when Xppppa further increases from 0.6 to 0.8. On
the other hand, x, pcr, remains constant around 60%
for Xppr1.a between 0 and 0.9, in contrast with the
solution-cast blend from amorphous PDLLA and
crystallizable PLLA, which formed no crystallite at
ratios of PDLLA /(PLLA + PDLLA) above 0.8.%

During the second DSC run of the sample
quenched from the melt to a lower temperature than
the glass transition of PCL, the scanning curves
showed a melting peak but no crystallization peak,
irrespective of Xpprpa. This indicates again that
rapid crystallization of PCL occurred in the blend
films during quenching with liquid nitrogen. This
rapid crystallization of the nonblended PCL during
quenching is in good agreement with the result re-
ported by Koleske and Lundberg.® As is apparent
from Figure 2(a), T, pc1 of the second run remains
constant for all the blends, although lower than that
of the first run. On the other hand, as is seen in
Figure 2(b), x. pcL of the second run is smaller than
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that of the first run for all the blends and is constant
for Xpprra between 0 and 0.4 but decreases when
XPDLLA is above 0.5.

Morphology

Figure 3 shows photomicrographs of blends with dif-
ferent Xpp114. PCL spherulites (light domains) are
clearly observed for the blends with Xpp; 1.4 between
0 and 0.4 but become more disordered with the in-
creasing Xpprra, finally disappearing or becoming
very small when Xppppa is above 0.7. The largest
radius of spherulites is approximately 0.5 mm at
Xepria = 0 (nonblended PCL) and 1 mm at Xppria
between 0.1 and 0.4. The spherulite density (SD)
decreases dramatically when Xppra changes from
0 to 0.1 but remains almost constant for Xpp 4 be-
tween 0.1 and 0.4. The SD value calculated from
Figure 3(a) is given in Table II. To compare the SD
of the blends with that of the nonblended PCL, SD
was normalized to unit area of PCL using the fol-
lowing equation:

normalized SD (number /mm?)

= nonnormalized SD/(1 — XpprLia) (5)

The normalized SD is given in Table II.

It is seen in Figure 3 that phase separation occurs
for the blends with Xppy1.4 at least between 0.3 and
0.7 during solvent evaporation of the mixed solution
of PDLLA and PCL. Dark round spots with the av-
erage size of 50 um are observed in the PCL spher-
ulites for the blend films of Xppia = 0.3 and 0.4,
while a large number of small PCL crystallite as-
semblies and continuous dark domain are noticed
for the blends with Xppr 14 = 0.6 and 0.7. The dark
round spots must be composed of amorphous
PDLLA and contain practically no PCL because no
PCL crystallite is observed in the dark round regions
and no decrease in x, pcr, is observed for the blends.

Table II Spherulite Density (SD) of the Blends
with Different XPDLLA

Nonnormalized SD Normalized SD*

XpoLLA (Number/mm?) (Number/mm?)
0 4.9 4.9
0.1 0.9 1.0
0.2 1.3 1.6
0.3 0.9 1.3
0.4 0.9 1.5

2 Normalized SD = nonnormalized SD/(1 — Xpprra)-
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Figure 4 Tensile strength {o; (a)], yield stress [oy; (b)], Young’s modulus [E; (c)], and

elongation-at-break [eg; (d)] of the blends as a function of Xppyy,: (

) calculated using

eq. (6) with n = 1; (- - - +) calculated using eq. (6) with n = ~1; (----) calculated using

eq. (7).

