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ABSTRACT: Sustainable semicrystalline poly(L-lactide) (PLLA)
was melt mixed with 5 wt % poly(ethylene oxide)-b-poly(butylene
oxide) (PEO-PBO) diblock copolymer, resulting in blends that
display an exceptional combination of properties. The blends were
annealed at various temperatures, leading to different degrees of
crystallinity. The addition of 5 wt % PEO-PBO produced finely
dispersed liquid particles that caused a significant reduction in the
time for crystallization after quenching from the melt, where Tm =
166 °C. At 95 °C, the halftime for crystallization was t1/2(95 °C) =
t1/2
o /7, while at 135 °C, t1/2(135 °C) = t1/2

o /5, where t1/2
o is the time

required to obtain 50% of the final extent of crystallization with pure
PLLA. The block copolymer particles also enhanced the ductility of
the blends by facilitating stress-induced cavitation and uniform
crazing without impacting the modulus. Tensile toughness increased
by 7−15 fold, scaling inversely with the degree of crystallinity. The deformation mechanism was investigated by small- and wide-
angle X-ray scattering as a function of applied strain, revealing that the craze volume is dependent on crystallinity, while the crystal
structure displayed minimal changes. Regardless of the extent of crystallinity, crazing was found to be the primary deformation
mechanism, countering the ductile-to-brittle transition associated with the aging of PLLA. Adding 5 wt % PEO-PBO extends the
strain at break from 4% for pure PLLA after 2 days to more than approximately 50% after 85 or more days of aging. These findings,
along with the industrially relevant blend preparation method, reveal that PEO-PBO is a unique and potent additive that could
expand the applications served by PLLA, promoting a more sustainable future.

1. INTRODUCTION
Most petroleum-derived plastics do not degrade in the
environment. Hence they accumulate in landfills or pollute
ecosystems,1,2 a problem exacerbated by the ubiquity of single-
use plastics.1,3 Establishing a more sustainable future hinges on
plastics that can be reused, composted, or recycled without
compromising material performance. Poly(lactide) (PLA), a
bio-sourced,4,5 industrially compostable,5−7 and commercially
produced material,8,9 with an annual global production of
190,000 tons (2019)10 is an example of such a sustainable
plastic. PLA is primarily synthesized from either D,L-lactide,
which produces an amorphous atactic polymer (PDLLA), or L-
lactide which yields the semicrystalline isotactic polymer
poly(L-lactide) (PLLA). The presence of crystalline domains
leads to several enhanced physical properties relative to the
glassy version, including a higher upper service temper-
ature,11−13 increased modulus and yield stress, and improved
moisture barrier properties,14 making PLLA more attractive for
various applications. Despite its sustainable nature and
desirable mechanical properties, PLA, regardless of tacticity,
is brittle and undergoes rapid physical aging (ca. embrittles
within hours of melt processing),15−20 which limits its utility in
food packaging and the single-use plastics market in general.

A successful approach to toughen brittle amorphous and
semicrystalline plastics such as PLLA21−26 is by blending with
immiscible rubbery homopolymers.27,28 The resulting rubber
particles act as stress concentrators capable of initiating plastic
deformation, leading to a tough plastic.27,28 A key design
principle of this approach is the development of a morphology
with appropriately sized particles through preassembly or
application of tailored mixing techniques. Achieving specified
mechanical properties, such as ductility, often requires a high
mass loading (ca. > 10 wt %) of rubbery homopolymers,
leading to a lower Tg, reduced modulus, and lower yield stress
for the blend. An alternative approach is to blend PLA with a
diblock copolymer; this technique has been used to toughen
PDLLA at low mass loadings (i.e., 5 wt %).29−34 In our recent
work,34 we blended low-molecular-weight poly(ethylene
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oxide)-b-poly(butylene oxide) (PEO-PBO) with PDLLA,
resulting in a tough blend at concentrations as low as 1.8 wt
% PEO-PBO. When subjected to an applied stress, the PEO-
PBO particles cavitate and act as stress concentrators, which
facilitate controlled crazing. These blends remained tough for
more than 100 days following thermal processing due to an
aging-independent crazing mechanism; in contrast, unmodified
PLA becomes brittle in roughly 1 day. Our goal in this work is
to extend this success with PDLLA to an investigation of the
influence of PEO-PBO on semicrystalline PLLA.
Crystalline domains in semicrystalline polymers have been

shown to impact the development of crazes,35,36 alter the
competition between crazing and shear yielding,37,38 and
disrupt stress distribution within a plastic.35,37,39 Increasing
crystallinity also has been reported to slow the rate of physical
aging.40,41 However, there are no systematic studies that focus
on these physical phenomena in the presence of diblock
copolymer particles.
In this work, PEO-PBO was melt blended with PLLA,

yielding a uniform dispersion of liquid particles. The impact of
the PEO-PBO particles on the kinetics of nucleation and
growth of crystallinity and on the overall extent of
crystallization of PLLA was investigated using differential
scanning calorimetry (DSC) experiments. Tensile testing was
employed to evaluate the effectiveness of PEO-PBO particles
in toughening and alleviating aging of the semicrystalline
plastic. Small-angle X-ray scattering (SAXS) and wide-angle X-
ray scattering (WAXS) measurements revealed how the
combined effects of crystalline domains and PEO-PBO
particles alter the deformation mechanism of the blends.

2. EXPERIMENTAL SECTION
2.1. Materials. Semicrystalline PLLA (PLA4032D) was purchased

from NatureWorks. Diblock copolymer (PEO-PBO) was purchased
from Olin Corporation under the trade name FORTEGRA 100. This
diblock copolymer is a disordered liquid at room temperature. PEO
homopolymer was purchased from Sigma-Aldrich. The chemical
structures and molecular characteristics of the PLLA, PEO, and PEO-
PBO are provided in Table 1.
2.2. Sample Preparation. 2.2.1. Neat PLLA. PLLA pellets were

processed using a 16 mm twin screw extruder (Thermo Electron
PRISM, L/D = 24:1) operating at 60 rpm and at temperatures of 140,
160, 180, and 200 °C from hopper to die. Extruded PLLA was cooled
in a water bath then machine pelletized. The extruded pellets were
then reprocessed in the twin screw extruder using the same conditions

as the first processing step to mimic the masterbatch-dilution method
for preparing PEO-PBO/PLLA blends. All pellets were vacuum-dried
at 45 °C for 24 h before each processing step.

