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ABSTRACT: Blend films were prepared from poly(L-lactide) (PLLA) and poly(1-capro-
lactone) (PCL) with different PLLA contents [XPLLA (w/w) Å PLLA/(PCL / PLLA)]
by the solution-casting method and their hydrolysis behaviors were investigated up
to 20 months in a phosphate-buffered solution of pH 7.4 at 377C by gel permeation
chromatography, tensile testing, differential scanning calorimetry, and gravimetry.
Polarizing microscopic observation and dynamic mechanical analysis revealed that PCL
and PLLA were phase-separated in blend films before hydrolysis. The mass remaining,
molecular weight, and tensile strength of the blend films with XPLLA of 0.5 and 0.75
decreased more rapidly by hydrolysis than those of the nonblended PLLA, while the
elongation at break of the blend film of XPLLA Å 0.25 decreased the slowest. The rate
constant for hydrolysis (k ) calculated from the Mn change during hydrolysis was higher
for blend films of XPLLA Å 0.5 and 0.75 than those expected from k of nonblended PLLA
and PCL. The melting temperature (Tm ) of PLLA in the blend and nonblended films
of XPLLA Å 0.5, 0.75, and 1 decreased from 179 to 161, 160, and 1757C upon hydrolysis
for 20 months, respectively, while that for XPLLA Å 0.25 slightly increased from 176 to
1777C. On the other hand, Tm and the crystallinity of PCL was significantly increased
by hydrolysis for 20 months, irrespective of XPLLA. q 1998 John Wiley & Sons, Inc. J Appl
Polym Sci 67: 405–415, 1998
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INTRODUCTION ment.1–9 The key basic properties required to
these biodegradable polyesters include degrada-
tion kinetics, initial mechanical properties, and aAliphatic polyesters such as poly(L-lactide) (PLLA), balanced time course between the degradationpoly(D-lactide), poly(DL-lactide) (PDLLA), poly- and its strength change, which are dependent on

glycolide, poly(b-hydroxybutyrate) (PHB), and the application purpose of the biodegradable poly-
poly(1-caprolactone) (PCL) and their copolymers mers and the environment to which they are ex-
have been used in surgical, pharmaceutical, and posed during or after their practical use.
industrial applications due to their biodegradabil- The conventional means employed for fabricat-
ity in the human body as well as in the environ- ing biodegradable products possessing optimal

physical properties are monomer synthesis, mo-
lecular weight adjustment, copolymerization, andCorrespondence to: Professor Y. Ikada.
blending. Especially, the last two, copolymeriza-Journal of Applied Polymer Science, Vol. 67, 405–415 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030405-11 tion and blending, have been widely utilized for
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406 TSUJI AND IKADA

improving the performance of biodegradable ali- quasi-equilibrium, solvent evaporation was per-
formed very slowly as reported in previous arti-phatic polyesters which have attracted much

more interest than have other synthetic and natu- cles.10,15–17 The resulting films were dried in vacuo
for 1 week and stored at room temperature forral polymers. For instance, we demonstrated that

biodegradable materials with a wide variety of more than 1 month to allow equilibrium to be at-
tained. DSC, tensile testing, and dynamic me-mechanical properties can be prepared by simple

blending of glassy amorphous PDLLA with rub- chanical relaxation measurements were per-
formed on the blend films of 50 mm thickness,bery crystalline PCL without using a copolymer-

ization technique and, in addition, the initial me- because Grizzi et al. reported that inhomogeneous
hydrolysis occurred in a phosphate-buffered solu-chanical properties of the blends prior to hydroly-

sis can be predicted from those of the constituent tion when the film thickness surpassed 2 mm.18

A morphology study was performed on films of 25homopolymers, even though the two polymers are
phase-separated.10 Recently, Hiljanen-Vainio et mm thickness.
al. demonstrated that copolymerization of DL-lac-
tide with a small amount of 1-caprolactone yielded
a biodegradable product possessing unique prop- Hydrolysis
erties quite different from those of the DL-lactide

