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ABSTRACT: Sustainable polymers are important alternatives to
plastics and elastomers derived from petroleum resources.
Poly(lactide) (PLA), a commercially available sustainable plastic,
is a well-known success story. However, PLA lacks ductility and
toughness, limiting the number of potential uses. In this study,
small amounts of a liquid poly(ethylene oxide)-block-poly(butylene
oxide) (PEO-PBO) diblock copolymer additive were blended with
PLA to enhance its toughness and ductility. The incorporated
PEO-PBO diblock copolymers generated a macrophase-separated
morphology with particle diameters of 0.2−0.9 μm, and nearly
matched refractive indices of PLA and PEO-PBO led to retention
of optical transparency. Addition of just 1.8 wt % PEO-PBO into PLA led to a 20-fold increase in toughness, measured as the area
under the stress−strain data in tension without affecting the bulk elastic modulus of the plastic. The micromechanical deformation
process of the PEO-PBO/PLA blend was investigated via in situ small angle X-ray scattering during tensile testing. The total volume
of the crazed material was proportional to the total surface area of the dispersed PEO-PBO particles, and both quantities increased
with increasing PEO-PBO loading. Increasing the PEO-PBO loading also resulted in (A) an increase in particle size, causing a
decrease in the craze initiation stress, and (B) an increase in fibril spacing, indicating a lower craze propagation stress. Furthermore,
craze development was found to be independent of aging time. As a result, the PEO-PBO/PLA blend was able to remain ductile and
tough for up to 114 days, exhibiting a 10-fold increase in elongation at break and toughness compared to neat PLA, which becomes
brittle in less than 2 days. These results demonstrate that designing additives that promote deformation by crazing is an effective way
to overcome the aging-induced embrittlement of glassy polymers.

1. INTRODUCTION

Sustainability is a key aspect for greener global economic
growth. Therefore, addressing plastic pollution, including
identifying viable alternatives for petroleum-based plastics
(e.g., polyethylene, polystyrene, and polyethylene terephtha-
late), is increasingly urgent.1,2 Poly(lactide) (PLA) is a
commercially available sustainable polymer that is both bio-
sourced and compostable.3,4 PLA has an annual global
production of 190,000 tons (in 2019)5 with applications
ranging from disposable utensils to plastic packaging to 3D
printing filaments.6 In industry, PLA is usually melt-processed
above its glass transition temperature (Tg = 55−60 °C) and
then rapidly quenched below its Tg, ultimately to room
temperature. The rapid quench produces a non-equilibrium
glassy state with excess free volume that facilitates relaxation
toward equilibrium through a densification process called
physical aging. PLA is one of many glassy polymers that is
known to undergo physical aging, which consequently leads to
mechanical embrittlement over a short period of time (ca. less
than 2 days),7−12 limiting its viability in many applications.

Several routes have been reported for toughening PLA. One
method is the addition of miscible, low-molar-mass plasticizers
such as poly(ethylene oxide) (PEO),13−15 triacetine,16 and
citrate esters,17 which also decreases the Tg. To properly
toughen PLA, a relatively high plasticizer loading (>10 wt %) is
often required, which inevitably leads to several undesirable
characteristics, e.g., concerns of leaching, decreased upper
service and heat distortion temperatures, and reduced
modulus.18 An alternative and economical way to toughen
PLA is through addition of rubbery particle inclusions, i.e.,
blending PLA with immiscible rubbery polymeric additives
including poly(caprolactone),19,20 linear low-density poly-
ethylene,21,22 poly(dimethylsiloxane),23 and acrylonitrile−
butadiene−styrene copolymers.24 Due to their relatively low
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moduli compared with the PLA matrix, the rubbery particles
can act as stress concentrators that promote plastic
deformation in the surrounding matrix.25,26 The effect of
particle size on PLA toughening performance has been
carefully examined in previous studies, which has led to a
conclusion that an ideal particle size range, i.e., 0.7−1.1 μm,
maximizes the toughness in the PLA blends.4,27−29 When the
rubbery particles are too large, they can cavitate and adversely
act as catastrophic voids that initiate cracks. In contrast, when
the rubbery particles are too small, they can neither cavitate
nor act as effective stress concentrators. Although high shear
mixing during melt processing and use of a compatibilizer (i.e.,
in addition to the PLA matrix and rubbery additive, making a
ternary blend) are often applied to obtain properly sized
rubbery particles, it is challenging to stabilize the dispersed
phase due to coalescence of the rubbery particles over time.4

A more attractive solution to precisely control and stabilize
the rubber particle size is the use of amphiphilic diblock
copolymer additives. Diblock copolymers consist of two
homopolymer chains linked by a single covalent bond.30

When composed of a matrix-philic block and a matrix-phobic,
rubbery block, they can form dispersions in the PLA matrix
that combine the functions of a compatibilizer and rubbery
particles, producing dispersed particles with precisely con-
trolled sizes using a single additive.30 Poly(ethylene oxide)
(PEO) has been commonly used as a matrix-philic block due
to its favorable interactions with PLA,31−35 while poly-
(butylene oxide) (PBO) and poly(propylene oxide) (PPO)
have served as the matrix-phobic block for their rubbery nature
as both have a Tg ≈ −70 °C. Previous studies have shown that
such PEO-based block copolymers can function as effective
toughening agents for PLA.36−38 For example, Li et al.39 and
Gu et al.40 blended PEO-PBO and PEO-PPO-PEO (a
symmetric triblock polymer) into PLA, leading to 13- and
11-fold improvements in toughness compared to neat PLA,
respectively. Although previous studies of PLA/block copoly-
mer blends have shown promising toughening results, several
fundamental aspects have yet to be clearly addressed; for
example, the details of the underlying toughening mechanism
and nature of the micro-deformation events (e.g., crazing,
shear yielding, and particle cavitation) are still unclear. Another
underexplored aspect is how physical aging affects the
toughness and the toughening mechanism over time. Improve-
ment in toughness induced by inclusion of rubber particles has
rarely been studied as a function of aging time. Understanding
these fundamental aspects will further enable the development
of more effective toughening methods for PLA and other
polymers that undergo physical aging-induced embrittlement.
Herein, we report a facile route to produce tough