2.2.2. PEO-PBO/PLLA Blends. Blends containing 5 wt % PEO-PBO
in PLLA were prepared using a masterbatch-dilution method
described previously.34 A concentrated masterbatch was prepared by
blending PLLA and liquid PEO-PBO with a twin screw extruder using
the same parameters as those used to prepare neat PLLA. To control
the PEO-PBO concentration, PEO-PBO was added at a constant rate
using a syringe pump. The actual concentration of the PEO-PBO in
the masterbatch was determined with 1H NMR. The masterbatch
pellets were diluted by mixing with additional PLLA and then
reprocessed with the twin screw extruder using the same processing
conditions, resulting in a 5 wt % PEO-PBO/PLLA blend. Both PLLA,
PEO-PBO, and the masterbatch were all vacuum-dried at 45 °C for 24
h before processing. The PEO-PBO concentrations in the final blends
were confirmed with 1H NMR.

2.2.3. PEO/PLLA Blends. Due to the small experimental quantities
required, the PEO/PLLA blend was prepared using a micro-
compounder (Xplore) with a 5 mL capacity. PEO and PLLA were
loaded into the hopper at 5 wt % PEO and melt blended at 180 °C
and 100 rpm for 5 min. The extrudate was chilled using liquid
nitrogen. The final PEO concentration was verified by 1H NMR.

2.3. Characterization. 2.3.1. Tensile Testing. The mechanical
properties of neat PLLA and PEO-PBO/PLLA and PEO/PLLA
blends were determined by uniaxial tensile testing. Dried pellets were
compression molded (Carver hydraulic press) at 175 °C for 3 min,
followed by quenching (<1 min) to room temperature with water
cooling yielding amorphous films ∼300 μm thick. Some samples were
further processed by annealing at either 135 or 95 °C for varying
times (0−3.5 min) to control the degree of crystallinity. These
samples are labeled as XX/PLLAYY/ZZ, where XX denotes the additive,
YY indicates the annealing temperature, and ZZ specifies the
annealing time (e.g., PEO-PBO/PLLA135/3.5 signifies a blend of
PEO-PBO and PLLA annealed at 135 °C for 3.5 min). The films were
cut into dumbbell-shaped tensile bars using a specimen cutter
(Dumbbell Co., Ltd. SDL200, equipped with an SDMK-1000
dumbbell cutter) in accordance with ASTM D1708. Tensile bars
were elongated at room temperature using a tensile tester (Instron
5966) operated at 1 mm/min crosshead speed in accordance with
ASTM D1708. The tensile tests were video recorded to visualize the
craze deformation process (whitening) and to monitor sample width
with strain. Upon failure, the thickness of the samples was measured
with calibers. Young’s modulus (E), yield stress (σY), tensile
toughness, and elongation at break (εB) were calculated from the
stress−strain data, where ± represents one standard deviation about
the mean. Seven replicates were completed for each sample aged for 2
days and five replicates were completed for each sample aged > 2
days.

Table 1. Chemical Structures and Molecular Characteristics of Polymers Used in This Study

aMn was measured by size-exclusion chromatography-multiangle light scattering (SEC-MALS) with tetrahydrofuran (THF) mobile phase and dn/
dc = 0.047 calculated assuming 100% sample recovery. bMn was measured by laser-assisted MALDI. cMn was measured by end group analysis using
1H NMR. dPEO volume fraction was calculated based on 1H NMR measurements assuming ρPEO = 1.07 g/cm3 and ρPBO = 0.92 g/cm3 according to
ref 42. eDispersity was measured by SEC-MALS with a THF mobile phase.
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2.3.2. Scanning Electron Microscopy and Particle Size Analysis.
Samples of neat PLLA and PLLA blends were submerged in liquid
nitrogen for 1 min then cryo-fractured. Fracture surfaces were washed
with methanol to remove the additive, mounted on a scanning
electron microscopy (SEM) stub and sputter-coated with 5 nm of
iridium. The surfaces were imaged with a Hitachi S-4700 scanning
electron microscope, and the images were analyzed using ImageJ to
calculate an area-weighted average particle diameter following a
procedure described elsewhere;43 listed uncertainties represent one
standard deviation about the mean.
2.3.3. Differential Scanning Calorimetry. Thermal properties of

neat PLLA and PLLA blends were determined using a Mettler Toledo
DSC 1. Approximately 5 mg of the sample was loaded into an
aluminum pan and hermetically sealed but with a pinhole in the lid.
The glass transition temperature (Tg), % crystallinity (Xc), melting
temperature (Tm), and cold crystallization temperature (Tcc) were
determined as a function of processing procedures during the first
heating cycle as samples were heated from 0 to 210 °C at 10 °C/min.
To study crystallization kinetics, amorphous PLLA, PEO/PLLA
blends, and PEO-PBO/PLLA blends were prepared by compression
molding at 175 °C for 3 min, followed by quenching (<1 min) to
room temperature with water cooling. These amorphous samples
were annealed in the DSC for 45 min at either 95 or 135 °C and the
heat flow associated with the crystallization exotherm was integrated
as a function of time and plotted as relative crystallinity versus time
(Xc at time t normalized by Xc at t = 45 min) using 93.7 J/g as the
enthalpy of melting for PLLA with 100% crystallinity.44 By 45 min,
the relative crystallinity achieved a stable value for all samples. All
DSC experiments were performed under an inert nitrogen
atmosphere.
2.3.4. Small-Angle X-Ray Scattering. Synchrotron SAXS data were

acquired from the DND-CAT 5ID-D beamline at the Advanced
Photon Source (APS) (Argonne, IL) with a photon wavelength of λ =
0.7293 Å. 1-D scattering patterns of (1) intensity versus azimuthal
angle, from −50 to 105° (with 90° as the strain direction), which is
the largest angular range attainable, were obtained by radial
integration, and (2) intensity versus scattering wavevector q =
4πλ−1 sin(θ/2) were obtained by integration over azimuthal angles
from −10 to 10° of 2-D scattering patterns. Tensile bars were first
elongated after 2 days of aging at the University of Minnesota
(UMN). The elongated tensile bars were then mounted and shipped
to the APS and examined by SAXS 6 days after stretching (8 days
after processing). All stretched tensile bars were aligned vertically in
the X-ray beam. To make comparisons between samples, the
scattering intensities were normalized by the sample thickness and
labeled as “Intensity (normalized)”.

