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Abstract

Poly(vinyl acetate-co-vinyl alcohol) copolymers [P(VAc-co-VA)] were prepared by acidic hydrolysis of poly(vinyl acetate) (PVAc)
at various reaction time, and the degree of hydrolysis was analyzed by '>C nuclear magnetic resonance spectroscopy (NMR). Blends of
poly(L-lactic acid) (PLA) and P(VAc-co-VA) were prepared by a solvent casting method using chloroform as a co-solvent. The PLA/PVAc
blends exhibited a single glass transition over the entire composition range, indicating that the blends were miscible systems. On the contrary,
for the blends with even 10% hydrolyzed PV Ac copolymer, the phase separation and double glass transition were observed. With increasing
neat PVAc contents, the heat of fusion decreased and the melting peaks shifted to lower temperature. The interaction parameter indicated
negative values for up to 10% hydrolyzed samples, but positive values at more than 20% hydrolyzed one. Small angle X-ray scattering
analysis revealed that the long period and the amorphous layer thickness increased with PVAc composition, suggesting that a considerable
amount of PVAc component located in the interlamellar region. Polarized optical microscopy showed that the texture of spherulites became
rougher on increasing the PVAc content. In the case of P(VAc-co-VA) copolymer, the intensity of polarized light decreased significantly,
indicating that P(VAc-co-VA) component seemed to be expelled out of the interfibrillar regions. Scanning electron microscopy analysis
revealed that the significant phase separation occurred with increasing the degree of hydrolysis. In the case of 70/30 blend of PLA and
P(VAc-co-VA) with 30 mol% vinyl alcohol, the P(VAc-co-VA) copolymer formed the regular domains with a size of about 10 pwm.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(L-lactic acid) (PLA) can be utilized for both
ecological and biomedical applications. But its brittleness
at room temperature is a major defect for many applications.
Moreover, the relatively high price of PLA lowers the
possibility of their commercialization. In order to modify
various properties or to lower the price, many researches on
PLA blends with other polymers have been carried out
[1-8].

PLA/poly(vinyl acetate) (PVAc) blends have been
reported by Gajria et al. [4] in terms of their miscibility,
physical properties, degradation and surface tension. The
blends showed a miscible phase, and the mechanical
properties of the blends exhibited a synergism in the range
of 5 to 30% PV Ac content. However, the addition of PVAc
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to PLA led to a dramatic decrease in the degradation rate for
enzymatic degradation. On the contrary, PLA/poly(vinyl
alcohol) (PVA) blends have been reported that the non-
enzymatic and enzymatic hydrolysis of PLA was acceler-
ated by the presence of the hydrophilic PVA, but these
blends was immiscible to induce a phase-separated system
[9]. On the basis of these previous works, the blend of PLA
and poly(vinyl acetate-co-vinyl alcohol) [P(VAc-co-VA)] is
expected to have enhanced mechanical properties as well as
a proper degradation rate if the blend forms a miscible phase
at the specific vinyl alcohol content. In the case of P(VAc-
co-VA) blends with other polymers such as poly(N,N-
dimethylacrylamide) [10], poly(4-vinylpyridine) [11] and
poly(B-hydroxybutyrate) (PHB) [12], the copolymer com-
position has been reported to be a major factor to affect their
miscibility. Xing et al. have investigated the miscibility and
morphology of blends of PHB and P(VAc-co-VA) with
various copolymer composition in detail [12]. At low vinyl
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alcohol content (9 mol%), the blend formed a miscible
phase in molten state within whole composition range. But
at higher vinyl alcohol content, the blends were partially
miscible or immiscible systems.

Blends of PLA and PVAc [or P(VAc-co-VA)] are
semicrystalline/amorphous systems. Generally in this
system the morphology is known to depend on the extent
of segregation of amorphous polymeric diluents. The
diluent molecules can locate in interlamellar regions
(between lamellar crystals), interfibrillar regions (between
the fibrils or lamellar bundles in spherulites) or inter-
spherulitic regions (between the spherulites). The amor-
phous diluents are often located at multiple sites, leading to
coexistence of different types of morphology [13-17].
These multiple location of the amorphous diluents results in
multiple 7,-like transitions, although the polymers them-
selves are miscible at this temperature [15—17].