amorphous PLA materials by blending commercially available
PEO-PBO diblock copolymers in a PLA matrix. Notably, the
resulting liquid dispersions in the PLA matrix do not sacrifice
the sample transparency because the components possess
matched refractive indices. First, we demonstrated the
advantage of the diblock molecular architecture by comparing
the morphological and tensile properties of the PEO-PBO/
PLA blends with those of corresponding homopolymer/PLA
blends (i.e., PEO/PLA and PBO/PLA). Second, the effect of
the PEO-PBO concentration on blend toughness was
examined and the micromechanical deformation process of
the PEO-PBO/PLA blend was systematically investigated via
in situ small angle X-ray scattering (SAXS) during tensile
testing. Classical models of particle cavitation and craze

formation were applied to understand the underlying
toughening mechanism. Finally, the impact of physical aging
on the toughness of PEO-PBO/PLA blends was evaluated, and
the long-term toughening performance and the associated
toughening mechanism were revealed.

2. EXPERIMENTAL SECTION
2.1. Materials. Amorphous-grade PLA (PLA4060D) was

purchased from NatureWorks. The diblock copolymer (PEO-PBO),
under the trade name Fortegra 100, was purchased from Olin
Corporation. A PEO homopolymer was purchased from Sigma
Aldrich. A PBO homopolymer was synthesized by anionic polymer-
ization as described previously.41 The chemical structures and
molecular characteristics of PLA, PEO, PBO, and PEO-PBO are
displayed in Table 1. Detailed procedures of polymer synthesis and
characterization are provided in the Supporting Information.

2.2. Sample Preparation. 2.2.1. PEO-PBO/PLA Blend. Pellets of
the PEO-PBO/PLA blend with varying composition were prepared
using a masterbatch-dilution method. The PLA pellets and the
diblock copolymer were vacuum-dried at 50 °C for 24 h before melt
mixing. A concentrated PEO-PBO/PLA blend (called the master-
batch) was first prepared by melt blending using a 16 mm twin-screw
extruder (PRISM, L:D = 24:1) operating at 60 rpm with zone
temperatures set to 120, 140, 160, and 180 °C from the hopper to die.
After a steady flow rate (20 g/min) of neat PLA was established, the
viscous PEO-PBO liquid was added to the hopper at a rate of 2 g/min
using a syringe pump. The extrudate was water-chilled, machine-
pelletized, and vacuum-dried at 50 °C for 48 h. The concentration of
PEO-PBO in the masterbatch was confirmed to be 10 wt % by 1H
NMR analysis (see Figure S1 in the Supporting Information for
detailed analysis). The masterbatch pellets were then physically mixed
with a predetermined amount of neat PLA pellets and subsequently
melt-extruded following the same processing parameters as the
masterbatch. A series of PEO-PBO/PLA blend pellets with PEO-PBO
loadings of 0.8, 1.8, 3.0, 4.7, and 6.0 wt % were achieved, where the
composition was quantified by 1H NMR. It was confirmed through
size exclusion chromatography (SEC) analysis that the blending
procedure does not degrade PLA (Figure S2 in the Supporting
Information).

2.2.2. PBO/PLA and PEO/PLA Blends. Due to small available
quantities of the synthesized PBO and purchased PEO homopol-
ymers, PBO/PLA and PEO/PLA blends were prepared using a

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 a 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 with 1H NMR. dPEO volume fraction was
calculated from 1H NMR assuming ρPEO = 1.07 and ρPBO = 0.92
according to ref 42. eDispersity was measured by SEC-MALS with a
THF mobile phase.
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microcompounder (Xplore) with a 5 mL empty chamber volume. The
liquid PBO was solidified using liquid nitrogen so that it could be
placed in the hopper and pushed into the barrel by a predetermined
amount of PLA pellets. The mixture was melt-blended for 5 min at
180 °C and 100 rpm, extruded, and chilled by liquid nitrogen. The
weight fraction of PBO in PLA was determined by 1H NMR.
2.3. Characterization. 2.3.1. Tensile Testing. To evaluate the

effect of the different additives (PEO, PBO, and PEO-PBO) on the
mechanical properties of the resulting PLA blends, uniaxial tensile
tests were performed. The pellets of PLA blends and neat PLA were
compression-molded (Carver hydraulic press) into ∼300 μm-thick
films at 135 °C for 5 min and then quenched to room temperature
within 1 min. After forming the films, standard dumbbell-shaped
tensile bars were prepared according to ASTM D1708 using a
dumbbell cutter (Dumbbell Co., Ltd. SDL200, equipped with an
SDMK-1000 dumbbell cutter). The tensile tests were performed at
room temperature using a tensile tester (Instron 5966) operated at 1
mm/min according to ASTM D1708. The tensile properties,
including Young’s modulus (E), yield stress (σY), and elongation at
break (εB), were averaged from at least six separate test specimens.
2.3.2. Scanning Electron Microscopy (SEM) and Particle Size