3. RESULTS AND DISCUSSION

3.1. Morphology and Thermal Properties of the
Blends. In this section, we examine the influence of PEO-
PBO liquid particle inclusions on the thermal properties and
crystallization kinetics of PLLA blends compared to neat
PLLA. PEO when mixed with PLLA produced homogeneous
miscible blends that were evaluated at the same mass loading
as the diblock copolymer as a control. The Tg values of all
blends are listed in Table 2. A decrease in Tg for PLLA-
containing PEO is consistent with the miscibility of PEO in
PLA, and partial miscibility of PEO-PBO in this plastic.
Amorphous samples of PLLA, PEO/PLLA, and PEO-PBO/
PLLA were annealed at either 95 or 135 °C for 45 min in the
DSC to analyze crystallization kinetics. These two isothermal
annealing temperatures were selected because 135 °C is close
to the temperature associated with maximum spherulite growth
rate, while 95 °C is close to the temperature of the maximum
nucleation rate.45−47

Figure 1A,B displays the relative crystallinity versus time
obtained at 95 and 135 °C, respectively. Half time for
crystallization (t1/2) results are summarized in Figure 1C,
where t1/2 represents the time it takes to achieve half of the
final degree of crystallization as t → 45 min. PLLA is known to
exhibit slow crystallization kinetics, which leads to greater
processing times and costs.48,49 The addition of 5 wt % PEO-
PBO dramatically reduces t1/2 from 550 to 77 s at 95 °C and
from 175 to 37 s at 135 °C, that is, crystallization occurs 7 and
4.5 times faster, respectively, compared to neat PLLA. Faster
crystallization for the PEO-PBO/PLLA blend may be
attributed in part to a plasticization effect,50,51 evidenced by
a lower Tg than for neat PLLA. Plasticizers are expected to
increase chain mobility, making it easier for chains to rearrange
into crystalline lamellae. However, PEO-PBO/PLLA displays
smaller t1/2 values than PEO/PLLA at both annealing
temperatures (Figure 1A−C) despite the later exhibiting a
lower Tg, leading us to conclude that plasticization is not the
sole effect. An additional factor arises from the phase-separated
PEO-PBO particles, which can act as heterogeneous nucleation
sites;52−54 no such sites exist in the miscible PEO/PLLA blend.
Uniformly dispersed PEO-PBO particles ∼0.95 μm in diameter
are evident in the PEO-PBO/PLLA blends, as illustrated in

Table 2. Summary of Thermal Properties on the First DSC Heating Scan at 10 °C/min for PLLA, PEO/PLLA Blends, and
PEO-PBO/PLLA Blends Annealed at Different Temperatures

sample anneal temp. (°C) anneal time (min) Tg (°C) Tcc (°C)
a ΔHc (J/g)

b Tm (°C)c ΔHm (J/g)d Xc (%)
e

PLLA 175f − 59 111 34 163 34 0
PLLA 135 3.5 60 93 9 168 38 30
PLLA 95 3.5 63 86 1 166 11 10
5 wt % PEO 175f − 45 98 28 168 28 0
5 wt % PEO 135 3.5 42 112 2 166 44 45
5 wt % PEO 95 3.5 40 118 3 168 33 32
5 wt % PEO-PBO 175f − 50 100 31 166 31 0
5 wt % PEO-PBO 135 3.5 50 − 0 166 44 47
5 wt % PEO-PBO 135 0.75 50 86 6 165 39 35
5 wt % PEO-PBO 95 3.5 50 − 0 166 34 36
5 wt % PEO-PBO 95 1.25 51 93 17 166 33 17

aThe maximum of the exothermic peak was taken as the cold crystallization temperature. bEnthalpy of crystallization was determined based on the
integrated area associated with the crystallization peak. cThe minimum of the endothermic peak was taken as the melting temperature. dEnthalpy of
melting was determined from the integrated area associated with the melting peak. eCrystallinity was calculated by (ΔHm−ΔHc)/ΔHm,100 × 100 to
measure the crystallinity that resulted from the processing conditions. Where ΔHm,100 is the enthalpy of melting for PLA with 100% crystallinity and
is equal to 93.7 J/g.44 fSample was compression molded at 175 °C and then quenched to room temperature quickly (<1 min), resulting in an
amorphous sample.
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Figure 1D, versus a featureless morphology in the PEO/PLLA
blends shown in Figure 1E. We conclude that the presence of
PEO-PBO increases the rate of PLLA crystallization through a
combination of plasticization and enhanced nucleation.
Amorphous samples (rapidly quenched from 175 °C) were

annealed at either 95 or 135 °C for different periods of time,
yielding specimens with varying Xc. For example, blends with
Xc = 35% were obtained by annealing at 135 °C for 0.75 min
or 95 °C for 3.5 min. A blend with Xc = 17% was produced by
annealing at 95 °C for 1.25 min. Figure 1F displays
representative DSC scans (first heating at 10 °C/min)
obtained from neat PLLA, 5 wt % PEO/PLLA, and 5 wt %
PEO-PBO/PLLA, each annealed for 3.5 min at 135 and 95 °C.
We focus on the first heating results to study the effect of
sample preparation on the mechanical and thermal properties.
Both blends and neat PLLA samples exhibit the same peak
melting temperature Tm ≅ 166 °C but varying Xc and Tg and
variable presence of a cold crystallization peak at Tcc (cold

crystallization temperature); data for all the samples evaluated
by DSC are listed in Table 2. Neat PLLA and PEO/PLLA
samples annealed for 3.5 min, and some PEO-PBO/PLLA
samples annealed for < 3.5 min, exhibit an exothermic
crystallization peak at Tcc (see Supporting Information, Figure
S1 for additional DSC thermograms). This indicates that the
samples did not completely crystallize during the annealing
period. The PEO-PBO particle size was independent of
annealing conditions and for each blend the diameter was
∼0.95 μm with a small standard deviation of 0.1 μm [see the
Supporting Information for additional SEM images (Figure
S2) and Table S1 summarizing the particle diameter
measurements]. The PEO-PBO particle dispersion in PLLA
is depicted in Figure 2. We describe these particles as “self-
compatibilized”, with PEO blocks (blue) presumed to be
localized at the particle interface due to favorable mixing with
PLA,55,56 while the particle interior consists of disordered
PEO-PBO chains (purple). Images of the particle and

Figure 1. Crystallization kinetics of neat PLLA, 5 wt % PEO/PLLA, and 5 wt % PEO-PBO/PLLA annealed at 95 °C (A) and 135 °C (B). (C)
Summary of t1/2 results for different annealing temperatures. SEM images of (D) 5 wt % PEO-PBO/PLLA and (E) 5 wt % PEO/PLLA blends after
compression molding, cryo-fracturing, and rinsing with methanol. (F) DSC thermograms (exo up) of neat PLLA and various PLLA blends
annealed at different temperatures. The data are shifted vertically for clarity.
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crystalline morphologies obtained by atomic force microscopy
are provided in the Supporting Information (Figure S3).
3.2. Semicrystalline Morphology. The DSC results provide

for a macroscopic assessment of crystallinity and crystallization
kinetics as a function of the thermal processing history.
However, based on previous results,39,57 the crystalline
morphology also significantly impacts the mechanical proper-
ties of the blends. Therefore, SAXS measurements were
conducted to better understand the initial crystalline
morphology of the blend. The long period (Lp) of the lamellae
was obtained from Bragg’s law, Lp = 2π/qmax, where qmax is the
position of the principal peak in the 1-D SAXS pattern.
Azimuthally integrated 1-D I versus q plots obtained from
undeformed (0% strain) specimens are shown in Supporting
Information Figure S4, and the Lp values are listed in Table 3.