The segregation of amorphous diluents is brought by the
entropic force associated with the tendency to resume
random-coiled conformations and the crystallization driving
force of crystallizable components in the interlamellar
regions [18]. In addition, these two entropic forces compete
against the favorable interaction between the polymeric
diluent and the amorphous portion of the crystalline
polymer in the interlamellar regions. Therefore, the
morphology in semicrystalline/amorphous blend is governed
by the exclusion of amorphous components out of
interlamellar regions and consequently governed by the
magnitude of interaction, the interlamellar distance, and the
degree of supercooling. Kinetically, the chain diffusivity
and the crystallization rate may also be important factors.

In this study, PLA was blended with PVAc and P(VAc-
co-VA), and the miscibility of these polymers were studied
in consideration of the degree of hydrolysis of the
copolymers. Additionally, this study was focused on the
crystallization, phase behavior and morphology in a
semicrystalline/amorphous phase with various composition
ratios.

2. Experimental

2.1. Materials and sample preparation

Poly(L-lactic acid) (PLA) was supplied by Korea
Institute of Science and Technology with weight average
molecular weights of approximately 367,000. Atactic
poly(vinyl acetate) (PVAc) was obtained from Sigma-
Aldrich, with weight average molecular weights of
approximately 167,000. The samples were dried under
vacuum at 3 days before using.

Blends of PLA and poly(vinyl acetate-co-vinyl alcohol)
[P(VAc-co-VA)] were prepared by dissolving in chloro-
form, subsequently drying at room temperature for 2 days
and then in vacuum oven at 40 °C for 5 days.

2.2. Preparation of P(VAc-co-VA)

P(VAc-co-VA) copolymers were obtained by a hydroly-
sis of PVAc at 50 °C in acidic medium. PVAc (5 g/dl) was
dissolved in a 9/1 (v/v) solution of methanol—water and
hydrochloric acid was added to a concentration of 0.2 M in
the solution. The degree of hydrolysis was controlled by the
reaction time of 5, 10 and 15h. The products were
precipitated in water, followed by dissolution in methanol
and reprecipitation in water.

To determine the degree of hydrolysis, '*C NMR
measurements were carried out with VXR/Unity 300
spectrometer at 75 MHz in CDCl;. The intensity of the
peaks was determined from the integration curves.

2.3. Differential scanning calorimetry

Thermal characteristics of the blends were measured
using Perkin—Elmer DSC-7, previously calibrated with
indium and zinc. The polymer sample was heated at 190 °C
and kept for 5 min to eliminate thermal history, and then
was rapidly cooled to 0 °C. The actual measurement was
performed during a second heating from 0 to 190 °C at a
heating rate of 10 °C/min. For the isothermally crystallized
samples, only second scans were performed.

2.4. Polarized optical microscopy

The sample was first melted on a hot stage at 190 °C for
Smin and then rapidly transferred to another hot stage
equilibrated at given crystallization temperature. After
annealing for given time periods, the spherulite morphology
was observed using Nikon polarized light microscope
(OPTIPOTO-POL).

To observe the phase separation more clearly, P(VAc-co-
VA) were coated with platinum on the surface of the
samples after etching in methanol/water solution (9/1 v/v)
for 5 min. Etched samples were examined under scanning
electron microscope (SEM).