Analysis. Blend morphologies were characterized by SEM (Hitachi S-
4700). Both the pellets and the corresponding films were cryo-
fractured in liquid nitrogen. The fractured surface was rinsed with
methanol for 1 min at room temperature to dissolve the dispersed
phase, vacuum-dried for 2 h at 50 °C, and sputter-coated with 5 nm
iridium before SEM characterization. SEM images were processed by
ImageJ to characterize the dispersed phase particle size and particle
size distribution following procedures described elsewhere.43 The
particle diameter was calculated by an area weighted average, and the
ratio of area weighted average/number averaged diameter was taken
as the polydispersity.43 The reported “±” is one standard deviation
about the mean, and at least three SEM images (about 1000 particles
in total) were processed for each sample. Detailed analyses of the
particle sizes are provided in the Supporting Information.
2.3.3. Transmission Electron Microscopy (TEM). Samples were

prepared from the gauge region of elongated tensile bars to analyze
the sample deformation. Ultrathin 70 nm sections were cut along the
sample strain direction (to distinguish between knife marks and
deformation features) with a diamond knife (Diatome) by cryo-

microtoming at −120 °C on an ultramicrotome (Leica EM UC6 with
FC-S Cryo attachment). Sections were vapor-stained with 0.5 wt %
ruthenium tetraoxide (RuO4) in water. All samples were imaged on a
TEM (Tecnai G2 Spirit Biotwin) at an operating voltage of 120 kV.

2.3.4. Differential Scanning Calorimetry (DSC). DSC analysis was
performed on melt-processed neat PLA and PLA-additive blends
using a Mettler Toledo DSC 1. Approximately 5 mg of sample was
loaded into a hermetically sealed aluminum pan with a pinhole on the
top. Samples were heated to 135 °C at 10 °C/min and held
isothermally for 5 min to eliminate the effect of thermal history and
then cooled to −100 °C at −10 °C/min and held isothermally for 5
min. Samples were then re-heated to 135 °C at 10 °C/min (i.e., a
typical second heating step), from which the Tg was determined. All
DSC experiments were performed under an inert nitrogen
atmosphere.

2.3.5. Small-Angle X-ray Scattering (SAXS). Synchrotron SAXS
data were acquired from the DND-CAT 5ID-D beamline at the
Advanced Photon Source (Argonne, IL). The data were collected
using a sample-to-detector distance of 8.5 m and a photon wavelength
of λ = 1.3776 Å. Two-dimensional (2D) scattering patterns were
recorded using a Rayonix CCD detector. The tensile bars for all SAXS
measurements were elongated in the vertical direction identified as
90°. The 2D SAXS patterns were then integrated (1) radially,
producing a 1D plot of intensity vs azimuth angle, and (2) over
azimuthal angles from −10° to 10° (i.e., perpendicular to the strain
direction of 90°), generating a plot of intensity vs scattering vector q =
4πλ−1sin(θ/2) vs intensity. The intensity displayed in the 1D plots is
presented as “Intensity (normalized)”, where the measured intensity
was divided by the sample thickness so that comparisons among
samples in this study could be made on a relative basis. Additional
information regarding the experimental setup is provided in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Blend Morphology. The PEO, PBO, and PEO-PBO

additives were melt-blended with PLA at ∼5.0 wt % loading
and compression-molded into films. Figure 1 shows the SEM
images of cryo-fractured film surfaces after rinsing with
methanol. The cryo-fractured surface of the PEO/PLA blend

Figure 1. Morphologies of PLA blends with (A) 5 wt % PEO, (B) 4.6 wt % PBO, and (C) 4.7 wt % PEO-PBO after being compression-molded
into films, fractured, and rinsed with methanol. Corresponding particle diameter distributions with (D) 4.6 wt % PBO and (E) 4.7 wt % PEO-
PBO/PLA. The scale bars represent 10 μm.
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(Figure 1A) was smooth and featureless, indicative of the
molecular miscibility between PEO and PLA. This is consistent
with a negative Flory−Huggins interaction parameter χ, which
has been previously reported for the PEO/PLA pair.31,32 In
contrast, Figure 1B,D shows large and nearly spherical voids
for the PBO/PLA blend, with an average size of 1.8 ± 0.2 μm
and polydispersity of 3.1 ± 0.9. We note that the SEM images
of the cryo-fractured neat PLA film after methanol rinsing did
not exhibit any void formation, confirming that the voids in the
PBO/PLA blend correspond to the dispersed PBO particles
after solvent extraction (Figure S3 in the Supporting
Information). The macrophase-separated morphology of the
PBO/PLA blend is consistent with their thermodynamic
immiscibility.39 Interestingly, Figure 1C,E shows that the
average particle size in the PEO-PBO/PLA blend is 0.8 ± 0.1
μm with a polydispersity of 1.3 ± 0.1. We hypothesize that the
reduction in particle size and dispersion (i.e., smaller size
polydispersity) can be attributed to the miscible PEO block
providing a compatibilizing effect. Although PEO-PBO still
macrophase-separates as opposed to forming discrete micelles
in PLA, the “PLA-philic” PEO block likely decreases the
interfacial tension by favorable mixing with the PLA matrix,
while the “PLA-phobic” PBO block mixes with the PEO-PBO
dispersed phase that constitutes the liquid core of the particle.
We expect that the “PLA philic−phobic” diblock structure
enables a lower critical capillary number for particle breakup
that facilitates formation of a much smaller dispersed phase
during melt processing.44,45 Overall, the unique molecular

structure of the PEO-PBO diblock copolymer leads to a liquid
particle phase (Tg ≈ −70 °C) that is well dispersed within the
PLA matrix.
The effect of PEO-PBO concentration on the PEO-PBO/