The crystalline lamella thickness (Lc) can be calculated from
the relation

L X Lc c
c

p
ρ
ρ

=
i

k
jjjjj

y

{
zzzzz

(1)

where ρ is the density of the sample and ρc = 1.29 g/cm3 is the
density of crystalline PLLA.58 The samples annealed at 135 °C
displayed larger values of Lp and lamellar thicknesses,
regardless of Xc. At the faster crystallization rate, Lc and thus
Lp both increase. The amorphous lamella thickness (La) can be

calculated as La = Lp − Lc. La is closely related to the
probability that a tie chain will be present in the amorphous
region. The concentration of tie chains impacts the transfer of
stress from the amorphous regions to the stiffer crystalline
regions.59−61 Note that the low crystallinity in PEO-PBO/
PLLA95/1.25 is manifested by the absence of a peak in the SAXS
pattern (Supporting Information, Figure S4).

3.3. Mechanical Properties. Tensile tests were performed at
a strain rate of 1 mm/min at room temperature on neat PLLA,
PEO/PLLA, and PEO-PBO/PLLA blends after 2 days of
aging. The amorphous samples were molded at 175 °C and
then rapidly quenched (<1 min to room temperature), while
the semicrystalline samples were molded at 175 °C, quenched
to room temperature and then annealed at either 135 or 95 °C.
Representative stress−strain data are displayed in Figure 3A
and a summary of the mechanical properties are presented in
Table 4. For the neat (pure) PLLA, the yield stress, σY, is
relatively insensitive to Xc, indicative of a yielding process that
involves both the glassy and crystalline domains, possibly
through screw dislocation motion in the crystalline re-
gions.62−65 Upon yielding, these specimens all exhibit a few
white streaks perpendicular to the elongation direction,
attributable to localized stress-induced craze formation. In
contrast to σY, E increases from 3.0 to 3.4 GPa as Xc increases
from 0 to 30% due to the greater fraction of stiffer crystalline
domains, consistent with other PLA studies.66

With the addition of 5 wt % PEO into PLLA, the overall
deformation behavior and mechanical property trends with Xc
are similar to those with neat PLLA, although σY and E both
decrease compared to the unmodified plastic due to the
plasticization by PEO. The strain remains localized in a small
area as evidenced by a few white horizontal streaks in the
gauge region. The main difference between neat PLLA and the
PEO/PLLA blends is the modest increase in εB with Xc in the
blended material. As PLLA crystallizes during annealing, the
PEO chains are expelled from the crystalline domains elevating
the concentration in the amorphous regions, allowing the
plasticized amorphous regions to elongate more readily.
However, the samples are still relatively brittle with εB 2−3
times that of neat PLLA.
Blending PEO-PBO with PLLA significantly impacts the

mechanical properties of the material, as seen in Figure 3A and
summarized in Table 4. All PEO-PBO/PLLA blends exhibited
σY of about 37 MPa independent of Xc. Yielding can be
attributed to cavitation of the liquid PEO-PBO particles as
evidenced by the uniform whitening in the entire gauge area.
The cavitation stress is known to be dependent on the particle
diameter,67,68 which is constant for all the blends, explaining
why σY remains the same for all PEO-PBO/PLLA blends (at
constant PEO-PBO loading).69−71 The dependence of E on Xc
is similar to the PEO/PLLA blends and only decreases by
∼10% at each processing condition compared to neat PLLA.
All the PEO-PBO/PLLA blends were ductile with εB > 50%
strain, a 10-fold increase compared to neat PLLA. However, εB
varies between 50 and 190% strain depending on Xc which is
shown graphically in Figure 3B.
As the samples are stretched, the gauge area whitens and

elongation is accompanied by volume expansion reflected in a
constant width and thickness (ca. within 90% of the initial
value, before straining), consistent with uniform cavitation-
induced crazing.72 All PEO-PBO/PLLA blends deformed this
way up to about 50% strain. At higher strains, differences arise
based on Xc as manifested in the visual appearance of the gauge

Figure 2. PEO-PBO particles dispersed in a PLLA matrix (green),
where we posit that the PEO blocks are preferentially located at the
particle/matrix interface, and the particle interior comprises
disordered PEO-PBO chains. The size of the PEO-PBO chains is
enhanced relative to the particle size for presentation purposes.

Table 3. Lp, La, and Lc of Neat PLLA and PEO-PBO/PLLA
Blends Annealed at Various Conditions

sample
anneal

temp. (°C)
anneal time

(min)
Xc
(%)

Lp
(nm)

Lc
(nm)

La
(nm)

PLLA 175a − 0 − − −
PLLA 135 3.5 30 24.3 7.1 17.2
PLLA 95 3.5 10 − − −
5 wt %
PEO-PBO

175a − 0 − − −

5 wt %
PEO-PBO

135 3.5 47 26.7 12.3 14.9

5 wt %
PEO-PBO

135 0.75 35 25.7 8.8 16.9

5 wt %
PEO-PBO

95 3.5 36 18.6 6.4 12.2

5 wt %
PEO-PBO

95 1.25 17 − − −

aSample was compression molded at 175 °C and then quenched
quickly (<1 min), resulting in an amorphous sample.
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area (see Supporting Information, Figures S6 and S7). Samples
with high Xc [PEO-PBO/PLLA135/3.5 (Xc = 47%), PEO-PBO/
PLLA135/1.25 (Xc = 35%), and PEO-PBO/PLLA95/3.5 (Xc =
35%)] continually deformed by volume expansion until failure
at 50−80% strain. However, blends with low Xc [PEO-PBO/
PLLA175 (Xc = 0%) and PEO-PBO/PLLA95/1.25 (Xc = 17%)]
continue to deform by volume expansion until undergoing a
necking transition at about 75% strain, indicated by a hump in
the stress−strain data, followed by elongation to higher strains.
Necking indicates a change in the deformation mechanism
from crazing to shear yielding.34 These results suggest that the
crystalline domains inhibit craze growth and necking,
controlling the ductility of the blend.
Interestingly, blends annealed at 135 °C for 0.75 min (PEO-

