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ABSTRACT Renewable composites were prepared by melt blending of polylactide and soybean oil. The blend morphology was tuned
by the addition of poly(isoprene-b-lactide) block copolymers. Due to the extreme difference in the viscosities of soybean oil and
polylactide, a critical block copolymer composition was found to induce a phase inversion point at which the minor soybean oil
phase became the matrix surrounding polylactide particles. This transition was due to the thermodynamic interactions between the
block copolymer and the two phases and shear forces acting on the mixture during blending. The size of the soybean oil droplets in
the polylactide matrix was also highly dependent on the block copolymer composition. In binary polylactide/soybean oil blends,
there was a limiting concentration of soybean oil that could be incorporated into the polylactide matrix (6 % of the total blend weight),
which could be increased up to 20% by the addition of block copolymers.
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INTRODUCTION

n recent years, there has been an increasing emphasis
I on finding alternatives to replace traditional nondegrad-

able petroleum-based plastics. Of great interest and
environmental importance are renewable feedstocks for
polymeric raw materials (1—>5). Polylactide is one of the
most extensively studied polymers derived from an annually
renewable resource because of its biocompatibility and
biodegradability for biomedical applications as well as its
competitive physical properties (6—8).

The broad application of poly(i-lactide) (PLLA) as a com-
modity polymer has been limited because of its brittle
nature. Many approaches have been taken to develop
toughening agents for increasing the impact strength of PLLA
(9). The effects of the polymer stereochemistry, processing
history, and addition of plasticizers have all been studied (9).
In addition, PLLA has been blended with nondegradable,
nonrenewable materials such as polyethylene (10), polyure-
thanes (11), and poly(ethylene oxide) (12) with significant
improvements in the tensile toughness and impact strength.
Biodegradable blending partners have also been explored,
with much emphasis on the use of poly(e-caprolactone) (13).
There are fewer examples in the literature of renewable
toughening agents for PLLA. However, blends of PLLA with
poly(hydroxyalkanoates) (14), microbially derived polymers,
and the partially renewable poly(butylene succinate) (15)
have been explored. Recently, moderate improvements
in the elongation at break of PLLA were gained by the
addition of epoxidized soybean oil (16). In the past,
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soybean oil and epoxidized soybean oil have been blended
with other degradable and/or renewable polymers such
as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (17) and
poly(L-lactide-co-caprolactone) (18). The challenge re-
mains to find a completely renewable and biodegradable
toughening agent that when blended with PLLA, will result
in similar properties that are obtained with nonrenewable
and nonbiodegradable modifiers.

The focus of this paper is to utilize annually renewable
and biodegradable vegetable oils as blending partners for
PLLA. The derivation of new materials from vegetable oils
has been a subject of much interest in the literature (19—21).
A vegetable oil is a mixture of triglycerides with varying
degrees of unsaturated fatty acids. Among the family of
vegetable oils, of particular interest is the use of soybean oil
(SOY) because of its abundance and low cost. The production
of SOY is slightly greater than 30 % of the global production
for all vegetable oils (22). Around 84 % of fatty acids in SOY
are oleic, linoleic, and linolenic acids possessing 4.6 non-
conjugated C=C bonds on average per triglyceride molecule
(21), which allows for the reaction with other monomers and
chemical modification such as epoxidization, maleinization,
and acrylation (19—21). In this article, SOY is used as a raw
material without chemical modification.

The mechanical properties of blends of immiscible ma-
terials are highly dependent on the morphology. In blends
consisting of droplets of one component incorporated into
a matrix of the second component, key parameters are the
particle size of the dispersed phase and the matrix ligament
thickness, which is the distance between the droplets. The
impact strength of an immiscible polymer blend, which is a
measure of the material toughness, is dependent on one or
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both of these parameters, depending on the nature of the
matrix polymer (23—25).

In the present study, the morphologies of PLLA/SOY
blends are probed. Many parameters affect the blend mor-
phology such as the interfacial tension between the two
phases, blend composition, blend preparation technique
such as solvent casting or melt mixing, and ratio of the
viscosities of the two phases (26, 27). The final blend
morphology can also be greatly affected by droplet coales-
cence (28, 29). Blending two materials with highly different
viscosities leads to additional challenges because there is a
fundamental limit on the volume fraction of the less viscous
component (SOY) that can be distributed in the more viscous
matrix (PLLA). Phase inversion in a binary mixture, beyond
which the dispersed minority phase droplets are converted
into a continuous phase, can be approximated by a simple
empirical equation given by

@a My, D

— = 1
@ NA7, D =

where @; is the volume fraction and #; is the viscosity of each
component 7 at a shear rate y and temperature T, respec-
tively (30). Phase inversion is expected when the volume
fraction ratio approaches the viscosity ratio. Equation 1,
originally developed for binary polymer blends with closely
matched viscosities, has been modified to describe blends
with more disparate viscosities (30). Phase inversion has
been documented in several binary homopolymer blends
in the quiescent condition and under shear (31—33). The
viscosities of PLLA and SOY differ by roughly 5 orders of
magnitude, and thus it is expected that phase inversion
could occur at a very low level of SOY.

