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Abstract

Poly(L-lactic acid)(PLLA) was blended with poly(ethyleme-vinyl acetate)(EVA) and the miscibility of the blend was investigated by
DSC, polarizing optical microscopy and rheometry. The blend of PLLA with EVA70, that contained 70 wt% of vinyl acetate, was immiscible
because th&, and the spherulitic growth rate of the blend were nearly constant regardless of the change in the blend composition. On the
other hand, th&, equilibrium melting temperature, the spherulitic growth rate during the isothermal crystallization of the PLLA-EVA85
blend were decreased with the increase in the EVA content. Moreover, the Flory—Huggins interaction parameter of the blend was found to be
negative, which clearly means the PLLA—EVAS85 blend was miscible. The tensile strength and modulus of the PLLA—EVAS85 blend were
dropped rapidly, followed by a more gradual decrease with the increase in the EVA85 content. Strain-at-break, however, was increased rather
slowly up to 70 wt% of EVA85 and then increased quite rapidly around 90 wt% of EVA8R99 Elsevier Science Ltd. All rights reserved.
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1. Introduction ing 70 and 85 wt% of vinyl acetate unit. The themal and
mechanical properties of the blend were explored.
Poly(L-lactic acid)(PLLA) degrades biologically into
lactic acid, a product of the carbohydrate metabolism, and
its importance as a substitute for the non-degradable ther-2. Experimental
moplastics has attracted a lot of attention in recent years.
Poly(lactic acid)(PLA) exists in.- and p-form, which are 2.1. Materials
optical isomers. PLA with large amount ofform isomer is
highly crystalline. In general, the crystallinity and biode- Condensation polymerization of lactic acid with dipen-
gradability depend on the content ofform isomer [1]. taerythritol(0.1 wt%) produced star-shaped PLLA. PLLA
Thanks to its biocompatibility PLLA is suitable for sutures was precipitated in methanol and dried before use.
[2,3], drug delivery systems [4,5], and implants for bone EVA70, that contained 70 wt% vinyl acetate, was purchased
fixation [6]. from Scientific Polymer Products and EVA 85, that con-
Since PLLA is very brittle at room temperature and tained 85 wt% vinyl acetate, was provided in latex form
hydrolyzes easily, its applicability has been limited [7—11]. by Taeyoung Chemical Co. The surfactant was removed
Several studies on blending or copolymers of PLLA have by the soxhlet extraction for 1 week in methanol. The
been reported in order to modify the properties and bio- chloroform soluble fraction of EVA85 was used for the
degradability [12—19]. blending. The composition of the copolymer was confirmed
Poly(vinyl acetate) has been shown to be miscible with by *H-n.m.r. Table 1 shows the molecular characteristics of
PLLA [16], and we have investigated the miscibility of the raw materials.
PLLA with poly(ethyleneeo-vinyl acetate)(EVA) contain-
2.2. Blending
* Corresponding author. . )
Dedicated to Prof. Ick-Sam Noh on the occasion of his retirement from ~ PLLA and EVA were dissolved in chloroform (3 wt%),
Inha University. and they were blended with stirring to form a uniform solu-
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Table 1
Characteristics of polymers
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Polymer Structural formula M. vinyl acetate content”
(wt%6)
CH, (0]
[ - 41900 -
PLLA —¢0-CH —C _)n_
EVA70 -+ CHz_ CHZ—);(— CH2 - |CH —); 285 000 69.1
0-C —CH,
EVA85 ) 646 000 85.8

3Measured by g.p.c. in chloroform at &0 "Measured byH-n.m.r.

tion. Film samples were obtained by initially drying the 10°C min?, holding it at 165C for 1 min, cooling it to
solution at ambient temperature, followed by drying under room temperature at 16 min
vacuum at 4€C. The films were compacted in a hot press at 165°C. The equilibrium melting temperature was estimated
by heating the sample to 185 at a rate of 1T min~
holding it at 168C for 1 min, quenching it to the pre-
determined crystallization temperatufg( at a rate of
—200°C min~%, recrystallizing it atT. for 120 min, and
then reheating it at 18C min
E’, E” and tai of the film (50 X 4 X 0.03 mm) were
Rheovibron (DDV-II-C) at a fixed

150°C and 250 atm for 1 min.

2.3. Analysis

The melting temperature was obtained by heating the
sample from room temperature to P65at a rate of
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Fig. 1. Tad curve of PLLA-EVAT70 blends.
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Fig. 2. Tad curve of PLLA-EVAS85 blends.

frequency of 11 Hz while heating the sample fresB0°C at The microscopic heterogeniety of the blend was investigated
a heating rate of € min~*. using a Rheometer (Physica MC-120). Cone-and-plate geo-
The spherulitic growth rate in the blend films was metry was used in the frequency range of 0.16—10 Hz.
determined using a polarizing microscope (Nikon OPTI- Mechanical properties of the film were measured with a ten-
PHOT2-POL). The sample was heated to *TE%or 1 min, sile testing machine (Lloyde Instrument, LR 50K) at a cross-
and then quenched to the pre-determiried at a rate of head speed of 50 mm mih according to ASTM D882-90.