Hydrolysis was performed using films of 1.8 mmhomopolymer.11

1 3.0 mm 1 50 mm in 20 mL of a 0.15M phos-The present study describes the hydrolysis re-
phate-buffered solution of pH 7.4 at 377C for asults of blends between crystallizable glassy PLLA
predetermined period of time. After hydrolysis,and crystallizable rubbery PCL as a model of phase-
films were washed twice and immersed in double-separated aliphatic polyester blends. The glass
distilled water at room temperature, followed bytransition temperature (Tg) of PLLA is around
drying in vacuo for at least 2 weeks.607C, while that of PCL is around 0607C. The crys-

tallizable glassy PLLA is more convenient than
is the amorphous glassy PDLLA for hydrolysis

Measurementsstudy,10 because the melting temperature (Tm) and
crystallinity (xc) of PLLA is available from differen-

The crystallization temperature (Tc ) , Tm , and thetial scanning calorimetry (DSC). Physical proper-
enthalpy of crystallization and melting (DHc andties and degradation behaviors of copolymers from
DHm , respectively) of the blend films were deter-

L-lactide and 1-caprolactone will be published in the
mined by a Shimadzu DT-50 differential scanningnear future.
calorimeter. Films were heated under a nitrogen
gas flow at a rate of 107C/min. DSC results were
calibrated using indium as the standard. The

EXPERIMENTAL crystallinity of PCL (xc ,PCL) in the blend films be-
fore hydrolysis was calculated under the assump-

Materials tion that the enthalpy of the glass transition of
PLLA in the blend films (DHg ,PLLA) was constant,The synthesis and characteristics of PLLA and
irrespective of the mixing ratio of the two poly-PCL used in this work were described in previous
mers, and the same as that of the nonblendedarticles.10,12,13 Ring-opening polymerization of L-
PLLA film before hydrolysis (DHg ,PLLA Å 3 J/g oflactide and 1-caprolactone was performed in bulk
PLLA). Under this assumption, the xc of PLLA,at 1407C for 10 and 72 h, respectively, using stan-
PCL, and the total polymer in the films (xc ,PLLA,nous octoate (0.03 wt %) as a polymerization cata-
xc ,PCL, and xc ,tot , respectively) were calculated forlyst.14 The molecular characteristics of PLLA and
the blend films with different PLLA contentsPCL obtained are listed in Table I. The blend films
(XPLLA) by the following equations10,12 :used for the hydrolysis study were prepared by

the method described in a previous article.10

xc ,PLLA(%) Å 100Briefly, methylene chloride solutions of different
PLLA and PCL concentrations were prepared at

1 (DHm ,PLLA / DHc ,PLLA) / (XPLLAr93) (1)a total polymer concentration of 1.0 g/dL and then
cast onto flat glass plates, followed by solvent xc ,PCL(%) Å 100r(DHt 0 DHg ,PLLArXPLLA)/
evaporation at room temperature for approxi-
mately 1 week. To avoid reaching a dried state of [(1 0 XPLLA)r142] (2)
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HYDROLYSIS OF BLENDS FROM PLLA AND PCL. II 407

Table I Characteristics of Blend Films Before and After Hydrolysis for 20 Months

Characteristics and Properties of Blend Films
Hydrolysis

Time Mw Tm ,PCL xc ,PCL Tm ,PLLA xc ,PLLA xc ,tot sB 1B

XPLLA (Months) (1 105) Mw /Mn (7C) (%) (7C) (%) (%) (kg/mm2) (%)

0 0 2.63 2.0 65.0 67 67 1.1 245
0.25 0 4.01 2.5 64.8 68 176 17 55 1.7 50
0.5 0 5.50 2.7 64.6 55 179 47 51 1.4 34
0.75 0 7.95 3.1 64.5 54 179 52 53 4.0 393
1 0 11.88 2.6 179 51 51 4.9 23

0 20 0.59 2.2 65.3 73 73 0.4 1
0.25 20 0.94 3.7 65.3 a 177 a a 0b 1
0.5 20 0.48 4.6 65.2 a 161 a a 0 0
0.75 20 0.21 7.3 64.8 a 160 a a 0 0
1 20 0.75 4.1 175 72 72 0 0

a Not estimated because real XPLLA values were not evaluated after hydrolysis.
b Between 0 and 0.1.

xc ,tot (%) Å xc ,PLLArXPLLA tween 0.25 and 0.75 except for Tm ,PLLA at XPLLA

Å 0.25, suggesting that the crystallite thickness/ xc ,PCLr(1 0 XPLLA) (3)
of the crystallizable components, which is closely