Due to the immiscibility of PLLA and SOY, as determined
in this study, we used a block copolymer [poly(isoprene-b-
lactide) (ILLA)] as a blend compatibilizer. We show that the
Flory—Huggins interaction parameter, y, between SOY and
polyisoprene (PI) is small enough to result in miscibility
between the PI block and SOY domains. The effect of the
block copolymer composition on the interfacial tension of a
system of two A/B immiscible polymers and the correspond-
ing A-b-B diblock copolymer has been previously studied
(34, 35). In ref 34, self-consistent-field theory (SCFT) calcula-
tions showed that there is a balance point in terms of the
block copolymer composition at which the saturated block
copolymer monolayer at the homopolymer interface has a
zero spontaneous curvature. At this balance point, the
interfacial tension becomes vanishingly low. Moreover, the
interfacial tension (a sensitive function of molecular param-
eters such as the molecular weight of each component,
Flory—Huggins interaction parameter y, and statistical seg-
ment lengths of monomer segments) parabolically increases
as the block copolymer composition begins to deviate from
the balanced composition. We show that the composition
of the block copolymer is a key parameter for controlling
the morphology of PLLA/SOY/ILLA blends and also for the
suppression of phase inversion in these blends.
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In this paper, we discuss the morphology of PLLA and
SOY blends prepared by melt mixing and compatibilization
with ILLA block copolymers. The Flory—Huggins interaction
parameters for all of the blend components are character-
ized by cloud-point measurements. We find that phase
inversion in the compatibilized blends is dependent not only
on the presence of shear forces during mixing but also on
the block copolymer composition.

EXPERIMENTAL DETAILS

Synthesis and Characterization of Blend Components.
Wesson soybean oil (SOY) was purchased in a local grocery
store and used without further purification. The poly(L-lactide)
(PLLA) homopolymers were synthesized by ring-opening po-
lymerization of L-lactide (36). L-Lactide (Aldrich) was recrystal-
lized from ethyl acetate before use. In a glovebox, 1.0 M L-lactide
was dissolved in toluene in a high-pressure vessel with a 1:2
mole mixture of triethylaluminum (AlEts) and benzyl alcohol.
After it was tightly sealed with a Teflon cap, the vessel was
transferred to an oil bath outside of the glovebox at 90 °C and
heated with stirring for 3 h. The reaction was terminated with
acidic water, vigorously washed with distilled water, and puri-
fied through a silica column. After concentration in a rotary
evaporator, residual solvent was removed by drying in a
vacuum oven at 80 °C for 3 days. A typical lactide conversion
was about 80%. For melt blending in a DACA mixer, com-
mercial-grade PLLA was supplied as pellets by Toyota Motor
Corp. The polyisoprene (PI) homopolymers were synthesized
by anionic polymerization. Isoprene monomer (Aldrich) was
purified by sequential distillation from calcium hydride at room
temperature and n-butyllithium (Aldrich) twice at 0 °C. The
reaction was initiated with sec-butyllithium (Aldrich), carried out
in cyclohexane at 40 °C for 6 h under an argon atmosphere,
and terminated with degassed acidic methanol.

Poly(isoprene-b-lactide) (ILLA) block copolymers were syn-
thesized by a combination of anionic and ring-opening polym-
erization (37). Hydroxyl-terminated PI (PI—OH) was prepared
as a macroinitiator using anionic polymerization. The PI living
chains, which were synthesized in a 1 L reactor as described
above, were end-capped with excess 50 M ethylene oxide
(Aldrich) that had also been purified over calcium hydride for
4 hat0 °C. After stirring at room temperature for an additional
12 h, the reaction was terminated with acidic methanol. Once
completely dried in a vacuum oven for 3 days, PI—OH was used
to synthesize a series of ILLA block copolymers with different
block compositions by attaching varying amounts of L-lactide
using the procedure described above. The polymerization was
quenched with 2 N acidic water after 6—12 h of reaction time
(75—80% conversion) depending upon the concentration of
AlEt; and precipitated in a 3:1 by volume mixture of methanol/
isopropyl alcohol.