2.5. Synchrotron SAXS measurement

Synchrotron small angle X-ray scattering (SAXS)
experiments were performed at the SAXS beamline of the
Pohang Accelerator laboratory (PAL) in Pohang, Korea
[19]. The X-ray wavelength used was 0.154 nm and the
beam size at the focal point is less than 1 mm?, focused by a
platinum-coated silicon premirror through double crystal
monochromator. The scattering intensity was detected with
a one-dimensional Si diode-array detector with 2048
channels, and the distance between the heating chamber
and the detector was about 1.6 m for SAXS. The scattering
angle was calculated using a Bragg spacing of 65.3 nm of a
chicken tendon collagen as a reference peak for SAXS. The
blend samples were heated at a temperature above the
melting point of PLA (190 °C) and quickly moved into
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Table 1
Assignment of methylene carbon spectra of P(VAc-co-VA)

Table 2
The degree of hydrolysis of P(VAc-co-VA)

Peaks Chemical shift (ppm) Sample name Hydrolysis time (h)  The degree of hydrolysis (%)
Ponyon) 45.0 P(Vac-co-VA)10 5 11.7
Pomyac) 429 P(Vac-co-VA)20 10 20.7
Piacyac) 39.2 P(VAc-co-VA)30 15 31.4

the heating chamber at the desired crystallization tempera-
ture. Isothermal crystallization measurements were carried
out for 40 min and the scattering profiles were monitored
with exposure times of 10 s.

3. Results and discussion
3.1. °C NMR analysis

In the >*C NMR spectra of PVAc and P(VAc-co-VA), the
most interesting region is known to that of the methylene
region (38—46 ppm) [20—22]. The three well-defined peaks
of the methylene region have been assigned to the three
dyad sequences (OH, OH), (OH, Ac), (Ac, Ac) as denoted in
Table 1. The mole fractions of the dyad sequence can be
calculated from the integrated intensities of the three peaks.
The vinyl alcohol content (OH) for the copolymers can be

!
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Fig. 1. 3C NMR spectra of the methylene region for P(VAc-co-VA).

derived as following equation:

OH, A
(OH) = (OH, OH) + % (1)
The block character of the copolymers is obtained by the

expression:

(OH, Ac)

= 2(0H)(Ac) 2)

where m is a measure of deviation from the random
character [23]. It takes 0 = n < 1 for the block distribution;
1 = 0 for block copolymers; n = 1 for completely random
distributions; and 1 < 7 = 2 for alternate-like structures.
Fig. 1 showed the '>C NMR spectra of the methylene
region of P(VAc-co-VA) on the hydrolysis time. For neat
PVAc, only one peak was observed at 39.2 ppm correspond-
ing to (Ac, Ac). The peak of (OH, Ac) dyads was observed
at 43 ppm and the peak area increased proportionally with
the hydrolysis time. However, the peak at about 45 ppm,
which is corresponding to (OH, OH) dyad, did not appear
even for the reaction time of 15h, suggesting that the
copolymer had a completely random distribution. The 7
values calculated by Eq. (2) were higher than unity. We
could confirm that the acid hydrolysis was an adequate
method for obtaining a random distribution. The vinyl
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Fig. 2. DSC thermograms of PLA/PVAc blends.
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Table 3

Thermal characteristics of PLA/PVAc blends

Mixing ratios of PLA/PVAc T, (°C) T, CC) AH; (J/g)
100/0 62.8 176.1 27.1
90/10 58.1 171.0 26.3
80/20 494 168.0 19.0
70/30 46.5 166.7 14.3
60/40 44.9 166.4 9.0
50/50 429 166.6 4.8
30/70 38.9 166.0 -
0/100 35.3 - -

alcohol content for the copolymers was calculated by Eq. (1)
and was shown in Table 2. It increased proportionally
with the hydrolysis time. For the hydrolysis time of 15 h,
the content of vinyl alcohol was about 30%. We used
the copolymer hydrolyzed up to 30% because higher
hydrolyzed samples were not dissolved in chloroform as a
co-solvent for blending with PLA.