Tensile Properties

Tensile strength (op), yield stress (¢y), Young’s
modulus (E), and elongation-at-break (ez) of the
blend films are plotted as a function of Xpp1 1.4 in
Figure 4. The modulus increases monotonously
with an increase in Xppr;.a with larger slopes for
Xpprra above 0.5 than those of Xpprr.a below 0.5.
Both o5 and ¢y show a behavior similar to E, if op
for Xepr1.a = 0and 0.6 and oy for Xppppa = 0.6 are
excluded. The highest ¢p is observed at Xpp 14 = 0,
and the lowest at Xppr1.4 = 1, while relatively small
ep values are found at Xpprra = 0.2 and 0.5.
Clearly, eg of PCL decreases remarkably when a

small amount of PDLLA is added, whereas ¢z of
PDLLA shows a dramatic increase upon addition
of a small amount of PCL. This result is similar
to that of blends from glassy poly(8-hydroxybu-
tyrate) and rubbery PCL.*®

Dynamic Mechanical Properties

The storage modulus (G') and loss tangent (tan §)
of blends with different Xpp;1, are plotted as a
function of temperature in Figure 5. We could not
measure ¢ and tan § at temperatures above 50°C
due to very high elongations of the films. G’ of the
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Figure 5 Storage modulus (G') and loss tangent (tan )
of the blends with different Xppypa-

nonblended PCL decreases monotonously above
—60°C, and a dramatic decrease occurs above 60°C.
Tan ¢ has a broad peak around —40°C and a dra-
matic increase above 50°C. The transitions around
—60 and 50°C are assigned to the glass transition
and the melting of PCL, respectively, as demon-
strated by Koleske and Lundberg® and Wada et al.'®
On the other hand, G’ and tan 6 of the nonblended
PDLLA remain unvaried below 50°C, whereas G’
decreases and tan ¢ increases markedly above 50°C.
The transition around 50°C is assigned to the glass
transition of the nonblended PDLLA, as reported
elsewhere,® by Migliaresi et al.,* and also by Celli
and Scandola® for the nonblended isotactic PLLA.
G’ and tan § of the blends with Xppria = 0.3, 0.5,
and 0.7 are similar to those of the nonblended PCL,
except that the peak height of tan § around —40°C
and the slope of G’ above —40°C decreases with the
increasing Xpprpa. The G value of the blends at
temperatures between T, of PCL and PDLLA in-
creases monotonously with Xppyra. No effect of
blending with PDLLA is observed on the glass tran-
sition and melting temperatures of PCL. This is in
contrast with miscible blends of PCL with PVC,®
nitrocellulose,*” or phenoxy,*” where T, of the blends
fit well with the Fox expression*® to suggest that
PCL and PDLLA are phase-separated. ' of the
blends at 25°C is plotted as a function of Xpprpa in
Figure 6. As is evident, G’ of the blends increases
monotonously with the increasing Xpppia. Such a
dependence of ¢ on Xppr1s is observed over the
temperature range between —60 and 60°C.
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DISCUSSION

As demonstrated in Figures 1-3 and 5, DSC, polar-
izing microscopy, and dynamic mechanical analysis
suggest that mixing of PDLLA and PCL solutions
undergoes phase separation after the solvent evap-
oration. In addition, polarizing microscopy has re-
vealed that PCL could form spherulites in the blends
with the decreased normalized SD when Xppy .4 was
between 0.1 and 0.4. If PDLLA and PCL were phase-
separated perfectly before PCL spherulite nucleus
formation and PDLLA had simply a volume-filling
effect as a diluent, the normalized SD at Xppiya
= 0.1 would not decrease so significantly but would
remain almost constant, irrespective of Xppya. The
addition of PDLLA must have affected the forma-
tion of the PCL spherulite nuclei, similar to aliphatic
polyesters blended with a small amount of
poly (vinyl butyral) or poly (vinyl chloride ) *® and to
solution and melt blends of PDLLA and PLLA.4>617
A decrease in the normalized SD by addition of
PDLLA suggests that phase separation must have
taken place during the spherulite formation or crys-
tallization of PCL in the blends. When PDLLA was
a minor component ( Xppr1a = 0.3 and 0.4), PDLLA
molecules excluded during the crystallization and
spherulite growth of PCL would assemble them-
selves to form dark spots in PCL spherulites, as ob-
served by polarizing microscopy. When PDLLA was
a major component (Xpprra = 0.7), PCL molecules
formed small crystallite assemblies surrounded by
a continuous PDLLA dark domain. This was also
observed as a phase-separated structure by polar-
izing microscopy. In spite of these results, we cannot
conclude that PCL is immiscible with PDLLA be-