PLA blend morphology was further investigated before and
after compression-molding pellets into films at 135 °C for 5
min. Interestingly, Figure 2A shows that the dispersed PEO-
PBO particle size (∼0.5 μm) in PEO-PBO/PLA blend pellets
remained constant, within experimental uncertainty, over
concentrations of 0.8−6 wt %. In contrast to the precursor
PEO-PBO/PLA blend pellets, Figure 2B shows that the
particle sizes in the compression-molded films increase with
PEO-PBO loading. The difference in particle sizes between
blend pellet precursors and compression-molded films is likely
a result of the kinematic balance between droplet breakup and
coalescence during melt processing.39 In the case of blend
pellets, PEO-PBO droplets are constantly under high shear
imposed by the twin-screw extruder, mitigating significant
droplet coalescence in the melt state. The blend morphology
can be mostly preserved since the extrudate is quickly
quenched below the matrix Tg (56 °C) using a cooling water
bath. In contrast, the compression-molded thin films can
potentially undergo a higher degree of droplet coalescence in
the melt state due to the limited amount of flow that occurs
during compression molding. As the PEO-PBO loading
increases, enlarged particle sizes are also promoted. The effect
of additional annealing time on the blend film morphology was
also investigated by monitoring the average particle size of the

Figure 2. PEO-PBO particle sizes in PEO-PBO/PLA blends as a function of PEO-PBO concentration in (A) as-compounded pellets and (B) after
compression molding into film samples at 135 °C for 5 min. (C) Particle size of 4.7 wt % PEO-PBO/PLA blend films after additional annealing at
135 °C following compression molding.

Figure 3. Representative stress−strain data of (A) PLA, PEO/PLA, and PBO/PLA blends at ∼5 wt % loading and (B) PEO-PBO/PLA blends at
various PEO-PBO concentrations. All stress−strain data are after aging at room temperature for 2 days.
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4.7 wt % PEO-PBO in PLA sample with increasing annealing
time at 135 °C (i.e., additional annealing following the initial 5
min of annealing during compression molding). As shown in
Figure 2C, the particle size did not change as a function of
additional annealing time, indicating that the particle size
appears to be stabilized immediately after compression
molding.
3.2. Mechanical Properties. Uniaxial tensile tests were

performed on all samples after 2 days of physical aging at room
temperature. Representative stress−strain data are shown in
Figure 3, and the calculated mechanical properties are
summarized in Table 2. As shown in Figure 3A, neat PLA
exhibited a typical brittle behavior after 2 days of aging,
characterized by elastic deformation with a Young’s modulus
(E) of 3 GPa, representative of the stiff nature of PLA,
followed by yielding at a strain (εY) of 1.9% with a yield stress
(σY) of 51 MPa then failing at an elongation at break (εB) of
9%. During elongation, the sample gauge area displayed a few
small white horizontal streaks perpendicular to the tensile

direction (Figure S5). The orientation of these streaks
indicates that they are likely the result of light scattering
from voids formed from crazing. .46,47 Addition of 5 wt % PEO
or PBO to PLA resulted in blends that had similar toughness
to that of neat PLA. The PEO/PLA gauge region behaved
similar to neat PLA, forming a few small white horizontal
streaks perpendicular to the tensile direction indicative of
crazing. PEO is known to be miscible with PLA32−34 (also
supported by Figure 1A), and it acts as a plasticizer, resulting
in a decreased σY (σY = 39 MPa) compared to that of neat
PLA. Previous research suggests that sufficient plasticizer must
be added to reduce the PLA Tg below 35 °C to successfully
toughen the plastic.13,36,48,49

Table 2 shows that the 5 wt % PEO in the PLA blend had a
Tg of 45 °C, which is insufficient to achieve this threshold.
Blending 4.6 wt % PBO with PLA also resulted in a
mechanically inferior material to PLA. A reduced σY of 37
MPa compared to neat PLA coincided with complete
whitening of the gauge region as a result of particle

Table 2. Summary of the Mechanical Properties of Neat PLA and PLA Blended with Various Additivesa

polymer blend Tg (°C) E (GPa) σY (MPa) εY (%) σN (MPa) εN (%) εB (%) toughness (MJ/m3)

neat PLA 56 3.0 ± 0.1 51 ± 2 1.9 ± 0.1 9 ± 4 3 ± 2
5.0 wt % PEO 46 2.7 ± 0.1 39 ± 1 1.7 ± 0.1 10 ± 3 3 ± 1
4.6 wt % PBO 55 2.7 ± 0.1 37 ± 4 1.8 ± 0.2 17 ± 10 4 ± 3
0.8 wt % PEO-PBO 55 2.9 ± 0.1 45 ± 2 1.8 ± 0.1 36 ± 3 15 ± 4 74 ± 60 23 ± 20
1.8 wt % PEO-PBO 54 2.8 ± 0.1 40 ± 3 1.7 ± 0.1 29 ± 3 39 ± 7 221 ± 46 58 ± 11
3.0 wt % PEO-PBO 53 2.8 ± 0.1 35 ± 4 1.5 ± 0.2 24 ± 3 54 ± 4 201 ± 46 45 ± 12
4.7 wt % PEO-PBO 51 2.8 ± 0.1 34 ± 4 1.5 ± 0.2 24 ± 4 76 ± 6 159 ± 45 34 ± 12
6.0 wt % PEO-PBO 48 2.7 ± 0.1 28 ± 2 1.2 ± 0.1 22 ± 2 140 ± 5 148 ± 58 26 ± 13

aThe ± is one standard deviation about the mean, and 10 replicates were completed for each sample.