XPLLA(w/w) Å PLLA/(PCL / PLLA) (4) related to Tm , 21 is identified by the presence of
the other crystallizable component. On the otherwhere DHt (J/g of the polymer) is the enthalpy
hand, a significant reduction of xc ,PCL for XPLLAof the overall transition including DHg ,PLLA and
Å 0.5 and 0.75 and xc ,PLLA for XPLLA Å 0.25 is no-DHm of PCL appearing around 607C. The DHc ,PLLA

ticed. This indicates that the nucleation of crystal-(J/g of the polymer) is the DHc of PLLA around
lites rather than crystallite growth of one compo-1007C, while 93 J/g of PLLA and 142 J/g of PCL
nent is disturbed by the other crystallizable com-is the enthalpy of fusion of PLLA and PCL crystals
ponent. The observed decrease in Tm and xchaving the infinite crystal thickness reported by
suggests that the components which have firstFischer et al.19 and Crescenzi et al.,20 respectively.
crystallized during solvent evaporation are PCLTensile properties of the blend films were mea-

sured at 257C and 50% relative humidity using a and PLLA for XPLLA Å 0.25 and XPLLA Å 0.5 and
tensile tester at a crosshead speed of 100%/min. 0.75, respectively. The previous finding that xc ,PCL

The initial length of specimens was always kept was constant for blends solution-cast from crystal-
at 20 mm. Dynamic mechanical analysis of the lizable PCL and amorphous PDLLA, irrespective of
blend films was performed using an Orientec the polymer mixing ratio,10 must be due to no effect
Rheovibron DDV-01F at 35 Hz and a heating rate of the noncrystallizable PDLLA on the crystalliza-
of 47C. tion of PCL. The present result that Tm ,PLLA slightly

The molecular weight distribution of the blend decreased at XPLLA Å 0.25 whereas Tm ,PCL remained
polymers was evaluated in chloroform at 407C by unvaried for XPLLA between 0 and 0.75 indicates
a Tosoh GPC system with TSK gel columns that the disturbance by the other crystallizable com-
(GMHXL 1 2) using polystyrene as the standard. ponent on crystallite growth is weaker for PCL than
The morphology of the blend films of a thickness for PLLA, probably due to higher molecular mobil-
of 25 mm was studied with a Zeiss polarizing mi- ity of PCL (Tg Å0607C)22,23 than that of PLLA (Tg
croscope. Å 607C)24,25 at room temperature. The xc,tot of the

blend films with XPLLA Å 0.25, 0.5, and 0.75 is 8, 8,
RESULTS AND DISCUSSION and 2% smaller, respectively, than those expected

if PCL and PLLA molecules crystallized indepen-Before Hydrolysis
dently from each other as in nonblended films. If

Crystalline Structure PCL and PLLA have been phase-separated before
their crystallization starts, such a decrease in xc ,PCL,As demonstrated in Table I, both Tm ,PCL and

Tm ,PLLA before hydrolysis are constant at XPLLA be- xc ,PLLA, xc ,tot , and Tm,PLLA in the blend films would
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not occur. Therefore, it is likely that at least before properties of the films. Their storage modulus
(G * ) and loss tangent (tan d ) are presented incrystallization PCL and PLLA probably are not

completely phase-separated in the presence of sol- Figure 2. Apparently, the phase-transition tem-
peratures including 0607C (Tg of PCL22,23) , 607Cvent molecules and have some interaction with each

other as in the case of blends from PCL and (Tm of PCL,22,23 and Tg of PLLA24,25) and 1707C
(Tm of PLLA12,24) of the blend films virtually arePDLLA.10 However, as will be mentioned below,

PCL and PLLA undergo phase separation after not influenced by varying the XPLLA of the blends.
The temperature dependence of G * and tan d forcompletion of solvent evaporation.
XPLLA Å 0.3 is similar to that for XPLLA Å 0 (non-

Morphology blended PCL) while the temperature dependence
of G * and tan d for XPLLAÅ 0.5 and 0.7 is similar toFigure 1 shows polarizing optical photomicro-

graphs of films with different XPLLA. Spherulites that for XPLLAÅ 1 (nonblended PLLA), suggesting
that the PCL and the PLLA phases compose thewith the maximum radius of 400 mm and periodi-

cal extinction bands along the radial direction are continuous phase in the blend films for XPLLA