G, 1O'Odyne/(:m2

XpoLLA

Figure 6 Storage modulus (G’) of the blends at 25°C as
a function of Xppypa: ( ) calculated using eq. (6) with
n=1; (- +- ) calculated using eq. (6) withn = 0.4; (- - - +)
calculated using eq. (6) with n = —1; (----) calculated using
eq. (7).
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Table III The Range of Xpp11.4 Fitting Eq. (6) and (7) for Mechanical Properties of the Blends

Equation (6)

n=—1 n =104 n=1 Equation (7)
Oy 0= XPDLLA =0.5 0.7 = XPDLLA =1
E 0.7 = XPDLLA =1 0= XPDLLA =06
G 0= Xppria =1

cause there is the probability that the cosolvent
molecules have induced the phase separation during
solvent evaporation.

Plots of mechanical properties of the PCL-
PDLLA blends as a function of Xppy1.4 vielded mo-
notonous curves at least for oy, E, and G’, as seen
in Figures 4(b) and (c¢), and Figure 6. The depen-
dence of the mechanical properties on Xppria can
be accounted for quantitatively if we use the follow-
ing equations proposed by Nielsen®*°! for polymer
blends system.

P(Xpprra)" = Xpprra - P(PDLLA)"
+ (1 — XpprLra) - P(PCL)"™ (6)
log P(XppLLa) = XppLra * Log P(PDLLA)
+ (1 — Xpprra) - Log P(PCL) (7)

where P(Xpprra) is a physical property of PCL-
PDLLA blends at a given Xppypa, while P(PCL)
and P(PDLLA) express a physical property of the
nonblended PCL and PDLLA, respectively. Equa-
tion (6) becomes identical to eq. (7) when n ap-
proaches 0. Equation (7) is known as logarithmic
rules of polymer blends. Equation (6) represents a
series and a parallel model when n = —1 and 1, re-
spectively. The curves calculated using eq. (6) with
n = —1and 1 and eq. (7) are given in Figures 4(b)
and (c¢). As can be seen, the oy values obtained for
Xppria below 0.5 are in agreement with those cal-
culated using eq. (6) with n = —1, while oy for
Xpprira above 0.7 agree with those calculated using
eq. (7). On the other hand, E for Xppy1.4 below 0.6
are in agreement with those predicted by eq. (7),
while E for Xppr1.a above 0.7 agree with those cal-
culated using eq. (6) with n = 1. The results are
summarized in Table III. It should be stressed that
the agreement of the experimental values with those
calculated using eq. (6) and (7) does not support
the validity of application of the simplified models
to our system.

The G’ values calculated using eq. (6) with —1,
0.4, and 1 and eq. (7) are given in Figure 6. They
are roughly in agreement with the observed values,

similar to oy and E. The observed G’ shows better
agreement with that calculated when the eq. (6) with
n = 0.4 is used. In contrast with these polymer
blends, G’ of copolymers from DL-lactide and e-cap-
rolactone showed a minimum at a DL-lactide / e-cap-
rolactone ratio around 4 /6, although T, decreased
monotonously with an increase in the e-caprolactone
content in the copolymers.®!® This denotes that T,
of the copolymers is not directly correlated with the
mechanical properties of the copolymers.

The discontinuous dependence of ¢z and ¢y on
XppLLa at 0.6 can be explained in terms of lacking
in a continuous phase for this blend due to formation
of large domains observed at Xppr s = 0.6 by po-
larizing microscopy. A significant decrease in ¢z and
eg of PCL by the addition of a small amount of
PDLLA seen in Figures 4(a) and (d) must be related
to disordering of the spherulite structure of PCL by
the added PDLLA molecules. If we exclude some
deviation of the observed data from the data cal-
culated, it may be concluded that simple physical
mixing of PCL with PDLLA can produce blends
with a wide variety of physical properties without
the help of copolymerization of CL and DLLA
monomers.
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