The number-average molecular weight (M) of the homopoly-
mers and the fraction of 1,4 regioisomer (>93%) in the PI
homopolymers were determined from 'H NMR spectroscopy.
The polydispersity index (PDI = M,,/M,, where M,, is the weight-
average molecular weight) was measured using a Hewlett-
Packard 1100 series size-exclusion chromatograph equipped
with a Hewlett-Parkard 1047A refractive index detector using
chloroform as the mobile phase at 35 °C. The characteristics
of the block copolymers are listed in Table 1. The block
copolymer composition fp 4 was determined from 'H NMR
spectroscopy. All of the block copolymers in Table 1 have the
same PI block (M, = 5900 g/mol and PDI = 1.08). The com-
mercial PLLA pellets supplied by Toyota had the following
characteristics: My, = 54 kg/mol and PDI = 1.73, both of which
were measured based on size-exclusion chromatography (SEC)
data using polystyrene standards. For all other polymers dis-
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Table 1. Material Characteristics of Block
Copolymers®

sample Mpy1a (kg/mol) PDI Sruia
ILLA42 5.9 1.12 0.42
ILLA53 9.1 1.10 0.53
ILLA55 10.0 1.11 0.55
ILLA59 11.7 1.13 0.59
ILLA62 13.1 1.13 0.62
ILLA63 14.2 1.13 0.63
ILLA66 16.1 1.16 0.66
ILLA70 19.1 1.18 0.70
ILLA74 22.7 1.18 0.74
ILLA8O 33.2 1.24 0.80

“ Mpua = number-average molecular weight of the PLLA block, PDI
= polydispersity index, and fp o = volume fraction of PLLA in ILLA
at 190 °C.

cussed in this paper, an absolute molecular weight is reported.
Molecular characteristics of the homopolymers used in cloud-
point measurements are given in the Supporting Information.

Blend Preparation. Melt blends were prepared by loading
4.0 g of the total sample in a DACA batch twin-screw mixer.
The blend components were continuously circulated by tapered
twin screws through a channel. The mixing torque and normal
force were read by a transducer positioned below the chamber.
The PLLA homopolymer (Toyota) was dried overnight in an
oven at 80 °C before blend preparation. Typical blend protocols
are as follows. The mixing speed and temperature were set to
100 rpm and 190 °C unless otherwise stated. In the case of
binary blends, PLLA pellets were initially homogenized for 3 min
under a nitrogen purge. Then SOY was added dropwise using a
glass pipet. For ternary blends, dry mixtures of PLLA/ILLA were
injected together and preblended for 5 min before the addition
of SOY. After 20 min, the blends were extruded and im-
mediately quenched in liquid nitrogen to preserve morphology.

Additional binary and ternary blends were prepared by
solvent-casting. A total of 1.0 g of sample was dissolved at 10
wt % in chloroform and cast onto Petri dishes. After 3 days,
the residual solvent in the blends was further dried at 60 °C in
a vacuum oven for 1 day. These samples were annealed in
vacuum-sealed glass ampules for morphology observation or
hot-pressed at 190 °C into disks with a diameter of 25 mm and
a thickness of 1.0 mm for dynamic mechanical analysis.

Determination of the Concentration of SOY in Binary
and Ternary Blends. A calibration curve was prepared by
analysis of the SEC data of PLLA and SOY blends with known
concentrations. The relative peak areas of PLLA and SOY at each
concentration were determined, and the ratio of the PLLA peak
area to the SOY peak area was plotted as a function of the SOY
concentration. For a binary or ternary blend of unknown SOY
concentration, the relative peak areas of PLLA and SOY were
used to determine the concentration of SOY from the calibration
curve.

Morphology Observation. The blend morphology was ob-
served using both a JEOL 1210 transmission electron micro-
scope and a JEOL 6500 scanning electron microscope operating
at accelerating voltages of 120 and 5 KV, respectively. The
middle section of a specimen was cryomicrotomed (Ultracut
Microtome, Reichert) using a diamond knife at —150 °C. For
transmission electron microscopy (TEM) micrographs, thin
slices with a thickness of 80 A were collected on 400 mesh
copper grids using an eyelash and stained with vapor from a
4% aqueous solution of osmium tetroxide (OsOy) for 30 min.
The PI and SOY domains were preferentially stained. In TEM
images, PI appears dark, SOY gray, and PLLA white. For
scanning electron microscopy (SEM) micrographs, a polished
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surface of the specimen was coated with platinum of ap-
proximately 50 A thickness. The SOY droplets were usually
removed from the surface during the microtoming process
because of the weak adhesion between the PLLA and SOY
domains and thus were observed as holes in the SEM images.
Phase-inverted samples were left at ambient temperature for a
couple of months until the SOY matrix became hard enough to
microtome. Staining with OsO,4 was attempted likewise to give
a contrast between the SOY and PLLA domains. In the SEM
images on the phase-inverted samples, the PLLA droplets
appear dark while the SOY phases appear white.