Å 0.3 and for XPLLA Å 0.5 and 0.7, respectively.noticed for the nonblended PCL, while periodical
extinction becomes disordered when XPLLA in- The G * of the blend films at temperatures between

060 and 607C increases with an increase in XPLLAcreases to 0.3. The morphological disorder ob-
served for PCL spherulites at XPLLAÅ 0.3 strongly when compared at the same temperature, while

the G * of blend films of XPLLA above 0.5 increasessuggests that spherulite formation and crystalli-
zation have first occurred for PCL in precedence with the increasing XPLLA for the temperature

range between 60 and 1507C. No remarkable de-of PLLA crystallization, probably because PLLA
molecules have been trapped in the PCL spheru- pendence of the transition temperatures on the

blend composition also supports the occurrence oflites. The blend film of XPLLA Å 0.25 seems to be
composed of PCL spherulites containing a small- phase separation in the blends. This is in good

agreement with the results of compression-sized PLLA phase. As a result, crystallization of
PLLA may be hindered, as is evident in Table I molded blends from PCL and poly(L-lactide-co-

glycolide) (83/17) reported by Cha and Pitt26 andfrom the decrease in Tm ,PLLA and xc ,PLLA for XPLLA

Å 0.25. When XPLLA increases to 0.4, normal PCL from PDLLA and PCL by us.10

spherulites no longer appear, indicating strong
interference of PCL crystallization by coexisting Mechanical Properties
PLLA molecules. At XPLLA Å 0.5, a complicated Mechanical properties before hydrolysis are sum-phase-separated morphology is observed. It is marized in Table I. It is seen that the tensilelikely that simultaneous crystallization of PCL strength (sB ) of the blend films is practically un-and PLLA has taken place, followed by subse- changed when XPLLA is between 0 and 0.5, butquent phase separation. Assemblies of small crys- increases dramatically at XPLLA above 0.75. Thetallites noticed for XPLLA between 0.6 and 0.8 sug- blend film with XPLLA Å 0.25 has low elongationgest that predominant spherulite formation has at break (1B ) compared to the nonblended PCL,not occurred for either of the crystallizable compo- whereas the blend film with XPLLA Å 0.75 exhibitsnents. However, in spite of a very disordered mor- a high 1B in contrast to that of the nonblendedphology for XPLLA between 0.6 and 0.8, Tm ,PLLA and PLLA film. Such a sB and 1B dependence on XPLLAxc ,PLLA for XPLLA Å 0.75 were almost the same for is in agreement with that observed for blend filmsXPLLA Å 1. This implies that microscopic crystalli- from glassy PDLLA and rubbery PCL.10 This non-zation of PLLA was not strongly disturbed by the linear dependence of mechanical properties onpresence of PCL molecules. When XPLLA increases XPLLA strongly supports the occurrence of phaseto 0.9, spherulite formation is observed for PLLA, separation in the blend films from PCL and PLLA.but the morphology is a little disturbed by the
presence of PCL molecules. They may be trapped
in the PLLA spherulites as a dispersed phase. The After Hydrolysis
nonblended PLLA (XPLLA Å 1) shows normal Mass Remainingspherulites with a radius of 20 mm.

When the blend films undergo hydrolysis of the
Phase Structure main chain of the polymers, the mass loss of the

films will take place, in addition to a change inThe phase separation of PCL and PLLA in the
blend films can be evidenced by the viscoelastic the molecular and mechanical properties. Mass
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HYDROLYSIS OF BLENDS FROM PLLA AND PCL. II 409

Figure 1 Polarizing photomicrographs of blend films with different XPLLA before hy-
drolysis.

loss becomes detectable only when water-soluble Å 0), nonblended PLLA (XPLLA Å 1), and the
blend film of XPLLA Å 0.25 remains unchanged,oligomers are formed upon hydrolysis are eluted

into the surrounding medium. Figure 3 shows the while blend films of XPLLAÅ 0.5 and 0.75 lose their
weight upon hydrolysis. At 20 months, the non-film weight remaining after hydrolysis performed

for different times. At a hydrolysis time of 12 blended PCL and PLLA films lose only a very
small amount (1%) of their initial mass, whereasmonths, the weight of nonblended PCL (XPLLA
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410 TSUJI AND IKADA

Figure 3 Mass remaining for blend films as a func-
tion of hydrolysis time: (l ) XPLLA Å 0; (, ) 0.25; (h )
0.5; (n ) 0.75; (s ) 1.