PBO/PLLA135/0.75) and 95 °C for 3.5 min (PEO-PBO/
PLLA95/3.5) exhibit the same Xc = 35% but significantly
different εB values. Although both blends showed significant
toughness compared to neat PLLA, the blend annealed at 95
°C failed at 83 ± 9% strain, while the blend annealed at 135 °C
failed at 48 ± 10% strain. This variation in ductility may arise
from the different annealing temperatures, which affect Lp and
spherulite size, that is, samples annealed at 135 °C display
larger spherulites (see Supporting Information, Figure S8) and
Lp values (see Table 3) than samples annealed at 95 °C. Larger
spherulites have a greater propensity for catastrophic failure.73

Also, a large Lp decreases the number of tie chains which

connect the amorphous and crystalline regions, leading to a
reduction in mechanical properties.61,74

3.4. Toughening Mechanism: SAXS. Analysis of SAXS
measurements provides insights into craze development as the
material is elongated. Ex situ SAXS measurements were carried
out on stretched samples. All specimens examined were
elongated after 2 days of aging following the same mechanical
property testing procedure outlined earlier and then measured
at Argonne National Laboratory 8 days later.
Figure 4A displays a stress−strain curve for PLLA135/3.5, and

Figure 4B−F illustrates corresponding 2-D SAXS patterns
obtained at specified strains. For quantitative comparison, the
integrated intensity I = ∫ I(q)dq was calculated as a function of
the azimuthal angle ϕ (from −50 to 105°) where ϕ = 90°
corresponds to the meridional axis, parallel to the applied
strain, and ϕ = 0° is the equatorial axis, which is perpendicular
to the strain direction. I versus ϕ is plotted in Figure 4G. When
pure PLLA is elongated to 2.0% strain, which is in the elastic
regime but close to the yield point, the intensity increases
slightly in the meridional and equatorial directions. This
suggests initiation of relatively few isolated crazes. At the yield
point (Figure 4D), the equatorial and meridional scattering
intensity increases significantly (Figure 4G), indicating
formation of numerous voids and crazes. The meridional
scattering is consistent with void formation due to reflection
from the void−bulk interfaces,75,76 while the equatorial
intensity is associated with scattering from craze fibrils

Figure 3. (A) Representative stress−strain data from neat PLLA and PEO-PBO/PLLA blends processed under different conditions producing a
range of Xc values shown in parentheses. (B) εB versus Xc of neat PLLA (black squares) and 5 wt % PEO-PBO/PLLA blends (red symbols) varying
in Xc (Xc = 0% symbols are filled, Xc > 0% symbols are open) and annealing temperature (triangles annealed at 135 °C, diamonds annealed at 95
°C). The annealing time is indicated next to the symbol.

Table 4. Summary of Mechanical Properties of Neat PLLA and PEO-PBO/PLLA Blends

sample anneal temp. (°C) anneal time (min) Xc (%) σY (MPa) E (GPa) εB (%) toughness (MJ/m3)

PLLA 175a − 0 61 ± 1 3.0 ± 0.1 5.3 ± 3 2.1 ± 1
PLLA 135 3.5 30 63 ± 1 3.4 ± 0.1 4.4 ± 1 1.7 ± 0.3
PLLA 95 3.5 10 64 ± 4 3.2 ± 0.1 3.9 ± 2 1.4 ± 0.6
5 wt % PEO 175a − 0 48 ± 2 2.7 ± 0.1 7 ± 2 3 ± 1
5 wt % PEO 135 3.5 41 48 ± 3 2.9 ± 0.1 11 ± 2 4 ± 1
5 wt % PEO 95 3.5 31 49 ± 2 2.9 ± 0.1 14 ± 3 52 ± 2
5 wt % PEO-PBO 175a − 0 38 ± 3 2.7 ± 0.1 190 ± 30 50 ± 8
5 wt % PEO-PBO 135 3.5 47 37 ± 1 3.1 ± 0.1 51 ± 10 15 ± 4
5 wt % PEO-PBO 135 0.75 35 36 ± 2 3.0 ± 0.1 48 ± 10 15 ± 6
5 wt % PEO-PBO 95 3.5 35 36 ± 1 3.0 ± 0.1 83 ± 9 28 ± 3
5 wt % PEO-PBO 95 1.25 17 36 ± 1 2.9 ± 0.1 100 ± 10 30 ± 4

aSample was compression molded at 175 °C and then quenched quickly (<1 min), resulting in an amorphous sample. ± indicates standard
deviations.
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Figure 4. (A) Representative stress−strain data from PLLA135/3.5. (B) 2-D SAXS pattern at 0% strain. (C−F) SAXS patterns at strains indicated by
“X” in (A) and color-coded with outlined scattering patterns. (G) 1-D intensity versus azimuthal angle.

Figure 5. (A) Representative stress−strain data from PEO-PBO/PLLA175. (B) 2-D SAXS pattern at 0% strain. (C−H) SAXS patterns at strains
indicated by “X” in (A), also color-coded with outlined scattering patterns. (I) 1-D intensity vs azimuthal angle.
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interspersed with craze voids.76,77 Crazes in neat PLLA are
most likely initiated by defects (e.g., dust or residual catalyst)
that act as stress concentrators,78,79 leading to stress buildup in
a small localized area in the material. Localized deformation
results in the formation of highly stressed craze fibrils
surrounded by undeformed material. Following the initial
jump at the yield point, the scattering intensity increases
modestly between 2.5 and 4.0% strain (Figure 4G) and the
sample fails at 5% strain. Prior to failure, the intensity in the
meridional axis is greater than that in the equatorial axis,
indicating limited craze growth.
Blending PEO-PBO with PLLA leads to a considerably

tougher material with significantly different scattering results
than obtained from neat PLLA. Figure 5A displays stress−
strain data for PEO-PBO/PLLA175 with Xc = 0%. The
accompanying 2-D SAXS patterns acquired at strains between
0% and 180% are presented in Figure 5B−H, and a plot of I
versus azimuthal angle ϕ is shown in Figure 5I. These 2-D
scattering patterns are similar to those reported in our previous
study on noncrystalline PDLLA.34 Here, crazes develop and
propagate in a controlled manner with the formation of stable
fibrils, which allow the sample to extend to large strains.
As the blend is elongated, there is essentially no change in