—100°C min~* before being observed with a CCD camera. The load cell used had a maximum range of 2.5KN, the
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Fig. 3. Glass transition temperatures of PLLA-EVAS8S5 blend.Solid line: the Fox equation results.
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Fig. 4. Crystallinity of the PLLA—EVAS85 blends measured by DSC.

sample gauge length was 50 mm, and the sample width wasndependent of the blend composition. Thus, we may

10 mm. deduce PLLA and EVA70 are not compatible. On the
other hand, the PLLA-EVAS85 blend shows a single glass
3. Results and discussion transition peak in Fig. 2, which is located betweenThef

PLLA and theT, of EVA 85. The transition peak of the
Fig. 1 shows taf as a function of temperature for the PLLA—-EVAS85 blend was also dependent upon the blend
PLLA-EVA70 blends, as determined by Rheovibron. composition.
Two separate glass transition peaks, each due to the respec- The glass transition temperature obtained from the Rheo-
tive constituent polymer, are clearly seen and they were vibron measurements is in general at a higher temperature
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Fig. 5. Observed melting temperatuii&,() as a function of crystallization temperature.) for PLLA—EVAS85 blends.
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Fig. 6. Equilibrium melting temperature of PLLA—EVAS85 blends.

than that determined by DSC. The solid line in Fig. 3 is the whereW is the weight fraction, and the subscript indicates
calculatedT, based on the following equation proposed by the constituent of the blend. Fig. 3 clearly shows that the

Fox [20]. agreement between the experimentglof the PLLA—

1 Weya  Wevass EVA85 blend and the theoreticdly is as good as the
== 1) agreement for the miscible PLLA-PVAc blend [16].
Tg Tg, PLLA Tg, EVA85

The samples for th&, determination by DSC and Rheo-
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Fig. 7. Melting-point depression for PLLA—EVAS85 blends and the Flory—Huggins equation results.
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Fig. 8. Non-isothermal 2nd scan overall enthalpy of fusion based on the unit weight of PLLA in the kietigs (

vibron were prepared by quenching at a rate of by the following equation.

—200°C min™* after melting at 165C for 1 min, and by AHE

pressing at 150C, 250 atm followed by quenching. X, = —T; 2

Therefore, the two polymers are believed to be miscible AH

in the melt state. where AHC is the heat of fusion per unit weight of the
The crystallinity of PLLA in the blend can be calculated perfectly crystalline PLLA, and\H, is the heat of fusion
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Fig. 9. Enthalpy of fusion determined during the measurement of the equilibrium melting temperature based on the unit weight of PLLA in the blends as a
function of T..
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Fig. 10. Radius of PLLA spherulites in the PLLA—EVA70 blends as a function of tinle, at 105°C.

per unit weight of PLLA, that can be calculated from the blend was obtained by utilizing the heat of fusion of

heat of fusion of the blendAH ;) as follows the blend, which was determined by DSC, and was
AH,, plotted in Fig. 4. As the content of EVA8S5 in the blend
AH; = X1 i ini i
™= BLLA content(wi%) 00 3) \rlé?jsuégzreased, the crystallinity of PLLA was drastically

Thus, the crystallinity of PLLA in the PLLA-EVA85 The equilibrium melting temperature, which can be
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Fig. 11. Radius of PLLA spherulites in the PLLA—EVAS85 blends as a function of tinie at 105°C.
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Fig. 12. Radial growth rate of spherulite as a function of crystallization temperature for PLLA—EVAS85 blends.

defined as the fusion temperature of the infinitely large temperature, ang is the ratio of the initial to the final
lamella, can be obtained by the following Hoffman— Ilamellar thicknesses. The value pfies between 0 and 1.

Weeks equation [21]. In Fig. 5 the observed melting temperature was determined
T 1 by heating the blend specimen to *65at a rate of
T = 7C+(1— ;)Tﬁ,’] 4) 10°C min~*. Each specimen was previously heated from

room temperature to 166 at 10C min~%, being held at
whereT,,' is the observed melting temperatufi, is the 165°C for 1 min, and then crystallized for 120 min by
crystallization temperaturél, is the equilibrium melting quenching from 16% at —200Cmin™* to the
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Fig. 13. Plot of log’ versus log" for PLLA-EVAB85 (50/50) at various temperatures.
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predetermined crystallization temperature. The equilibrium fusion as a function of the blend composition obtained
melting temperature was then obtained by extrapolating theduring the measurement of the equilibrium melting
melting temperature td@,, = T.. In Fig. 6 the equilibrium temperature. Contrary to the results in Fig. 8 the heat of
melting temperature was decreased with an increase in thefusion did not change much, as the EVA85 content and
EVAS8S content in the blend, which indicates the constituent crystallization temperature were varied. Thus, the decrease
polymers in the blend were thermodynamically miscible. in the crystallinity (Fig. 4) and the heat of fusion (Fig. 8) of
According to the Flory—Higgins theory [22], [23], the PLLA crystallites with an increase in the EVA85 content
depression of the equilibrium melting temperature can be could be due to the crystallization rate of PLLA being very