Figure 4. (A) Representative stress−strain data (from 1.8 wt % PEO-PBO/PLA blend) with features labeled for reference. (B) Representative
stress−strain data from a 4.7 wt % PEO-PBO in PLA blend with (C−H) labeled gauge section images at specified strains. The colors of the × labels
on (B) correspond to the gauge images. Sample was aged at room temperature for 2 days before testing.
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cavitation.50,51 However, the tensile bar failed shortly after
passing the yield point. We attribute this early failure to the
relatively large PBO particle sizes, which can lead to large
micron-sized cavities that cause catastrophic cracks and
failure.51,52

In stark contrast, Figure 3B shows that the PEO-PBO/PLA
blends displayed dramatically improved ductility and exhibited
additional stress−strain features. These features, including
yielding, post-yield stress reduction, necking transition, stress
depression, and breaking, are labeled in Figure 4A and are
discussed below in more detail. For better visual illustration,
the deformation of a tensile bar during extension, representa-
tive stress−strain data, and corresponding images of the gauge
area from a 4.7 wt % PEO-PBO in PLA blend are provided in
Figure 4B−H. Similar to neat PLA, the first characteristic
feature in the PEO-PBO/PLA blend stress−strain data is the
yield point. The yield stress σY and yield strain εY for the PEO-
PBO/PLA blends were lower than σY and εY for neat PLA
(Figure 4B and Table 2). At the yield point, the initially clear
gauge region (Figure 4C) began to whiten (Figure 4D),
indicative of void formation.46,47 This is due to particle
cavitation or craze formation, which is considered in more
detail in a later section. After the yield point, the stress
decreased quickly to a minimum value, during which the gauge
region continued to whiten (i.e., voids continued to form;
Figure 4E). When the stress minimum was reached, the gauge
region was completely whitened and opaque (Figure 4F).
Upon further elongation, the material exhibited strain
hardening. We attribute this stress increase to the orientation
of the polymer chains in the craze fibrils. From the start of the
test until the necking transition, the material deformed
uniformly throughout the entire gauge section where the
width and thickness remained essentially constant (Figure 4G).
Therefore, volume expansion due to voiding within the

specimen accompanies the deformation, indicating that crazing
is the main deformation mechanism.53 As the stress further
increased, the specimen approached the flow stress at the
necking transition, where the sample thickness and width
decreased in a localized region of the gauge section (Figure
4H). We hypothesize that the deformation mechanism at the
necking transition changes due to macroscopic changes in the
sample. From the point of necking to failure, the sample
underwent cold drawing and the neck propagated throughout
the gauge region.
Based on the results in Figure 3 and Table 2, the

concentration of PEO-PBO in PLA has a significant effect
on the mechanical properties. E decreased with increasing
amount of PEO-PBO, consistent with previous studies;51,54,55

however, even at the highest examined loading, i.e., 6 wt %
PEO-PBO in PLA, the modulus was within 90% of neat PLA.
Similarly, σY and εY decreased as the loading of PEO-PBO
increased, a result of the liquid particles formed by PEO-PBO
in the PLA matrix. The liquid particles can act as stress
concentrators due to their lower compliance compared to the
PLA matrix, allowing the blend to yield at a lower applied
stress.56,57 As the particle volume fraction increases, naturally
so does the density of stress concentrators.25,51,57,58 In
addition, the stress at the necking transition (σN) decreased
while the necking transition strain (εN) increased as a function
of PEO-PBO concentration. With increasing PEO-PBO
loading, the stress required for material flow during/after
extensive crazing decreased. The PEO-PBO partially plasticizes
PLA, which is evident from the slight decrease in Tg with
increasing PEO-PBO loading (Table 2). Moreover, the εN
increased with PEO-PBO loading due to the increase in
particle surface area, which leads to an increase in crazing and
energy dissipation. Therefore, the material must be elongated
to larger strains during strain hardening to reach the necessary

Figure 5. (A) Representative neat PLA tensile stress−strain data obtained during in situ tensile SAXS experiments with × symbols corresponding
to (C−F) 2D SAXS patterns. The color of the × symbols in (A) indicates the corresponding 2D SAXS patterns. (G) 1D azimuthal angle vs
intensity obtained from radial integration of 2D SAXS patterns. The neat PLA sample was aged for 2 days.
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flow stress to initiate necking. The strain at break (εB) and
toughness (i.e., integrated area under the stress−strain data59)
did not follow a linear trend. In fact, the blend εB peaked at 1.8
wt % PEO-PBO in PLA (∼20-fold increase compared to neat
PLA) and finally decreased as more PEO-PBO was added
(∼10-fold increase at 6.0 wt % PEO-PBO in PLA compared to
neat PLA). The increase in PEO-PBO loading leads to a
greater particle surface area (i.e., greater stress concentrator
area for crazing), resulting in a larger fraction of the test
specimen volume engaging in the crazing process. This
increases the chances for craze fibril breakdown due to
thickening crazes intersecting with inhomogeneities in the
sample (i.e., dust particles or isolated cavitated particles) or
due to craze impingement;60 as crazes thicken, they will
intersect and destabilize one another. Once one fibril fails, the
stress increases on the neighboring fibrils and causes multiple
fibril failure, resulting in a crack that leads to early failure.
Based on the results from the tensile tests and SEM

morphologies of the PEO-PBO/PLA, PEO/PLA, and PBO/
PLA blends, it is evident that both components in the diblock
copolymer are essential to achieve the necessary particle size to
toughen PLA. In the PEO-PBO/PLA blend, the PBO
immiscibility leads to macrophase separation and particle

formation due to unfavorable enthalpic interactions between
PBO and PLA, while the enthalpically favorable PEO/PLA
interactions lower the interfacial energy, leading to a decreased
and controlled particle size (tunable by varying the chemical
details of PEO-PBO). In the PLA matrix, the PEO-PBO
diblock copolymers assemble into particles within an ideal size
range,4,27,28 which can stably cavitate and then act as stress
concentrators to effectively toughen PLA.