the scattering pattern until the sample yields (Figure 5C) at
which point a small meridional streak forms, indicative of
particle cavitation. The liquid particles act as stress

concentrators, which leads to the initiation of crazes. At 10%
strain (Figure 5D), there is an increase in equatorial scattering,
which is associated with craze fibril scattering.76,80,81 The
scattering intensity increases continuously in the equatorial
and meridional directions from 10 to 75% strain (Figure
5D−G). At strains ≥ 50% (Figure 5F, 5G, 5H), the scattering
pattern displays a dumbbell shape with a diffuse equatorial lobe
indicative of well-developed crazes, which are continually
propagating and growing (here, we note that crazes propagate
perpendicular to the direction of strain leading to the
formation of new fibrils, while existing fibrils elongate along
the strain direction drawing new material into the widening
craze). Beyond 75% strain, the scattering intensity remains
nearly constant, indicating that the deformation mechanism
changes from crazing to shear yielding. In contrast to neat
PLLA (Figure 4), the scattering intensity along the equatorial
axis is about 5−6 times greater than that recorded in the
meridional axis. We interpret this as being due to a
proliferation of crazes resulting from the homogeneous
dispersion of liquid particles, which distributes strain local-
ization throughout the material and facilitates uniform
deformation of the gauge section of the tensile specimen.
Crystallinity resulted in significant changes in the mechanical

performance of the blended specimens as discussed in the
mechanical property section. Microscopically, differences in
the deformation mechanism are also evident in the SAXS

Figure 6. (A) Representative stress-strain data of high Xc blend from PEO-PBO/PLLA95/3.5 (B) 2-D SAXS pattern at 0 % strain. (C-G) SAXS
patterns at strains indicated by “X” in (A), also color-coded with outlined scattering patterns. (H) 1-D intensity vs azimuthal angle of PEO-PBO/
PLLA95/3.5 (I) 1-D intensity vs azimuthal angle of PEO-PBO/PLLA135/3.5.
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experiments. To mirror the previous discussion, blends are
grouped as: high Xc (Xc ≥ 35%) and low Xc (Xc = 17%).
Mechanical property and SAXS results obtained from PEO-
PBO/PLLA95/3.5, shown in Figure 6, are representative of all
the high Xc blends. Comparisons of the 2-D SAXS patterns
from PEO-PBO/PLLA175 and the high Xc blends reveal several
differences. First, for PEO-PBO/PLLA135/3.5 and PEO-PBO/
PLLA135/0.75 (see Supporting Information, Figure S9), there is
a weak, diffuse ring of intensity at 0% strain, which is attributed
to scattering associated with Lp of the semicrystalline matrix.
Second, the high Xc blends display a lack of definitive
scattering along the equatorial axis due to crazes. At 1.5% strain
(Figure 6C, at the yield point), there is an increase in
meridional scattering indicative of particle cavitation, which is
consistent with PEO-PBO/PLLA175 (Figure 5). As the sample
is elongated, the 2-D SAXS pattern increases in intensity,
eventually leading to a rhombus-like shape with little
distinctive scattering in the equatorial axis. This rhombus
shape is similar to what is seen in PEO-PBO/PLLA175 at small
strains of 10 and 25%, which eventually develops into the
classic dumbbell-like shape associated with crazes at strains ≥
50%. We believe that the rhombus-shaped pattern is primarily
a result of scattering contrast between void and polymer, while
the dumbbell shape is a result of scattering from fibrils aligned

parallel to the strain direction. Absence of the dumbbell shape
indicates that the high Xc blends (PEO-PBO/PLLA95/3.5, PEO-
PBO/PLLA135/3.5, and PEO-PBO/PLLA135/0.75) develop fewer
crazes (at the same strain) compared to PEO-PBO/PLLA175.
Quantitatively, the lower craze density is also evident in Figure
6H,I. As described earlier, much of the increase in intensity
(with strain) occurs uniformly across all angles, with a
noticeable peak at 90° (meridional axis). Notably, among the
high Xc blends, PEO-PBO/PLLA95/3.5 (Figure 6H) displays
greater equatorial axis intensities than PEO-PBO/PLLA blends
annealed at 135 °C (PEO-PBO/PLLA135/0.75 and PEO-PBO/
PLLA135/3.5) (Figure 6I) with a distinct peak appearing at 38%
strain compared to 50% for PEO-PBO/PLLA135/0.75 and PEO-
PBO/PLLA135/3.5 and 10% for PEO-PBO175. The intensity in
the equatorial axis is proportional to the craze fibril
concentration. These results help explain the difference in
toughness between PEO-PBO/PLLA175, PEO-PBO/
PLLA95/3.5, PEO-PBO/PLLA135/0.75 and PEO-PBO/
PLLA135/3.5 and further indicate that the crystalline domains
lead to less craze development compared to amorphous PEO-
PBO/PLLA175.
The scattering results for the low Xc blend PEO-PBO/

PLLA95/1.25 are displayed in Figure 7. Among the crystalline
samples, the mechanical properties and SAXS results of PEO-

Figure 7. (A) Representative stress-strain data from PEO-PBO/PLLA95/1.25 (B) 2-D SAXS pattern at 0% strain. (C−H) SAXS patterns at strains
indicated by “X” in (A), also color-coded with outlined scattering patterns. (I) 1-D intensity vs azimuthal angle.
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PBO/PLLA95/1.25 most closely resembles those from PEO-
PBO/PLLA175. At 0% strain (Figure 7B), there is no scattering
ring associated with Lp due to low crystallinity. The liquid
particles cavitate at the yield point as signified by the
meridional streak (Figure 7C), which is consistent with the
previous blend results. As the material is elongated further, the
intensity increases in both the equatorial and meridional axes,
similar to the behavior of PEO-PBO/PLLA175. The 2-D SAXS
patterns display the rhombus pattern described earlier at 25%
strain (Figure 7E), which eventually evolves into the diffuse
dumbbell pattern by 50% strain (Figure 7F), as also seen with
PEO-PBO/PLLA175. With fewer crystalline domains, a higher
concentration of crazes can propagate. The intensity in the
equatorial axis (Figure 7I) is much greater than that observed
in the meridional axis and the craze concentration is
significantly higher than with the other semicrystalline samples.
This allows the PEO-PBO/PLLA95/1.25 blend to extend to
larger strains and pass through the necking transition.
To correlate the effects of Xc with crazing in the PEO-PBO/