The kinetic equation expressing the scission ofFigure 2 Storage modulus (G * ) and loss tangent
molecular chains during hydrolysis can be derived(tan d ) for blend films as a function of temperature:
under the assumption that scission is autocata-( ) XPLLA Å 0; (----) 0.3; (rrrr) 0.5; ( –r–r– ) 0.7;

( –rr– ) 1. lyzed by the terminal carboxyl groups of the poly-
ester chains with the hydrolysis rate proportional
to the water and ester concentrations26:blend films of XPLLA Å 0.25, 0.5, and 0.75 lose 2,

8, and 19% of the initial mass, respectively. This
suggests that the blending of PLLA with PCL ac-
celerates the hydrolysis of PLLA and PCL mole-
cules to form water-soluble oligomers, resulting
in a rapid decrease in mass. It seems that xc ,tot

has only a small effect on the decrease of the mass
remaining. If it depended strongly on xc ,tot , the
decrease in the mass remaining for the non-
blended PLLA film and the blend of XPLLA Å 0.5
(initial xc ,tot Å 51%) would be larger than that of
the blend film with XPLLA Å 0.75 (initial xc ,tot

Å 53%) after hydrolysis for 20 months.

Molecular Weight Change

Figure 4 shows a semilogarithmic plot of Mn

against hydrolysis time for the blend films. It is
seen that the Mn of the blend and the nonblended
films decreases linearly with hydrolysis time, in-
dependent of XPLLA. The slope of the lines for
blends of XPLLA Å 0.5 and 0.75 is larger than that
expected from their nonblended films. The rate Figure 4 A semilogarithmic plot of Mn against hydro-
constant for hydrolysis (k ) was calculated ac- lysis time for blend films: (l ) XPLLA Å 0; (, ) 0.25; (h )

0.5; (n ) 0.75; (s ) 1.cording to the following procedure:
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HYDROLYSIS OF BLENDS FROM PLLA AND PCL. II 411

expected if the hydrolysis of PLLA and PCL mole-
cules takes place independently from each other.

The molecular weight distribution shown in
Figure 6 provides us with further information con-
cerning the hydrolysis of the blend films. As is
evident, the distribution curves of the nonblended
PCL and PLLA shift to lower molecular weight
with a single peak for hydrolysis up to 20 months.
This indicates that hydrolysis has occurred homo-
geneously along the cross section of the film with-
out selective removal of any water-soluble frac-
tions from the amorphous region. Low molecular
weight peaks observed around 1 1 104 and 5
1 103 for the blend films of XPLLA Å 0.5 and 0.75
at 16 and 20 months suggest that PCL or PLLA
molecules in these blend films are more quickly
hydrolyzed than are those in the nonblended PCL
and PLLA. Since the hydrolysis of films with a
thickness below 2 mm proceeds homogeneously
along the cross section of the film,18 the secondary

Figure 5 Hydrolysis rate constant (k ) obtained from peaks formation around 1 1 104 and 5 1 103 in
Figure 4 as a function of XPLLA. the molecular distribution curves in these blends

d[COOH]/dt Å k * [COOH][H2O][ester] (5)

where [COOH] is the concentration of the termi-
nal carboxyl group. If [H2O] [ester] is assumed
to be constant, integration of eq. (5), coupled with
the relationship [COOH] } MU

01
n , will give eq. (6):

MU n ,t Å MU n ,0exp(0kt ) (6)

where MV n ,t and MV n ,0 are the number-average mo-
lecular weight at hydrolysis time Å t and 0, re-
spectively, and k is equal to k * [H2O] [ester].
Equation (6) can be converted to eq. (7):

ln MU n ,t Å ln MU n ,0 0 kt (7)