3.3. Toughening Mechanism of the PEO-PBO/PLA
Blends. The discussion in the previous sections has provided a
rather macroscopic view of the PEO-PBO/PLA blend
deformation behavior and the toughening effects brought by
PEO-PBO. In this section, we aim to gain more fundamental
insight into the deformation mechanisms behind the
toughening enhancements at the microscopic level. To achieve
this goal, in situ SAXS experiments were performed during
tensile tests to probe the craze fibril development during
elongation.61−65 Comprehensive experimental details and
specifications are provided in the Supporting Information.
We note that the tensile specimens for in situ SAXS
measurements were elongated at the same rate as those used
for regular tensile tests (Figures 3 and 4 and Table 2). All
specimens for in situ SAXS measurements were also aged for 2

Figure 6. (A) Representative tensile stress−strain data acquired from in situ tensile SAXS for 4.7 wt % PEO-PBO in PLA. (B) Zoom-in view of (A)
at low strain (0−25% strain) to reveal the low-strain tensile properties. The color of the × labels on (A) and (B) corresponds to the border of the
(D−J) 2D SAXS patterns. (K) 1D SAXS plot of azimuthal angle vs intensity constructed from radial integration of 2D SAXS patterns. The sample
was aged for 2 days.
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days at room temperature, and they exhibited a stress−strain
behavior nearly identical to those obtained in Figure 3.
3.3.1. Deformation Mechanism of PLA. The in situ tensile

SAXS data for neat PLA yield several different key pieces of
information, with each referenced to its in situ stress−strain
behavior shown in Figure 5A. Two-dimensional SAXS patterns
(Figure 5B−F) are used for qualitative comparison between
neat PLA and the PEO-PBO/PLA blends (see the next
section), while the azimuthal angle vs intensity (I) data (Figure
5G) provide a quantitative assessment of the scattering results.
During deformation, the 2D SAXS pattern of neat PLA
remained featureless until just before the yield point at ∼2.3%
strain (Figure 5C), where a sharp increase in scattering
intensity at 90°, i.e., along the tensile direction (meridional
axis), was observed (as shown in Figure 5G), indicative of void
formation within the sample.66 These voids are likely initiated
by impurities in the PLA matrix such as dust particles and
residual catalysts.46,47 Due to the inhomogeneous distribution
of these defects, the strain is localized and therefore additional
deformation is necessary before the material can yield. As the

material is further elongated and more voids are formed, the
meridional streak intensified until it plateaued at 3.1% strain
(Figure 5D−F). At 3.1% strain, there was a slight increase in
intensity at 0° (Figure 5D), i.e., perpendicular to the tensile
direction (equatorial axis), which also can be seen in Figure
5G. This increase in scattering intensity is due to the contrast
between the newly formed craze fibrils and void space.61,66,67

Because of the limited volume fraction associated with the
voids and crazes in neat PLA, the associated strain and stress
are highly localized. The locally deformed material can be
elongated at a lower stress than the undeformed surrounding
material, and hence strain localization is further enhanced,
leading to early failure. The normalized equatorial intensity
continued to increase and reached a maximum value before
failure. Notably, the equatorial intensity is proportional to the
craze volume, which is discussed below in more detail.

3.3.2. Deformation Mechanism of PEO-PBO/PLA Blends.
In situ tensile tests with SAXS were performed on all PEO-
PBO/PLA blends with various PEO-PBO loadings. The 4.7 wt
% PEO-PBO in PLA blend is used as a representative example

Figure 7. Schematic of (A) PEO-PBO particles (blue circles) in the PLA matrix (orange) before deformation (0% strain). (B) Cavitation of PEO-
PBO particles during tensile deformation. (C) Craze initiation and growth from the cavitated particles as the material is strained further. (D and E)
TEM images of the gauge region of a 4.7 wt % PEO-PBO in PLA sample at 10% strain taken at different magnifications. Samples were stained with
RuO4.
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to discuss the blend stress−strain behavior and corresponding
microstructural evolution as compared to neat PLA. The
stress−strain data (Figure 6A,B), 2D SAXS patterns at various
strains (Figure 6C−I), and plot of azimuthal angle vs I (Figure
6J) are displayed in the indicated figures. The PEO-PBO
particles are too large to generate form-factor scattering that
can be detected by SAXS. Therefore, the observed scattering
should reflect particle-based Porod scattering (I ∼ q−4) and
scattering from voids associated with cavitated particles and
crazes. The much larger electron density difference between
voids and the polymer, versus PEO-PBO and PLA, means that
the former will dominate the experimental scattering profiles.
All the 2D SAXS patterns obtained from the 4.7 wt % PEO-

PBO in PLA blend in the elastic regime (ε < 0.028) were
identical to those recorded at 0% strain (Figure 6C,D). At the
yield point, there was a sharp increase in scattering along the
meridional axis, indicative of void formation (Figure 6E,K).
The void formation for all the PEO-PBO/PLA blends occurs
either at or slightly beyond the yield point, never prior to
yielding as is the case for neat PLA. Yielding is accompanied by
particle cavitation and subsequent void expansion, which
relieves stress in the matrix and a reduction in the measured
stress after the yield point.52,68 Following the yield point, at
3.2% strain, there was a sharp increase in the scattering
intensity in the equatorial axis (Figure 6F,K), indicative of
craze fibril formation. According to Figure 6K, the intensity
due to crazing along the 0° axis is much greater for the 4.7 wt