Image Analysis. Image analysis of the SEM micrographs was
conducted using Scionmage software. The cross-sectional area
A;of each individual particle i was measured and converted into
an equivalent diameter D; = 2(A,/m)'"? of a sphere. The volume-
average diameter D, was calculated by

30
== @)

20

D

where n = 100—500. The volume-average diameter is used
because it places more weight on the larger particles than the
number-average diameter. No further correction of D; was made
for the underestimation of D; because of the two-dimensional
projection of the sphere. Additionally, particles of a size too
small to be observed at the magnification chosen have been
neglected.

Differential Scanning Calorimetry (DSC). DSC analysis (TA
Instruments Q1000 under nitrogen gas at a scan rate of 10 °C/
min from 0 to 220 °C) was used to determine the glass
transition temperature of the PLLA postblending.

RESULTS AND DISCUSSION

Determination of the Flory—Huggins Interac-
tion Parameter y. Cloud-point data were obtained from
PLLA/SOY and PLLA/PI binary blends following the proce-
dure described in the Supporting Information. The charac-
teristics of the polymers used in the measurements are given
in Table S1 in the Supporting Information. The temperatures
at which the blends transitioned from phase-separated to
homogeneous (as indicated by a transition from cloudy to
clear) are given as a function of the PLLA concentration in
Figures S1 and S2 in the Supporting Information. The
expressions for the theoretical binodal curves, determined
from the Flory—Huggins free-energy expression (38, 39),
were fit to the data with y as an adjustable parameter. The
temperature dependencies of ysovipLia and XpypLLa are given
in Figure 1. Independent measurements of the y parameters
are in good agreement with one another. Direct evaluation
of x from cloud-point measurements was not successful in
the case of PI/SOY because they were always completely
miscible at room temperature up to a PI molecular weight
of 41 kg/mol. Blends were not prepared with PI homopoly-
mers of larger molecular weight. Instead, we provide a crude
estimate of ypisoy, relying upon the self-consistency of
solubility parameters d; of component i, following eq S2,
assuming that y; ~ v(d; — 0)* is satisfied for all components.
The predicted ypysoy is shown as a dashed line in Figure 1.
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FIGURE 1. Flory—Huggins interaction parameters, xpypiia (O, P12/
PLLA3; @, PI1/PLLA1), ¥soyipLia (A, SOY/PLLA4; A, SOY/PLLA2), and
xeusoy (- - ) as a function of inverse temperature (solid curves are
the fit of y = A/T + B to the data).

Table 2. Summary of the Flory—Huggins
Interaction Parameters [y = A/T (K) + B]”

binary blends A B x (190 °C) temperature range (°C)
SOY/PLLA1 538 —0.810 0.35 176—231
SOY/PLLA2 538 —0.778 218—263
PI1/PLLA3 691 —1.060 0.43 178—224
PI2/PLLA4 633 —0.934 228—266
PI/SOY ° 125 —0.023 0.004 178—263

“Based on a reference volume of 163 A’. ” Predicted assuming a
self-consistency of solubility parameters.

values for all blends studied are summarized as a functional
form of y = A/T + B in Table 2.