Thus, k values can be evaluated from its tangent
of the straight lines in Figure 4. The observed
values are plotted as a function of XPLLA in Figure
5. The k values of 3.07 1 1003 and 5.20 1 1003

day01 for the nonblended PCL and PLLA, respec-
tively, are comparable with 4.08 1 1003 and 6.72
1 1003 day01 found for the compression-molded
nonblended PCL and PLLA, respectively. The lit-
tle lower k values observed by our study may be
due to the higher crystallinity of the solution-cast Figure 6 Molecular weight distribution of blend films
specimens than that of the compression-molded. subjected to hydrolysis for different times: ( ) 0
In contrast, the k values for the blend films of month; (rrrr) 4 months; (----) 8 months; ( – r– r– ) 12

months; ( – rr– ) 16 months; ( ) 20 months.XPLLA Å 0.5 and 0.75 are much higher than those
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may be due to the removal of water-soluble frac-
tions predominantly formed in the amorphous re-
gion, leaving crystalline lamella. The peak forma-
tion at specific molecular weights during in vitro
hydrolysis is in agreement with that reported for
crystalline PLLA or poly(D-lactide): compression-
molded crystalline PLLA,27 as-polymerized crys-
talline PLLA, 28 and solution-cast crystalline
PLLA or poly(D-lactide).29 The specific molecular
weights around 1 1 104 and 5 1 103 observed in
Figure 6 are in good agreement with those found
for solution-cast crystalline PLLA or poly(D-lac-
tide).29 This result suggests that the rapidly hy-
drolyzed species in the blend films of XPLLA Å 0.5
and 0.75 is not PCL but PLLA.

The hydrolysis of blend films seems to be af-
fected by at least three factors: (1) the miscibility
of the two homopolymers, (2) the relative molecu-
lar weight of the two homopolymers or relative
concentration of terminal carboxyl group of the
two homopolymers, and (3) the relative hydro-
philicity of the two homopolymers or the diffusion
rate of water molecules through them. In addi-
tion, in the case of phase-separated blends, the
domain size and surface area of the two polymer
phases must be influential to hydrolysis. Similar
to our blends of XPLLA Å 0.5 and 0.75, the hydroly-
sis of high molecular weight PDLLA30 and PCL26

Figure 7 DSC thermograms of blend films before and
was accelerated upon addition of low molecular after hydrolysis for 20 months: ( ) before; (----)
weight PDLLA and poly(L-lactide-co-glycolide), after.
respectively. The former blend was homoge-
neously miscible,30 while the latter phase-sepa-
rated.26 The accelerated hydrolysis of relatively at the late stage of hydrolysis, the decrease in
high molecular weight polyesters in the blends melting temperature of them was observed in the
may be ascribed to increased hydrophilicity and chart of DSC.27,28 On the contrary, no significant
concentration of the terminal carboxyl group by decrease or a slight increase of melting tempera-
addition of low molecular weight polyesters as ture will appear in the chart of DSC if hydrolysis
proposed by Mauduit et al.30 It should be noted takes place solely in the amorphous region, re-
that accelerated hydrolysis of relatively high mo- sulting in crystallite growth at the initial stage
lecular weight aliphatic polyesters occurred, irre- of hydrolysis.27,28 DSC thermograms of the blend
spective of the mixing ratio of two polyesters, even films before and after hydrolysis for 20 months are
when the two components were phase-separated. shown in Figure 7. Table I gives the characteristic
The reason why the terminal carboxyl group of values evaluated from the DSC measurements.
low molecular weight PCL has a catalytic effect Evidently, from Figure 7, the melting peak of PCL
on the PLLA hydrolysis in spite of phase separa- appearing around 657C becomes larger after 20
tion may be that the terminal carboxyl group of months with a very small increase in peak tem-
the PCL molecules trapped in the PLLA-rich perature, irrespective of XPLLA. An increase in thephase as well as those of PCL chains from the melting peak area (crystallinity) of PCL in thePCL-rich phase in contact with PLLA-rich phase

blend films as well as in the nonblended PCL filmwill catalyze the hydrolysis of high molecular
indicates that crystallization or recrystallizationweight PLLA.
of PCL occurs by the scission of chains in the

Crystalline Structure Change amorphous region.
The very slight increase in the melting temper-It has been reported that, when hydrolysis occurs

in the crystalline region of degradable polymers ature of PCL for all the blend films means that
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the PCL crystalline thickness slightly increased
during hydrolysis. On the other hand, the low-
ering of the PLLA melting peak for the blend films
of XPLLA Å 0.5, 0.75, and 1 from 179 to 161, 160,
and 1757C, respectively, upon hydrolysis for 20
months suggests a decrease in PLLA crystalline
thickness with a large molecular weight decrease
of PLLA. An increase in the PLLA melting peak
area (crystallinity) of blend films of XPLLA Å 0.5,
0.75, and 1 strongly denotes the subsequent crys-
tallization and recrystallization of PLLA with the
removal of water-soluble fractions from the amor-
phous and crystalline regions of the PLLA-rich
phase. As shown in Table I, the decrease in melt-
ing temperature is larger for blend films of XPLLA