% PEO-PBO in PLA blend than for the neat PLA due to the
presence of liquid particles. These well-dispersed particles can
act as craze-initiating sites that allow crazes to grow in a
controlled manner throughout the entire sample, dissipating
energy by craze fibril formation. These conclusions are further
supported by TEM images obtained from elongated tensile
bars, as displayed in Figure 7. A 4.7 wt % PEO-PBO in PLA
sample was elongated to 10% strain and removed for TEM
preparation. TEM images reveal that there are voids, about the
same size as or slightly larger than the particles (∼800 nm in
diameter), distributed throughout the sample due to cavitated
particles with crazes extending from the voids perpendicular to
the tensile direction. The scattering intensity in the equatorial
region continually increased until about 100% strain (Figure
6I), at which point a maximum value of approximately 10
times that of neat PLA was reached. At 100% strain, the
equatorial scattering intensity reached a plateau, signaling
cessation of craze fibril formation and a change in the
toughening mechanism from crazing to shear yielding (i.e.,
material flow). At 201% strain, the scattering intensities in both
the meridional and equatorial directions decreased (Figure
6J,K), which is likely due to necking, leading to a decreased
sample thickness and scattering volume.
Based on the in situ tensile SAXS results, both neat PLA and

the PEO-PBO/PLA blends form crazes when elongated. The
neat PLA sample develops a limited number of voids before
the yield point and then grows crazes in a few localized areas as

Figure 8. 1D SAXS patterns obtained by integration of the intensity between azimuthal angles of −10° to 10° for (A) neat PLA and (B) 4.7 wt %
PEO-PBO in PLA. (C) Plot of invariant (Q0°) vs strain for various wt % PEO-PBO in PLA using the intensity normalized by sample thickness. (D)
Maximum (Max) invariant Q0° from (C) vs total particle surface area (which is equal to the surface area of an average-sized particle times the
average number of particles in the gauge area) for PEO-PBO/PLA blends (solid line is a linear fit of the data). The dotted line represents the Q0° of
neat PLA. All samples were aged for 2 days before testing.
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the material is extended to failure. In comparison, the well-
dispersed particles (stress concentrators) in the PEO-PBO/
PLA blends act as craze-initiating sites, leading to the
development of numerous crazes uniformly throughout the
entire material, adsorbing energy and blunting crack formation.
3.3.3. Influence of PEO-PBO Loading on Craze Develop-

ment. Although all the PEO-PBO/PLA blends exhibited
similar stress−strain characteristics, they differed in craze
development and the portion of the gauge volume engaged in
crazing. To analyze the crazes formed in neat PLA and PEO-
PBO/PLA blends, the invariant of the X-ray scattering along
the equatorial (0° azimuthal angle) axis (Q0°) was calculated
by integration of the 1D q vs I SAXS plots (Figure 8A,B)
according to69

∫= × ×°

∞
Q I q q dq( )0 0

2
(1)

The invariant is related to the volume of crazes (V) and fibril
volume fraction in a craze (vf)

ρ= − Δ°Q Vv v(1 )f f0
2

(2)

where Δρ is the electron density difference between the
polymer and void space. We note that eq 1 differs from that
reported by Kramer and Brown61 due to differences in the
experimental setup. Here, SAXS experiments were performed
with a pinhole geometry, while Kramer and Brown used a slit
geometry. Assuming vf has limited variability at low
concentrations (<10 wt %) of PEO-PBO69,70 and Δρ is a
constant for all blends, the changes in Q0° are directly related
to V. Q0° is plotted versus strain for the five PEO-PBO
concentrations in Figure 8C. The maximum Q0° values at each
block copolymer loading are plotted against the total surface
area of particles (i.e., product of the surface area of one particle
times the total number of particles in the gauge region) in
Figure 8D, resulting in a linear fit. The total craze volume (V)
is linearly dependent on the particle surface area due to the fact
that crazes are initiated at the void/polymer interface. With
increasing V, a greater strain is required to reach the necessary
flow stress for necking to occur, thus increasing εN. This is due
to increased energy dissipation from craze formation and an
increase in load-bearing fibrils, resulting in greater fibril
stability. It is also worth noting that, with increasing PEO-
PBO concentration, both Q0° and the strain at which Q0°
reaches a maximum (εM) increased (Figure 8C), while εM
coincided with εN for all the PEO-PBO/PLA blends. Q0°
leveling off or decreasing at εM provides additional evidence
that at εN, the deformation mechanism changes from crazing to
shear yielding as the material necks.
3.3.4. Effect of the PEO-PBO Particle Size. The PEO-PBO

particle size also impacts the stress required for craze initiation.
From the in situ SAXS data obtained during tensile testing, the
craze initiation stress (σ1cz) can be determined as the stress at
which the intensity at an azimuthal angle of 0° is 5% greater
than the baseline intensity in the azimuthal angle vs I plot
(neat PLA in Figure 5G and blends in Figure 6J). Figure 9
shows σ1cz vs average diameter of the dispersed PEO-PBO
particles in PLA. The σ1cz for neat PLA is 50 MPa, which is
within the typical stress range seen in the literature,71,72 while
σ1cz decreased by ∼50% to 26 MPa upon blending 3 wt %
PEO-PBO with PLA. As a crack approaches a particle, a larger
sample volume can initiate a craze due to the decreased
σ1cz.