PLLA blends, 1-D I versus q SAXS plots at varying strains
(Figure S10) were prepared by the integration of 2-D SAXS
patterns about the azimuthal angles −10 to 10°. The increase
in scattering intensity with decreasing q found in Figure S4,
and for the 0% strained specimen in Figure S10, is related to
instrumental effects that are generally associated with SAXS
patterns obtained at a synchrotron beamline. As described
below, we have determined the scattering invariant associated
with crazing by restricting the integration of intensity as a

function of q to azimuthal angles of −10 to 10°. As is evident
in Figure S10, the resulting I(q) traces increase in intensity by
more than an order of magnitude relative to the undeformed
material when sample PEO-PBO/PLLA175 is strained by 10−
50%, thus isolating the effects of particle cavitation and crazing
from the instrumental background scattering. 1-D I versus q
SAXS plots were used to calculate the invariant Q0° which is
related to the volume of crazes V according to76

Q I q q q( ) d0 0

2∫= × ×°

∞

(2)

Q Vv v(1 )0 f f
2ρ= − Δ° (3)

where vf is the fibril volume fraction in a craze and Δρ is the
electron density difference between polymer and void space.
Because vf (at the same PEO-PBO content)82 and Δρ are
constant for the blends, the changes in Q0° are a direct result of
differences in V.81,82 Q0°/Q0°,0% is plotted versus strain in
Figure 8, where normalization by Q0°,0% (see the Supporting
Information and Figure S11 for an alternative normalization
method), the invariant at 0% strain, isolates craze development
in each blend independent of crystalline lamellae scattering,
which varies between samples. Figure 8A covers the full range
of strain values, and Figure 8B highlights the differences in Q0°
at low strain. Figure 8 demonstrates a clear relation between Xc
and V. Notably, at the same Xc, PEO-PBO/PLLA135/0.75 and
PEO-PBO/PLLA95/3.5 display different values of Q0°, which we
attribute to differences in Lp, as explained earlier. Overall, as Xc

Figure 8. (A) Invariant (Q0°) normalized by the value at 0% strain (Q0°,0%) versus strain for 5 wt % PEO-PBO/PLLA for blends with varying Xc.
(B) Expanded view of (A) (0−30% strain) to reveal the effects of craze formation at low strains. Samples are labeled as follows: anneal temp. (°C)/
anneal time (min) with Xc in parenthesis.

Figure 9. Additive (in purple, either PEO-PBO for this work or PB from Argon et al.86−88) draining from a cavitated particle and magnified view of
additive spreading onto craze fibrils. Note that in refs 86−88, the PB particles are too small to cavitate and can only drain once a craze intersects
them, while in our current study with PEO-PBO and PLLA, we believe the particles first cavitate and then drain into the associated craze.
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increases, Q0° decreases. This becomes apparent starting at
10% strain and is magnified at 25% strain. At larger V,
associated with the low/no Xc samples, stress is distributed
throughout many craze fibrils, while at lower V the stress is
concentrated within fewer craze fibrils, increasing the like-
lihood of craze fibril failure. This limits the ductility of the high
Xc blends. Due to the constant PEO-PBO loading, the number
of particles initiating crazes should be the same for all samples.
Therefore, the differences in V are presumed to be due to craze
propagation.
Although the craze volume differs, the void volume is likely

the same between samples at the same strain due to elongation
of the tensile specimens at relatively constant width and
thickness. As displayed in Figures 5, 6, 7, the high Xc blends
(Xc ≥ 35%) exhibit larger intensity values at 90° and lower
intensity values at 0° compared to the low Xc blends (Xc ≤
17%). This indicates that there is more crazing in the low Xc
blends and more void formation (from other processes) in the
high Xc blends. These additional voids observed in the high Xc
blends can be a result of cavities forming between lamellae, or
at inter spherulite boundaries83−85 or can be a result of crack
formation. Such voiding would account for volume expansion
but would not produce load-bearing fibrils consistent with the
observed reduced toughness.
The variation in ductility of the semicrystalline blends may

also reflect the influence of PEO-PBO on the crazes. In related
experiments, where brittle glassy polystyrene (PS, Mw = 2.7 ×
102 kg/mol) was toughened by a phase separated, low
molecular weight, liquid poly(butadiene) (PB, Mw = 2.8 kg/
mol) additive, Argon et al.86−88 proposed a spreading
mechanism depicted in Figure 9. During deformation, the
additive (PB in purple) drains from the phase-separated wells
and spreads onto the craze surfaces (PS in green) and sorbs
into the craze boundaries. This “spreading and plasticization”
process leads to craze propagation at lower stresses, resulting in
greater material deformation and an overall tougher blend. PB
diffusion plays a significant role in the local plasticization of PS

with the absorption time of the additive into the crazes being
inversely proportional to the diffusion constant.87 Diffusion
through semicrystalline materials is retarded because molecular
transport primarily occurs through amorphous regions with
crystalline domains serving as obstacles.89 This would be
expected to lead to longer diffusion times through semicrystal-
line PLLA blends and therefore less plasticization occurs
compared with amorphous samples. Consistent with this line
of reasoning, amorphous blends craze at lower stresses and
extend to larger strains.
In the current study, PEO-PBO is a low-molecular-weight

liquid additive (purple in Figure 9) that phase separates from
PLLA. To assess the feasibility of PEO-PBO spreading onto
the PLLA craze surface, the spreading rate of PEO-PBO onto
PLLA films was measured and compared to PB onto PS. We
replicated the spreading experiment performed by Spiegelberg
et al.90 by placing a small drop of PEO-PBO onto a PLLA film
and measuring the radius of the spreading droplet versus time,
from which the spreading rate was obtained (see the
Supporting Information and Figure S12 for detailed
information about the spreading experiment). Note that
Spiegelberg et al.90 claim that the spreading rate onto crazes
will be faster than that observed on films. The spreading rate of
PEO-PBO onto PLLA is about 10 times faster than PB on PS,
where PEO-PBO has the added advantage of a lower viscosity
(ηPEO-PBO ≈ ηPB/2).

91,92 Moreover, PEO-PBO is a surface active
molecule on PLLA, which should further enhance spreading.
These results lead us to conclude that craze plasticization by
PEO-PBO represents a plausible toughening mechanism in the
PEO-PBO/PLLA blends. These observations also may explain
why amorphous PEO-PBO/PLLA blends are tougher and
display a greater V than semicrystalline PEO-PBO/PLLA
blends.