descibed as follows slow and the crystallization being incomplete during the
1 1 RV, [Ing, 1 ) nonisothermal crystallization process in DSC. In fact, the
T~ ﬁ= ~ AHOV, {mz+ (mz— ml> é1 +X12¢1} enthalpy of fusion of the blend in the nonisothermal crystal-

lization process was nearly constant and independent of the
(5) blend composition for the miscible blends of PHB—PEO
where x1, is the interaction parameter between the [24], PHB—EVAS8S5 [26] and PHB—poly(lactic acide-ethy-
constituents of the blend,is the molar volume of the repeat lene glycoleo-adipate) [27], where the crystallization of
unit at the equilibrium melting temperatukgjs the volume PHB was reasonably fast.
fraction of the constituent in the blend is the degree of The radius of PLLA spherulites of the PLLA—EVA70
polymerization,AH® is the heat of fusion of the perfect blend is plotted against the crystallization time in Fig. 10,
crystalline polymer andl,, and To, are the equilibrium for a blend crystallized at 108. Straight lines were
melting temperature of the blend and the crystalline obtained for all the blend compositions and the slopes
constituent, respectively. Subscripts 1 and 2 represent thewere almost identical irrespective of the EVA70 content
noncrystalline and the crystalline constituents, respectively. in the blend. Meanwhile, for the PLLA-EVAS85 blend the
Eqg. (5) can be rearranged as slope decreased with an increase in the EVA85 content, as

{AHOVl( 1 1) Ing, ( 1 1 )¢ } 5 shown in Fig. 11. In Fig. 12 the spherulitic growth rates
- 1| = P1X12

Tn TS

m

between 98C and 128C are shown for different blend com-
RV2 m2 ml

positions. The growth rate of the spherulite was decreased as
(6) the EVA85 content in the blend was increased, and the
If x12is assumed to be independent of the blend composition growth rate of PLLA spherulite was the highest at AD5
and the melting temperature depression is assumed to be inderegardless of the blend composition.
pendent of the morphological effects, a plot of the LHS of Eq. It is always necessary to investigate the presence of
(6) against? yields a straight line, angs, is calculable from microheterogeneity even though the blend shows a sifigle
the slope. Fig. 7 was obtained using the appropriate numericaland the melting temperature depression. The existence of
values for the various parameters for the PLLA—-EVA85 microheterogeneity can be examined by the plot of ®g
blend: S = 436K, V; = 7224cmimol™, V, = versus lo@” [28,29]. If such plot is dependent upon the tem-
59.5 cn? mol~!, m; = 8357,m, = 582,p, = 1.07 g cm® p, perature or shows inflection points, the blend contains micro-
= 1.21 g cm® and AH® = 1600 cal mol™ [24], [25]). The heterogeneity. Fig. 13 is the plot of IBgversus lo@” of the
interaction parameter between PLLA and EVAS85 was thus PLLA-EVA85 blend (50/50). A temperature-independent
founded to be— 0.043, indicating the PLLA—-EVASS5 blend  straight line was obtained between 16Gand 176C, which
formed a thermodynamically stable homogeneous solution in undoubtedly means the PLLA-EVA85 (50/50) blend is mis-
the melt state. cible without any microscopic inhomogeneity.

The enthalpy of fusion of PLLA in the PLLA-EVA85 PHB was also reported to show similar miscibility beha-
blend in Fig. 8 was obtained by DSC while the blend was vior toward EVA. PHB was immiscible with EVA70, while
scanned the second time. The enthalpy of fusion of PLLA it was miscible with EVA85 [26]. In general, the window of
crystallites in the blend was seen to decrease with anthe solubility parameter for the miscible polymer pairs is
increase in the EVA85 content. Fig. 9 depicts the heat of rather narrow. However, PVAc formed miscible or

Table 2

Tensile properties of the PLLA-EVAS85 blends

Sample Stress at break (kg mf Tensile modulus (kg mr?) Strain at break (%)
PLLA100 5.7 219 45

PLLA90 4.6 184 4.7

PLLA70 3.3 134 6.9

PLLAS50 1.7 130 10.2

PLLA30 1.7 131 9.0

PLLA10 14 64 208.9

EVA85 1.4 62 244.9
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compatible polymer blends with many different polymers of

varying solubility parameter, including PLLA, PHB [32],
poly(methyl methacrylate) [33], poly(ethyl acrylate) [34]
and poly(butyl acrylate) [34]. The fact that EVA85 is mis-
cible with both PHB and PLLA, whose hydrophilicities are
widely different, may result from the high vinyl acetate
content in EVAS85.

Table 2 shows the breaking strength, modulus, and strain-

at-break of the PLLA—EVA85 blend. The properties of
PLLA alone were similar to those reported by Tsuiji et al.
[30] and Hiljanen-Vainio et al. [31]. As the EVA85 content

was increased, breaking strength and modulus began to
decrease sharply, which was followed by a rather slower
decrease. On the other hand, strain-at-break was gradually
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