Binary Melt Blending of SOY and PLLA. High-
molecular-weight PLLA (M,, = 54 kg/mol; PDI = 1.73) and
SOY were mixed in the DACA mixer, with the concentration
of SOY varying from 10 to 30 wt %. After mixing, a
substantial amount of pure SOY was always left in the
bottom of the DACA chamber. A calibration curve was
prepared for SEC analysis to determine the concentration
of SOY in the final blends. The raw SEC data are shown in
Figure 2a. The percentage given above each curve is the
calculated percentage of SOY in each blend after melt
mixing. Regardless of the starting concentration, the final
values are all around 6 wt % SOY (£1 wt %). In Figure 2b,
SEM image shows SOY droplets with a volume-average
diameter of 9.6 £ 7.0 um due to the large interfacial tension
between SOY and PLLA. The cryomicrotoming process
resulted in the removal of SOY from the sample, leaving
holes that are seen as dark circles surrounded by bright rings.
The size and amount of the SOY phase were more or less
consistent under various experimental conditions such as
the mixing speed, feeding rate of SOY, and total mixing
time.
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In principle, it is extremely difficult to efficiently blend
SOY and PLLA under external flow because of their large
mismatch in viscosity. For instance, the viscosity ratio (at
190 °C) of SOY (179) to PLLA (#7) iS a/fm ~ 107> at y = 50
s~! in simple steady shear. Although eq 1 is not explicitly
applicable to blends with a viscosity ratio far from 1, it is
predicted that at a critical concentration of SOY there should
be a phase-inversion point in the PLLA/SOY binary blend.
When SOY is added at a concentration of less than the
phase-inversion point, the morphology of the blend consists
of SOY particles in a PLLA matrix. As the concentration of
SOY is increased, eventually the phase-inversion point will
be reached, above which the expected morphology is PLLA
droplets in a SOY matrix. One explanation for the inability
to incorporate more than 6 wt % SOY in the blend is that
the phase-inversion point occurs at 6 wt % SOY. The
unincorporated SOY visibly leaks out of the mixer during the
extrusion of the sample and also after the mixer was opened
up. However, such a phase-inverted structure was not
explicitly observed, presumably because of the fact that the
stress acting on the PLLA particles during mixing might not
be high enough to break up PLLA into smaller domains (due
to the low SOY viscosity). One of the difficulties in com-
pounding a low-viscosity fluid into a polymer matrix is that
the fluid has the tendency to accumulate in the high-shear-
rate zones of the mixer, such as at the walls of the mixing
channel (40). It is likely that the excess SOY is simply
distributed around the mixing chamber, as evidenced by the
leakage of SOY upon removal of the sample. As a result, once
the critical value of 6 wt % SOY is added to the mixer,
additional SOY does not have an effect on the final morphol-
ogy or concentration of SOY incorporated into the blend. It
is worth noting that, based upon DSC experiments, no
plasticization of the PLLA matrix was observed in any SOY-
containing blend that we examined.

PLLA/SOY/ILLA Ternary Blends. In the ternary
blends, the emulsifying efficacy of the ILLA block copolymer
was controlled by varying the PLLA block molecular weight
at fixed PI block molecular weight. Ternary blends of PLLA/
SOY/ILLA were prepared by melt blending 5 wt % block
copolymer (based on the total blend weight) with the PLLA
pellets and subsequently adding 5—20 wt % SOY based on
the total blend weight. The morphologies of representative
ternary blends with a wt % of SOY (Wsoy) = 5 wt % are
shown in Figure 3. Asymmetric copolymers with fpi 4 > 0.74
led to only slight decreases in the SOY droplet size compared
to the binary blend. However, the droplet size was dramati-
cally reduced as fpia decreased until fpa reached 0.57.
When fp1a further decreased, phase inversion occurred
within a narrow range of fp; 4 between 0.55 and 0.57 (Figure
3d). At the phase-inversion point, the majority PLLA became
the dispersed phase and the minority SOY phase became
the continuous phase, resembling a foamy network struc-
ture. The SOY matrix does not provide enough mechanical
strength so that the phase-inverted composites were very
brittle (and crumbled when handled). Figure 3d also reveals
that the majority PLLA droplets were deformed into poly-
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FIGURE 2. (a) SEC data of binary blends for three different initial amounts of SOY: 10, 20, and 30 wt %. (b) SEM micrograph of a binary 80 %
PLLA/20% SOY blend, which contained 5.7 wt % of SOY after mixing.

L

FIGURE 3. SEM micrographs of ternary blends of PLLA (90 wt %)/SOY (5 wt %)/ILLA (5 wt %): (a) ILLA74; (b) ILLA70; (c) ILLA59; (d) ILLA55.
The PLLA phase appears dark in the phase-inverted blend (d) because of staining with OsOy,.

hedra, separated by thin SOY layers, because of the packing As the amount of SOY was increased to 10 and 15 wt %,
constraints of a dispersed phase with volume fraction >0.74, similar trends in blend morphology were observed. The SEM
the maximum volume fraction of closely packed hard images of these blends are shown in Figures S3 and S4 of
spheres. the Supporting Information. The average diameter of drop-
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FIGURE 5. (a) Weight percent of SOY (wsoy) incorporated and (b) volume-average drop diameter (D) as a function of fp;4 for ternary blends.
For both figures, the data symbols indicate the initial weight percent of SOY added to the mixer: 5% (@), 10% (M), 15% (A), and 20% (¢). Data
for 20% SOY are not shown in Figure 5b. Open symbols indicate phase-inverted samples, and solid symbols indicate normal samples. In
Figure 5a, the arrows indicate the wt % SOY initially added to the blend for each data set. The phase-inversion boundary is indicated as a
solid curve. Extrapolations to the phase-inversion boundary are indicated as dashed curves. The data points for 5 and 20% SOY are overlapping
at fria = 0.8. The phase-inverted blends containing initially 20 wt % SOY began to show signs of sedimentation of the PLLA particles
immediately upon removal from the mixer. The measurements of the weight percent of SOY incorporated were conducted on the top portion
of the sample, resulting in wgoy values of 20 wt % or greater. In Figure 5b, the dashed line indicates the average drop size of the binary blends

in the absence of block copolymer.