3.2. Differential scanning calorimetry

Fig. 2 presented the DSC thermograms of PLA/PVAc
blends and their characteristic values were denoted in
Table 3. A single glass transition was observed for all the
blends compositions. In particular, 7, of the blends is
dependent on the blend composition, which indicated the
PLA/PVA system to be miscible in the entire composition
range. In general, the blend miscibility is often quantified by
analyzing its dependence on composition. Traditionally,
equations based on the free volume hypothesis have been
used to model the composition dependence of the glass
transition temperature. They are expressed as the Fox [24]
and the Gordon—Taylor equation [25]. The Fox equation is

T (°C)

g

PVAc Content (wt%)

Fig. 3. Variables of the glass transition temperature with blend
composition.

as follows:

1 7% W,

=ty 2 3)
Tg Tgl Tg2

where W; is the weight fraction of component i, 7, is the
blend 7, and Ty, is the glass temperature of neat component
i. This equation assumes that the specific heats of the two
components are identical. The Gordon—Taylor equation is:

W\ Ty + kW, Ty,

4
& W, + kW, @)

where the G-T parameter k is formally equal to Aa,/Aq,
and A« is the difference in the thermal expansion coefficient
between the liquid and glassy states at T,;. Generally, k is
often used as a fitting parameter. In Fig. 3, the solid line
showed the calculated curve by the Fox equation and the dot
line represented the best fit curve by the Gordon—Taylor
equation, which was obtained with a value of k= 2.8.
Gajria et al. [4] have been reported that the T, curve with
various blend compositions was in good agreement with
values calculated by the Fox equation. However, in our
work, the observed values were consistent with those
calculated by the Gordon—Taylor equation using a value of
k = 2.8 rather than those by the Fox equation.

When the PVAc content increased, the melting point of
PLA was considerably lowered and the heat of fusion
decreased. Generally, in miscible blends, the melting point
of the crystalline component and the crystallization rate
decreased in comparison with pure polymer as a result from
favorable thermodynamic interactions at crystal fronts.

Fig. 4 presented the DSC thermograms of the blends of
PLA and P(VAc-co-VA). In the case of the PLA/P(VAc-co-
VA)10 blend (Fig. 4(a)), a single glass transition was
observed at 90/10 composition. But when the P(VAc-co-
VA)10 content was more than 10%, double T, were clearly
observed, suggesting that PLA and P(VAc-co-VA)10 were
immiscible at these compositions. The melting point of the
PLA component decreased slightly due to favorable
interactions of the P(VAc-co-VA)10 component.

For the PLA blends with P(VAc-co-VA)20 (Fig. 4(b)),
double 7, were observed in the entire composition range,
indicating that the 20% hydrolyzed PVAc copolymer was
immiscible with PLA in all the compositions. In the case of
PLA/P(VAc-co-VA)30 blends in Fig. 4(c), the glass
transitions looked just like a single transition at 90/10 and
30/70 compositions. But these results seemed to be due to a
decrease in the difference of the T,s between PLA and
P(VAc-co-VA)30, in fact, the T, for P(VAc-co-VA)30
increased as an extent of about 20 degree compared with
neat PVAc by introducing vinyl alcohol group. We thought
that the PLA/P(VAc-co-VA)30 blends was also immiscible
in all the compositions. In conclusion, introduction of
vinyl alcohol groups into PVAc lead to immiscible blends
with PLA.

Flory—Huggins interaction parameter (y) is known as
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Fig. 4. DSC thermograms of (a) PLA/P(VAc-co-VA)10 blends, (b) PLA/P(VAc-co-VA)20 blends, (c) PLA/P(VAc-co-VA)30 blends.

another method for estimating the polymer blend miscibility.
Melting point depression is one of the most widely used
techniques for measure y because of its simplicity. This
approach is based on the assumption that the melting point
depression is caused by the thermodynamics mixing of the
miscible polymer. Two different methods are often employed
to obtain the equilibrium melting point 72. The first is the

Gibbs—Thompson approach [26] in which the T, is obtained
from the intercept of a plot of the reciprocal of lamellar
thickness versus T,,. The more popular approach is the
Hoffman—Weeks extrapolation [27] in which Tr?1 is derived
from a plot of T}, versus 7. In order to apply Flory—Huggins
theory [28] to our blend systems, the isothermal crystallization
was carried out at the temperature range of 120—160 °C.
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Fig. 5. Hoffman—Weeks plots for PLA in its blends with (a) PVAc, (b)
P(Vac-co-VA)10 at various compositions.