3.5. Toughening Mechanism: WAXS. SAXS measurements
provide insights into the effect of strain on crazing while
WAXS probes how strain impacts the crystalline domains.
Deformation can induce a variety of structural changes to

Figure 10. (A) Representative stress−strain data from PEO-PBO/PLLA135/3.5. (B) 2-D WAXS pattern at 0% strain. (C,D) WAXS patterns at
strains indicated by “X” in (A), also color coded with outlined scattering patterns.
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polymer crystals including: crystalline slip,27,93 shear/stack
rotation,37,94 crystalline morphology transition,95−97 partial
melting,27,98,99 and strain-induced crystallization.100,101 These
morphological changes reflect how the stress is transferred
from the amorphous to crystalline regions during deformation.
All the PEO-PBO/PLLA blends produced similar 2-D

WAXS patterns as a function of strain and representative
results from PEO-PBO/PLLA135/3.5 are presented in Figure 10.
Figure 10A shows stress−strain data, and several correspond-
ing WAXS patterns obtained at various strains are presented in
Figure 10C,D (the WAXS patterns obtained at all strains are
displayed in Supporting Information, Figure S13). Unlike the
SAXS results, the WAXS patterns remain relatively unchanged
as the sample is deformed, with no rearrangement or rotation
of the crystalline domains nor broadening of the Bragg
reflections or changes in the lattice spacings. Overall, it appears
that the crystalline domains do not participate in the
deformation mechanisms that control sample toughness.
1-D I versus q WAXS plots (Figure S14) were used for the

analysis of the lattice spacing during deformation to provide
additional information about the effect of elongation on
crystalline domains. The lattice spacing was plotted as a
function of strain for three crystalline planes: (010) at q = 1.05
Å−1, (200)/(110) at q = 1.19 Å−1, and (203) at q = 1.35 Å−1,
as displayed in Figure S15A−C. [Note that neat PLLA135/3.5
and PEO-PBO/PLLA95/1.25 did not display a (010) peak and
therefore were not included in the (010) analysis.] The lattice
dimensions remain nearly constant (with small variations
within 1% of the initial values) indicating that the crystalline
lattice did not undergo shear or extension.94,102 The
crystallinity decreased as a function of strain but remained
within 80% of the unstretched material as monitored by WAXS
(see Supporting Information, Figure S16). Overall, the
crystalline lattices are either engulfed into a growing craze or
remain intact without deforming. Invariant WAXS results with
strain suggest that strain does not lead to commonly observed
crystal deformations such as orientation, elongation, or
rotation and that the primary deformation mechanism is
crazing (including energy associated with craze formation:
disentanglement, chain scission, and crystal destruction).
3.6. Mechanical Properties as a Function of Physical

Aging. PLA is well known to undergo fast physical aging,
leading to embrittlement in about 1 day at room temper-
ature.17,18,34,103 In order to investigate the effect of Xc on
physical aging, the mechanical properties of the PEO-PBO/
PLLA blends were examined as a function of aging time.
Representative stress−strain results obtained from specimens
of PEO-PBO/PLLA95/3.5 aged for up to 85 days at room
temperature are presented in Figure 11; Table 5 lists the
mechanical properties recorded for a range of aging times for
all samples investigated in this study. Remarkably, all the
diblock copolymer-modified blends exhibit sustained and
relatively constant toughness for 85 to 154 days of aging.
These results are in sharp contrast with the behavior of the
neat PLLA with 30% crystallinity, which becomes brittle (εB ≈
4%) after 2 days of aging at room temperature. Regardless of
the aging time, the blends undergo uniform whitening at the
yield point, followed by volume expansion, elongating at
relatively constant width and thickness due to the formation of
voids associated with craze formation (see Figure S17). This is
consistent with our previous study of PEO-PBO/PDLLA
which showed that craze initiation and propagation are
independent of aging time.34 There is a modest dependence

of the toughness on the percent crystallinity: 44% average εB
for specimens with 47% crystallinity (PEO-PBO/PLLA135/3.5),
61% for specimens with 35% crystallinity (PEO-PBO/
PLLA95/3.5), and 85% for blends with 17% crystallinity
(PEO-PBO/PLLA95/1.25). We believe that the persistence of
mechanical toughness after long aging time can be attributed
to crazing as the primary deformation mechanism.34,104−106

While all blends remain tough during aging, there is a
noteworthy change in the PEO-PBO/PLLA95/1.25 blend due to
densification during aging. PEO-PBO/PLLA95/1.25 is the only
semicrystalline blend that passes through a necking transition
where the deformation mechanism shifts from crazing to shear
yielding. This transition, which occurs at about 75% strain after
2 days of aging, is absent at longer aging times as the blend fails
just prior to necking; the stress−strain data as a function of
time for PEO-PBO/PLLA95/1.25 is displayed in Figure S18.
This trend, present in the blend material with the lowest value
of Xc, is consistent with the behavior of amorphous PEO-
PBO/PDLLA blends,34 in which the strain associated with the
necking transition increases as a result of chain densification.
Densification makes it harder for the material to flow, and thus,
the necking transition stress becomes unattainable during
tensile testing. Consistent with the other semicrystalline
blends, at higher aging times, PEO-PBO/PLA95/1.25 deforms
by crazing, which is unaffected by aging, and it is this
mechanism that results in persistent toughness.34,104−106

4. CONCLUSIONS
This investigation addressed three major shortcomings that
prevent the widespread application of sustainable PLLA: (1)
slow crystallization kinetics; (2) rapid physical aging; and (3)
brittleness. The addition of a PEO-PBO diblock copolymer at
5 wt % loading alleviates these shortcomings without affecting
the modulus, making it an ideal additive for PLLA. Blending
PEO-PBO into PLLA results in dispersed particles that
enhance the crystallization rate of PLLA compared to neat
PLLA, leading to lower processing times and potentially
shorter costs. These particles also greatly enhance the ductility
of PLLA, resulting in a minimum 10-fold improvement in the
strain at break, εB, due to uniform crazing initiated by
cavitation of the rubbery particles during deformation. The
presence of crystalline domains influences the development of
crazes: as the fractional crystallinity, Xc, increased, the ductility
and craze volume, V, decreased. We observed no changes to
the crystal structure as a function of strain, as demonstrated by
WAXS. All PEO-PBO/PLLA blends were unaffected by

Figure 11. Representative stress−strain data from PEO-PBO/
PLLA95/3.5 at various aging times.
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physical aging and remained tough for at least 85 to 154 days
at room temperature, with a modest influence of Xc on εB.
These findings, along with the results of a previous study on
amorphous PDLLA, establish PEO-PBO as a uniquely effective
additive for PLA that enhances the mechanical properties at
relatively low loadings, thus broadening the range of potential
applications for this sustainable plastic.
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