lets increased as the SOY concentration increased and the
phase-inversion point moved to higher fpia (roughly 0.62
and 0.68 for 10 and 15 wt % SOY, respectively). As the
packing constraint was released with an increasing volume
fraction of SOY, the original spherical shape was recovered
in the phase-inverted blends as shown in Figure 4. It was
also observed that some smaller-diameter SOY droplets
were included within the PLLA droplets with 15 wt % SOY.
At20wt % (i.e., 26 vol %) SOY, the phase-inverted blends
with fpia < 0.70 became very viscous at room temperature
because of sedimentation of the PLLA droplets, thus pre-
venting direct observation of the morphology. The thermal
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stability of three ternary blends (85% PLLA/10% SOY/5%
ILLA) was probed by annealing the blends at 190 °C for 1 h.
In all three cases, there was no evidence of coarsening of
the dispersed particle phase. The SEM images of the blends
after annealing are shown in Figure S5 of the Supporting
Information.

Figure 5a summarizes the weight fraction of SOY (Wsov)
actually incorporated into the ternary blends as a function
of the block copolymer composition fpiia (at 5 wt % block
copolymer). In contrast to the binary blends, nearly all of
the SOY could be emulsified in the final mixtures at fpi1a <
0.7. In blends containing ILLA block copolymers with fp1a
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0.1 um
[

%; (c) 3.9 wt %.

> 0.7, SOY was partially included, indicating the reduced
emulsifying capability of the block copolymer. Only when
the initial concentration of SOY was 5wt % (i.e., below the
proposed phase-inversion weight fraction in binary blends)
could all of the SOY be incorporated regardless of the block
copolymer composition.

The phase-inversion boundary suggested by SEM micro-
graphs is indicated by the solid curve in Figure 5a. An
additional indication of phase inversion during melt blending
was a sudden drop in the mixing torque and normal force.
The phase-inversion point monotonically shifted to higher
Jfrua with increasing wsoy. Only block copolymers with fpia
below a critical value are able to stabilize the phase-inverted
morphology. Above this critical value, the morphology
reverts to the normal morphology of SOY droplets in a PLLA
matrix.

In Figure 5b, the droplet size is plotted as a function of
Sfrua. The droplet size decreases and becomes more uniform
with decreasing fpiia. At constant blending conditions (such
as the temperature, mixing rate, and mixing time) (26, 27),
the droplet diameter primarily depends on the interfacial
tension between SOY and PLLA and the level of droplet
coalescence during mixing (28). The concentration of free
block copolymer chains, related to the critical micelle con-
centration of the block copolymer, is a function of the core
block molecular weight, which is held constant in this
experiment (41). To suppress the SOY droplet coalescence,
a larger PLLA block should be more efficient at suppression
of coalescence because of steric hindrance between block
copolymer brushes adsorbed at the matrix/droplet interface
(29). In Figure 5b, as fpia decreases, the molecular weight
of the PLLA block also decreases, but this results in a
decrease in the droplet size. The opposite would be expected
if droplet coalescence was a dominant factor. Therefore, the
most likely explanation for the trend in the droplet size is
ascribed to the effect of the block copolymer on reducing
the interfacial tension of the system. In ref 34, a quadratic
dependence of the interfacial tension on the block copoly-
mer composition was measured, and this qualitatively agrees
with the dependence of the droplet diameter on the block
copolymer composition observed in Figure 5b.
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FIGURE 6. TEM micrographs of ternary melt blends of PLLA/SOY/ILLA63 containing the following SOY concentrations: (a) 0 wt %; (b) 2.0 wt

Both the composition of the block copolymer and the
concentration of SOY in the blend concomitantly influence
the mean curvature of the block-copolymer-laden interface
by tuning the stretching energy of the PLLA block and the
ability of the PI brush to emulsify SOY. The elasticity of the
“dry” PLLA brush with a smaller chain length than the PLLA
homopolymer is primarily governed by the block length. It
plays a role in restricting the indefinite swelling of the PI
block due to the penetration of SOY. Thus, there is an
optimal block copolymer composition in which a balance
point is achieved and the osmotic pressure difference across
the interface is zero. With decreasing fpa toward the
balance point, the spontaneous curvature of the micelle also
decreases, causing not only a reduction in the interfacial
tension, which promotes the breakup of SOY domains, but
also an increase in the micelle size, which narrows the size
distribution of SOY droplets. Beyond the balance point, the
curvature changes in sign and micellization becomes more
favorable in the minority SOY domain. This balance point
is evidenced by the decrease in the mean particle size shown
in Figure 5b.