Fig. 5(a) showed the Hoffman—Weeks plots for PLA and
its blends with PVAc at various compositions. The
equilibrium melting point 7% was obtained from the
intersection of this line with the T,, = T, equation. T2, for
neat PLA was about 203 °C, which was slightly lower than
previously reported values in the range from 207 to 212 °C
[29]. In the blends, the equilibrium melting point decreased
largely in the early stage but this depression was decreased

0.05F |AH'Y, 1 B 1 In ¢, N L_]i{j
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] S 'S

O
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[ ]
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9,

Fig. 6. Plots according to Flory—Huggins equation for PLA/P(VAc-co-VA)
blends at various compositions.

with increasing PBS content. The maximum extent of this
melting point depression was about 23 degree in the 30/70
blends, where T, was 179.4 °C. In the case of PLA/P(VAc-
co-VA)10 blends as shown in Fig. 5(b), the melting point
depression was smaller than that of PLA/PVA blends. At the
30/70 compositions, the extent of the depression was about
13 degree. For the blends with copolymers containing
higher vinyl alcohol content, the melting point depression
was not observed. We could obtain the Flory—Huggins
interaction parameters with the T2 of the blends.

According to the Flory—Huggins theory, the melting
point depression of crystallizable component in compatible
blend with non-crystallizable component can be written as
follows.

1

0 0
Tm(blend) Tm(pure)

_ RV2 [ln ¢2 + ( 1
~ AHOV,

- i)qbl +xl2¢%] (5)
my my m
Where AH° is the heat of fusion of the crystalline
component, V is the molar volume of the repeat unit, and
m and ¢ are the degree of polymerization and volume
fraction, respectively. In order to determine the interaction

parameter xi,, Eq. (5) can be rewritten as follows.

AHV, 1 1 In ¢, 1 1
| TRy, 70 T 70 Hl—— |
2 m(blend) m(pure) m; my nmy

= X121 (6)

Subscripts 1 and 2 refer to the non-crystalline (PVAc or
P(VAc-co-VA)) and crystalline(PLA) polymers, respectively.
If the interaction parameter is independent of blend compo-
sition, a plot of the left-hand side versus ¢? in Eq. (6) should
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Table 4

Interaction parameters of PLA/P(VAc-co-VA) blends

Sample name X12
PLA/PVACc —0.10
PLA/P(VAc-co-VA)10 —0.04
PLA/P(VAc-co-VA)20 0.029
PLA/P(VAc-co-VA)30 0.007

give a straight line, of which the slope is equal to yj,. The
values of the left-hand side of Eq. (6) from the experimental
melting points were calculated using the following parameter
values: AH® = 120 J/em® [30], m; = 1942, m, = 5097,
V, = 72.3 cm®*/mol, and V, = 57.14 cm*/mol. The volume

Time (min)

q (nm”)

(@)

w
o

Time (min)
N
o

10

0.0 02 04 06 08 1.0 1.2
q (nm")

(©

fractions were calculated from weight fraction using the
densities of PLA and PVAc.

Fig. 6 presented the plots of Eq. (6) using the
experimental melting temperature of PLA component in
PLA/P(VAc-co-VA) blends. The interaction parameters
could be obtained from a slop of linear fitting line (solid
line) and were represented in Table 4.

In the case of PLA/PVAc blend, the linear fitting line
had some deviation from actual values, which implied
that y was not independent of the blend composition. In
addition, the intercept at ¢? = 0 was not a negligible
value, indicating that the depression of the melting point
was influenced not only by the interaction between two
polymers but also by the morphological effect such as
smaller lamellar thickness. But its slope was a certainly

Time (min)

0002 04 06 08 10 55
q (nm")

Time (min)

00 02 04 06 0.8 10 1.2
q (nm")

(d)

Fig. 7. Evolution of Lorentz-corrected SAXS profiles of (a) neat PLA, (b) PLA/PVAc 90/10, (c) PLA/PVAc 70/30, (d) PLA/PVAc 50/50 isothermally

crystallized at 120 °C.
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Fig. 8. Morphological variables of (a) neat PLA, (b) PLA/PVAc 90/10, (c) PLA/PVAc 70/30, (d) PLA/PVAc 50/50 isothermally crystallized at 120 °C. The
scattering invariant (Q), long period (L), lamellar thickness (/.) and amorphous layer thickness (/,) were obtained from the correlation function.

negative value of —0.10. This indicated that the
PLA/PVAc polymer blends were thermodynamically
miscible, which was consistent with the DSC results
showing single 7, in all the composition range.