Å 0.5 and 0.75 than for the nonblended PLLA,
implying that hydrolysis of PLLA was accelerated
by the addition of a small amount of PCL. More-
over, if the rapidly degraded and removed species
in the blend of XPLLA Å 0.75 containing 25 wt %
PCL was PCL, the melting peak area of PCL

Figure 8 Residual tensile strength of blend films sub-would dramatically decrease at 20 months as 19%
jected to hydrolysis for different times: (l ) XPLLA Å 0;weight loss had occurred. However, the melting
(, ) 0.25; (h ) 0.5; (n ) 0.75; (s ) 1.peak area of PCL increased after hydrolysis for

20 months. These DSC results revealed that the
rapidly hydrolyzed species in the blend films of pectedly, the tensile strength of the nonblended
XPLLA Å 0.5 and 0.75 was not PCL but PLLA. PCL and PLLA increases upon hydrolysis, and

On the other hand, the unvaried melting tem- after passing through the maximum, it decreases
perature of PLLA in the blend with XPLLA Å 0.25 gradually, followed by a rapid decrease. This in-
before and after hydrolysis suggests that hydroly- creased mechanical strength may be explained in
sis of PLLA was retarded in the blend film of XPLLA terms of the annealing effect of the reorganization
Å 0.25, compared to that of the nonblended PLLA. of the chains in the amorphous region to a more
This retardation may be due to the prevention stable state at 377C in the presence of water mole-
of water diffusion into the dispersed PLLA-rich cules. On the other hand, blend films of XPLLA
phase by the hydrophobic continuous PCL-rich Å 0.5 and 0.75, where the PLLA-rich phase forms
phase. In this case, the increased concentration the continuous phase, lose most of the initial ten-
of the terminal carboxyl group of PCL may not sile strength after 16 months, while the blend film
play an important role in the hydrolysis of PLLA of XPLLA Å 0.25, where the PCL-rich phase forms
molecules because of a very low concentration of the continuous phase, retains half of the initial
water in the blends. A small crystallization peak strength up to 16 months. The initial rapid de-
of PLLA is observed around 1007C for the blend crease in the tensile strength of the blend film of
of XPLLA Å 0.25 both before and after hydrolysis XPLLAÅ 0.25 in the first 4 months may be ascribed
during DSC scanning above the melting tempera- to crack formation at the interface between the
ture of PCL. This strongly suggests that crystalli- rubbery PCL-rich and the glassy PLLA-rich phase
zation of PLLA is hindered to some extent by the caused by a difference in size change by the ab-
presence of PCL in this blend even after hydroly- sorption of water molecules.
sis for 20 months. Probably, a large amount of Figure 9 shows the residual elongation-at-PLLA molecules trapped in the PCL-rich phase break of blend films as a function of hydrolysisof this blend could not crystallize, while a small

time. The elongation-at-break of blend films ofamount of PCL in the PLLA-rich phase must have
XPLLA Å 0.5 and 0.75 decreases monotonously buthindered the nucleation of PLLA.
more rapidly than that of the nonblended PLLA,

Mechanical Properties’ Changes indicating that an addition of a small amount of
PCL accelerates the hydrolysis of PLLA chains inFigure 8 shows the residual tensile strength of

blend films hydrolyzed for different times. Unex- the blend films of XPLLA Å 0.5 and 0.75. On the
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lar weight PLLA in the blend films of high PLLA
contents, where the continuous phase consists of
PLLA, may be ascribed to the increased concen-
tration of the terminal carboxyl group by addition
of low molecular weight PCL. On the other hand,
hydrolysis of the high molecular weight PLLA in
the blend films of high PCL contents, where the
PCL-rich phase forms the continuous phase, may
be retarded due to the prevention of water diffu-
sion into the dispersed PLLA-rich phase by the
hydrophobic PCL-rich phase. The hydrolysis of
PCL molecules was not strongly influenced by the
presence of PLLA.

We express our thanks to Dr. Tsutomu Takeichi and
Mr. Masaaki Tanikawa, Department of Materials Sci-
ence, Faculty of Engineering, Toyohashi University of
Technology, for the use of reovibron and for helpful
suggestions for the measurements.
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