Ternary blends can incorporate more SOY than binary
blends, even beyond the amount predicted by eq 1, because
the block copolymer micelles emulsify SOY in the core and
swell until the equilibrium spontaneous curvature is achieved.
Provided that all molecular characteristics of the homopoly-
mers are known, the composition of the block copolymer
determines the maximum amount of SOY in the micelle
core. If more SOY is added than the maximum micelle core
swelling capacity, the excess SOY phase separates into
macroscopic SOY domains in the PLLA matrix. In the ternary
PLLA/SOY/ILLA blends, it appears that, at fpua > 0.7, the
emulsifying capability of micelles is not enough to incorpo-
rate all SOY added to the blend, leading to the reduction of
Wsoy below the initial amounts in Figure 5a.

To better understand the swelling behavior of the copoly-
mer micelles during melt blending, three samples were
prepared by sequentially adding SOY to the PLLA ho-
mopolymer premixed with 5 wt % ILLA63. In contrast to
the typical existence of spherical micelles, Figure 6a shows
that the block copolymer forms irregular lamellar phases
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FIGURE 7. TEM micrographs of solution-blended PLLA/SOY/ILLA59 containing the following SOY concentrations: (a) 0 wt %; (b) 2 wt %; (c)

5wt %; (d) 10 wt %.

possibly because of the considerably large Flory—Huggins
interaction parameter between Pl and PLLA. These lamellae
swell by absorbing SOY (Figure 6b) and show characteristic
internal structures (Figure 6¢).

Morphology of Ternary PLLA/SOY/ILLA Blends
Prepared by Solution Blending. The swelling behavior
of the block copolymer was investigated in the absence of
external flow. Ternary blends of PLLA/SOY/ILLA59 (containing
5wt % of the block copolymer) were solvent-cast from chlo-
roform. The SOY concentration was varied from 0 to 10% . The
blends were flame-sealed in glass ampules and annealed in an
oil bath at 190 °C for 3 h. The blend morphology is shown as
a function of the SOY concentration in Figure 7. Similar to
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Figure 6a, a pure block copolymer forms a lamellar phase
in the PLLA matrix. In the absence of shear, however, the
lamellae maintained a well-defined oblate-spheroidal onion
structure. This onion structure has been observed previously
in the strongly segregated system of an A—B diblock copoly-
mer blended with an A homopolymer in which the number
of repeat units, Nag, of the A—B diblock copolymer is much
smaller than that of the A homopolymer, Ny (42). SCET
predicts that the interaction between isolated block copoly-
mer monolayers becomes attractive if Na/Nag > 1 and ho-
mopolymers between copolymer brushes are expelled as
copolymer monolayers approach to form dense multilayers
(43, 44). Other block copolymer morphologies in the PLLA
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FIGURE 8. (a) 90% PLLA/5% SOY/5% ILLA55 preshear (sample a), under shear in a cone-and-plate geometry at y = 20 s~' (sample b), and
under shear in a parallel-plate geometry at y = 200 s~ (sample c). 80% PLLA/15% SOY/5% ILLA66 under shear in a cone-and-plate geometry
at 7 =200 s ! (sample d). Sample c exhibits localized phase inversion (with a rim forming at a local shear rate of 7 = 70 s™'), and sample d
is phase-inverted throughout the entire sample. (b) SEM image of sample c near the phase-inversion boundary. The disk center is located

toward the right top corner of the image.

matrix, observed from our solution-blending studies using
block copolymers of varying composition, are given in the
Supporting Information (Figure S6).

As wsoy increased to 2 wt %, SOY preferentially swelled the
PI domains and destroyed the onion layers (Figure 7b). The
onion structure has disappeared at wsoy = 5 wt %, leaving
the highly swollen SOY droplets as shown in Figure 7c. The
highly enlongated SOY domains might be artificially pro-
duced during the TEM sample preparation because they
appeared mostly spherical in Figure 3c. With 10 wt % SOY,
the SOY droplets further grew in size similar to dispersed
phases ordinarily observed in ternary blends. It is important
to note that, in the presence of ILLA59, the blend containing
10wt % SOY formed a phase-inverted structure during melt
blending (Figure 5a), whereas phase inversion was not
observed in solvent-cast blends regardless of the amount of
SOY or the block copolymer composition.