PLA/P(VAc-co-VA)10 blends also exhibited a nega-
tive value. But the value was near zero and the melting
point depression plot shown in Fig. 6 indicated a non-
linear behavior and had a non-zero y-intercept. There-
fore, considering DSC results showing double 7, at
more than 10% of the P(VAc-co-VA)10 content, PLA/
PVAc polymer blends seemed to be partially miscible,
which was dependent on the composition. For the
blends with copolymers containing higher vinyl
alcohol content, the interaction parameters showed
positive values, suggesting that the blends are thermo-
dynamically immiscible. These blend systems could be
expected to show a phase separation behavior in the
molten state.
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Fig. 9. Plot of morphological parameters as a function of PVAc content for
PLA/PVAc blends isothermally crystallized at 120 °C for 35 min.
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Fig. 10. Evolution of Lorentz-corrected SAXS profiles of (a) PLA/P(VAc-co-VA)10 70/30, (b) PLA/P(VAc-co-VA)20 70/30, (c) PLA/P(VAc-co-VA)30

70/30, isothermally crystallized at 120 °C.

3.3. Synchrotron small angle X-ray scattering analysis

All the synchrotron SAXS data were corrected by the
background including a dark current and an empty beam
scattering, and were plotted as a smoothed Lorentz-
corrected form, Iq2 vs g, where g = 4m/\sin(6/2)
(6 = scattering angle, A = wavelength). Fig. 7 displayed
the evolutions of Lorentz-corrected scattering profiles for
PLA/PVAc blends during isothermal crystallization at
120 °C for 40 min. For the neat PLA (Fig. 7(a)), a scattering
peak around g = 0.2-0.5nm!' started to appear after
10 min and the intensity increased gradually and the peak
position shifted gradually to larger scattering vectors (q)

with time. The scattering profiles of the PLA/PV Ac blends
showed similar behavior to that of neat PLA. However, the
overall peak intensity decreases and the peak positions
shifted slightly to lower ¢ with increasing the PVAc
composition.

To discuss the crystallization kinetics, the invariant Q,
which is convenient to employ the integrated scattering
intensity, was calculated as follows:
0= JO 7*I(q)dg (7)
In addition, to investigate morphological changes during the
isothermal crystallization in more detail, the morphological
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Fig. 11. Morphological variables of (a) PLA/P(VAc-co-VA)10 70/30, (b) PLA/P(VAc-co-VA)20 70/30, (c) PLA/P(VAc-co-VA)30 70/30, isothermally
crystallized at 120 °C. The scattering invariant (Q), long period (L), lamellar thickness (/) and amorphous layer thickness (/,) were obtained from the

correlation function.

parameters including the long period, the average lamellar
thickness and the amorphous-phase thickness were calcu-
lated from the normalized one-dimensional correlation
function (7(r)) evaluated from the scattered intensity 1(gq)
by the following equation [31]:

1 2
Y = (2—) jqzl(mcos(qr)dq ®)
ar

where r is the correlation distance.

As the experimentally accessible g range was finite, it
was necessary to extend the data to both lower and higher ¢
values. The intensity versus g data were linearly extra-
polated from the smallest measured g value to zero. Large ¢
values were damped to infinite g by using the Porod law
(¢~* decay) [32]. The average long period (L) was
determined by first maximum in the correlation function,

and the average lamellar thickness (/) was determined from
x-axis values of an intersection point between tangent-line
at y(r) =0 and tangent-line at first minimum in the
correlation curve. The amorphous phase thickness (/,)
could be calculated with L and [, (I, =L — 1.).