Shear-Induced Phase Inversion. Ternary solution
blends were exposed to steady shear to elucidate the effect
of shear flow on the observation of phase inversion. A blend
containing 90 % PLLA/5% SOY/5% ILLA55 was found in the
phase-inversion region in Figure 5a under melt-mixing
conditions but was not phase-inverted during solvent cast-
ing. This blend was sheared beginning at y = 0.1 s™' up to
200 s™! in either parallel-plate or cone-and-plate geometries.
The shear rate was gradually increased every 15 s. We
expected that a critical shear rate would exist at which the
steady-shear viscosity substantially drops at the onset of the
phase inversion. However, such a critical shear rate was not
detected in dynamic mechanical analysis because the phase
inversion was preceded by an edge failure aty = 10—20s™".
When a maximum y = 20 s~! was applied (sample b, Figure
8a) using a cone-and-plate geometry, there was no evidence
of phase inversion in spite of the edge failure. However,
when the shear rate was increased up to y = 200 s™! by
employing a parallel-plate geometry, phase inversion was
identified as a white rim in the sample near a region
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corresponding to a local shear rate of y ~ 70 s™! (sample c,
Figure 8a). Beyond this region, the disk body beneath the
sample surface touching the metal plate was torn away
because of edge failure. A blend containing 80 % PLLA/15%
SOY/5% ILLA66, also in the phase-inverted region in Figure
5a and not phase-inverted under solvent casting, was sheared
at y = 200 s™! in the cone-and-plate geometry (sample d,
Figure 8a). In this case, the entire sample underwent phase
inversion because of a constant shear rate across the sample
in this geometry. In Figure 8b, an SEM image is shown of
sample c (Figure 8a) at the boundary between the phase-
inverted and non-phase-inverted regions.

The phase-inversion phenomena observed in the PLLA/SOY/
ILLA blends cannot be attributed to thermodynamics alone.
When blends were prepared via solution casting, phase inver-
sion was not observed. It was only in the presence of external
forces that phase inversion occurred, both in the DACA mixer
and during the rheology experiments. Inversion of the micelle
configuration through modification of the block copolymer
composition does not necessarily result in the reversal of the
macroscopic domains. The observation of phase inversion has
been the result of the above-described thermodynamic phe-
nomena in combination with shear forces, as qualitatively
predicted by eq 1.

There are many examples in the literature in which the
observation of a phase-inverted structure is dependent on
thermodynamic and/or kinetic factors. In ternary blends of
two homopolymers and a diblock copolymer, phase inver-
sion has been reported to be induced by an imbalance of
the swelling power of the two diblock copolymers (45, 46)
as well as the solvent quality during solvent casting (47). High
internal phase emulsions, water/oil and organic/organic
mixtures with structures analogous to those of the phase-
inverted structures discussed in this paper, are obtained
under a narrow range of conditions that depend on the
presence of high shear forces, a suitable mixing sequence,
and surfactant efficiency (48—51). The structure of foams
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consisting of gas bubbles trapped in thin liquid layers of
water and surfactant can depend on factors such as the gas
velocity during the foam preparation and the thermody-
namic properties of the surfactant (52—>54). It is possible to
consider the stabilization of the phase-inverted structure in
PLLA/SOY/ILLA blends in a similar manner. The shear forces
during melt blending in a DACA mixer result in phase
inversion of the ternary blends. The block copolymer stabi-
lizes the phase-inverted structure, which otherwise reverts
to a non-phase-inverted morphology in the absence of an
appropriate block copolymer.

CONCLUSIONS
Renewable PLLA/SOY blends were prepared using a melt

mixer. Because of the large incompatibility between PLLA and
SOY, the emulsifying effect of ILLA block copolymers on the
blend morphology was probed. Upon the addition of SOY, the
block copolymer micelles swelled by absorbing SOY in
the core. Consequently, the incorporation of SOY in the ternary
blends dramatically increased compared to that of the binary
blends. The droplet size of the minority SOY domains was
monotonically reduced with a decreasing fraction of PLLA in
the block copolymer (fpi1a) until phase inversion occurred
between SOY and PLLA. The phase inversion occurred at a
critical value of fp(, 4, and that value was also dependent on the
concentration of SOY in the mixture. However, when identical
blends were prepared with solvent-casting techniques, phase
inversion was not observed, at any value of fp14. Thus, phase
inversion was found to be dependent on both thermodynamic
and kinetic factors. The design of the block copolymer is
essential in tuning the morphology of PLLA/SOY/ILLA blends.
The appropriate choice of the block copolymer in PLLA/SOY/
ILLA blends can (1) prevent phase inversion, (2) minimize the
size of the SOY droplets, and (3) allow for the complete
incorporation of SOY (up to 20 wt %) during mixing. Col-
lectively, these results pave the way for the future development
of SOY/PLLA blends.
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