Fig. 8 presented the morphological parameters for PLA/
PVAc blends obtained from the correlation function. For
neat PLA (Fig. 8(a)), the scattering invariant exhibited a
sigmoidal increase with time, and the long period and the
lamellar thickness displayed the high values at the early
stage of crystallization and then rapidly decreased as
crystallization proceeded. Other researchers have already
reported this morphological behavior at the initial crystal-
lization stages [33,34]. The scattering at the beginning of
crystallization would be attributed to the thermal fluctuation
leading to the electron density difference, which reflected to
a high long period on the SAXS profile. As the isothermal
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Fig. 12. Polarized optical micrographs of PLA/PVAc blends, isothermally crystallized at 130 °C for various time; (a) neat PLA for 30 min, (b) 70/30 for

50 min, (¢) 50/50 for 70 min, (d) 30/70 for 90 min.

crystallization proceeded, the progressive addition of
subsidiary thin lamellae along the dominant ones would
result in a progressive decrease of the long period and the
average lamellar thickness.

In the case of PLA/PBAc blends, the increased rate of the
invariant with time became slower and the invariant at
40 min decreased with the PVAc composition, indicating
that amorphous PVAc would lower the crystallization rate
due to the favorable thermodynamic interaction at the
crystal fronts. In addition, the morphological parameters
including the long period, the average lamellar thickness
and the amorphous layer thickness increased with increas-
ing the PVAc content. The effect of PVAc composition on
the morphological parameters for + = 35 min was demon-
strated in Fig. 9. The amorphous layer thickness increased
up to 41% at 50 wt% PVAc content, meaning that most
PV Ac components located in the interlamellar regions after
the PLA component crystallized.

The lamellar thickness also increased from 6.7 to 8.3 nm
with the PVAc content. An increase in lamellar thickness by
blending has been reported for systems such as poly(ethylene
oxide) (PEO)/ethylene—methacrylic acid copolymer

(EMAASS), PEO/styrene-p-hydroxystyrene copolymer
(SHSS50) [35], poly(vinylidene fluofide) (PVF2)/poly(1,4-
butylene adipate) (PBA) [36] and polycaprolactone (PCL)/
poly(vinylphenol) (PVPh) [37]. The lamellar thickening by
blending has been explained by the depression of equilibrium
melting point, which was particularly effective in systems
involving strong interactions [37].

Fig. 10 showed the evolutions of Lorentz-corrected
scattering profiles for PLA/P(VAc-co-VA) 70/30 blends
during the isothermal crystallization at 120 °C for 40 min,
and the variation of the morphological parameters obtained
from the correlation function were presented in Fig. 11. The
morphological parameters for all the blends exhibited the
similar values to those of neat PLA. This result suggests that
hydrolyzed P(VAc-co-VA) did not affect the crystallization
behavior of PLA. As mentioned earlier, T, observation or
melting point depression methods indicated that these blend
systems were immiscible in this composition, so that a phase
separation between PLA and P(VAc-co-VA) seemed to
occur first from the molten state. So, we thought that the
PLA crystallization seemed to occur selectively in the PLA-
rich phase.
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Fig. 13. Polarized optical micrographs of (a) PLA/P(VAc-co-VA)10 70/30,
(b) PLA/P(VAc-co-VA)20 70/30, (c) PLA/P(VAc-co-VA)30 70/30,
isothermally crystallized at 130 °C for 30 min.

3.4. Morphology of the blends

Fig. 12 presented the polarized optical micrographs of
PLA/PVAc blends at various compositions, after crystal-
lization at 130 °C for 30—90 min. The spherulites of neat
PLA showed the familiar Maltese cross birefringence and a
good fibril structure grown radially. With increasing PVAc
content in the blends, the texture of PLA spherulites become

coarser and Maltese cross was disrupted. This texture
seemed to be similar to the coarse grained structure of neat
PLA crystallized at higher temperature than 150 °C [38].
This might be brought by the low undercooling in the blends
due to a decrease in equilibrium melting point. In miscible
blends, the banding morphology or opened structure has
often been reported as an evidence of the interfibrillar
segregation of amorphous diluents [39—-41]. In the case of
PLA blend, Ohkoshi et al. [39] have been reported the
banding texture in the PLA/atactic PHB 75/25 blends,
which was not apparent in the spherulite of neat PLA, and
suggested that the addition of atactic PHB induced the
periodic torsion of growing PLA lamellae. In the PLA/
PVAc blends, this banding and opened morphology were
not observed. In addition, the long-term crystallization led
to the volume filling spherulites even for 30/70 blends,
indicating that the interspherulitic segregation did not occur.
So, we thought that PVAc components dominantly located
in the interlamellar regions, which were consistent with
SAXS results as discussed above.

On the contrary, in the PLA/P(VAc-co-VA) blends the
texture of spherulite became rougher and the overall
brightness of polarized light significantly decreased with
increasing the vinyl alcohol content in the P(VAc-co-VA)
component, as shown in Fig. 13. Additionally, the boundary
of the spherulite looked open and unclear. In particular, the
spherulites did not fill the volume completely at more than
30% P(VAc-co-VA) content, even after the isothermal
crystallization for 24 h. These results suggested that the
P(VAc-co-VA) component located dominantly into the
interfibrillar regions and was expelled out of PLA
spherulites with increasing the P(VAc-co-VA) content, as
PLA and P(VAc-co-VA) were not miscible with each other.

Fig. 14 showed the SEM photographs of PLA/P(V Ac-co-
VA) 70/30 blends extracted by methanol/water solution (9/1
v/v) for 5 min. The methanol/water solution is a good
solvent for neat PVAc and P(VAc-co-VA) but a poor one
for PLA; thus we could selectively remove neat PVAc or
P(VAc-co-VA) components from the blends and observe
the remaining morphology. PLA/PVAc blends displayed
smooth surfaces, indicating that the blend formed a
homogeneous mixture. But in the case of PLA/P(VAc-co-
VA) blends, we could observe voids which were placed by
P(VAc-co-VA) domains extracted by methanol/water
solution, and the domain size became larger with increasing
the vinyl alcohol content in P(VAc-co-VA) component.
That is, the phase separation became more significant with
the vinyl alcohol content. For 30% vinyl alcohol content, a
large number of P(VAc-co-VA) domains were regularly
distributed with a size of about 10 wm.

4. Conclusions

PLA was blended with PVAc and P(VAc-co-VA) and the
miscibility, the crystallization behavior and morphology
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Fig. 14. SEM photographs of (a) PLA/PVAc 70/30, (b) PLA/P(VAc-co-VA)10 70/30, (c) PLA/P(VAc-co-VA)20 70/30, (d) PLA/P(V Ac-co-VA)30 70/30.

were investigated by means of differential scanning
calorimetry, synchrotron SAXS techniques, polarized
optical microscopy and scanning electromagnetic
microscopy.

PLA/PVAc blends were miscible systems for the entire
composition regions, but for the blends with even 10%
hydrolyzed PVAc copolymer the phase separation and
double glass transition were observed.

With increasing neat PVAc content, the heat of fusion
decreased and the melting peaks shifted to lower
temperature in PLA/PVAc blends. The interaction
parameters exhibited negative values for up to 10%
hydrolyzed PVAc copolymer, but the values increased to
positive ones with increasing the degree of hydrolysis.
SAXS analysis and polarized optical microscopy obser-
vation indicated that a considerable amount of PVAc
components located in the interlamellar region. But
P(VAc-co-VA) component was expelled out of the
interfibrillar regions of the PLA spherulites in PLA/P-
(VAc-co-VA) blends.

SEM analysis revealed that the significant phase
separation occurred at the high degree of hydrolysis. In
the case of PLA/P(VAc-co-VA)30 blend with 70/30
composition, the P(VAc-co-VA)30 copolymer formed the
regular domains with a size of about 10 pm.
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