16,45 As the material begins to deform and dissipate energy

at lower stresses, additional strain is required to reach the craze
fibril breakdown stress (fibril failure), leading to greater
toughness. Craze initiation can be modeled as linear elastic
fracture with a crack of length D.16,45 The relationship between
σ1cz and D can be described using a modified Griffith
equation73 as proposed by Bucknall56,74

σ
π

υ
=

−
EG

D2(1 )1cz
1cz

2
(3)

where E is the elastic modulus, G1cz is the specific work done in
creating a unit area of new craze, and υ is the Poisson ratio. σ1cz
calculated with eq 3 using the material parameters for PLA (E
= 3.0 GPa, υ = 0.35,75 and G1cz = 0.1 J/m2; see the Supporting
Information for the detailed calculations and assumptions) is
plotted versus diameter in Figure 9.56,74 This plot reveals that
the PEO-PBO/PLA blend results follow the model predictions
closely at smaller PEO-PBO particle diameters (corresponding
to lower PEO-PBO loading). This provides evidence
supporting the notion that craze initiation resembles linear
elastic fracture mechanics as opposed to yielding, which other
researchers76−78 have employed to model craze initiation.
Modest deviation from the observed data at larger PEO-PBO
particle diameters (>0.75 μm, or higher loading) is due to the
cavitation of PEO-PBO particles, leading to a porous material.
Therefore, the average stress in the matrix becomes greater
than the applied stress. Another potential source for the
deviation is the decrease in E, which was taken to be a
constant, with increasing PEO-PBO loading. Although crazing
can be modeled by a linear elastic fracture mechanism,
catastrophic failure is avoided due to the reinforcement
mechanism of fibril formation.56,74,79,80

The craze fibril spacing is a key factor dictating how the
craze propagates perpendicular to the tensile direction. The
broad peaks at high q in Figure 8A,B are associated with the
inter-fibril scattering, and the peak can be used to estimate the

craze fibril spacing π=( )D q2 /0 max .61,81−83 The calculated D0

values of neat PLA are all around 20 nm, independent of strain
and similar to those obtained by the same analysis for
polystyrene84 (D0 = 30 nm). The estimated D0 values are
plotted against strain for each PEO-PBO/PLA blend and
compared to that for neat PLA in Figure 10. There are two
clear trends observed in Figure 10: the fibril spacing (1)

Figure 9. σ1cz vs diameter data, along with model predictions from eq
3 (solid line) and neat PLA craze stress (dashed line). All data were
recorded after aging tensile bars at room temperature for 2 days.
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increases as the PEO-PBO loading increases and (2) decreases
with increasing strain. The fibril spacing can be expressed by83

β
= Γ

D
S

8
0

(4)

where Γ is the energy to form a new craze surface, β is an O(1)
geometric constant, and S is the tensile stress at the craze
interface. It is generally accepted that for a given system, D0S is
a constant, therefore 8Γ/β in eq 4 will be treated as a
constant.83,85,86 With increasing PEO-PBO loading, D0
increases, resulting in decreasing fibril stress. A lower fibril
stress leads to crazes occurring and propagating at lower
stresses. This is likely a result of the lower Tg of the material
with increasing PEO-PBO loading.70,84,87 A lower S contrib-
utes to the increase in εN that is observed with increasing PEO-
PBO loading (Table 2). When the stress on the fibrils is
lowered, the fibrils can be extended to greater elongations
before the flow/breakdown stress is reached.
Interestingly, the fibril spacing also is observed to decrease as

the material is elongated. For this to happen, the craze fibrils
must have become closer to one another as the tensile bar was
extended because this observation cannot be the result of new
fibrils developing between the already formed craze fibrils as
the craze continually thickens (along the tensile direction).
Although the reason for such a decrease of craze fibril spacing
is not fully understood, the results suggest a narrowing of the
craze width (perpendicular to the strain direction), thus
compressing the fibrils. This trend provides evidence of the
craze fibril stability. The fibrils are initiated at low strains
(∼3%) and continue to develop up to 70% strain in some
samples. As the material extends, the craze fibril spacing
decreases, indicating that the fibrils are not breaking (which
would otherwise lead to an increase in D0). The increase in
PEO-PBO concentration allows for the crazes to propagate at
lower stresses, and the crazes appear to be stably thickened
(along the strain direction), avoiding fibril failure until fracture.
It is worth noting that although other researchers have

observed rubber particle cavitation induced plastic deforma-
tion, the deformation seen was shear yielding.88−90 These
differences arise due to variations in the testing conditions,91

sample aging time,9,92,93 particle size/morphology,28,74 and
matrix crystallinity.28

Overall, the well-dispersed rubber particles in the PEO-
PBO/PLA blends act as craze-initiating sites that facilitate
crazes to develop uniformly throughout the material. The
PEO-PBO concentration affects both the craze initiation and
propagation stress, ultimately dictating the total craze volume
and final material toughness.

3.4. Mechanical Properties as a Function of Physical
Aging. All the data displayed to this point represent the
behavior of neat PLA and PEO-PBO/PLA blends at 2 days of
physical aging at room temperature. There are a variety of ways
to study physical aging of a polymer. Common methods
include (1) measuring enthalpy relaxation,10,94,95 (2) evaluat-
ing tensile mechanical properties,92,95,96 and (3) assessing low
strain torsion creep.94,95 We have opted to monitor the
physical aging of PLA in this work by examining the
mechanical properties in tension, which we view as most
directly relevant to applications. Few studies9,38,97−99 have
examined the effectiveness of additives at longer aging times,
and the effects of aging time on the deformation mechanism
have been rarely investigated.9 Here, we examine the blends at
longer aging times to ascertain the impact of physical aging on
the deformation mechanism.
When polymers are processed as melts and then rapidly

cooled below Tg, the chain segments are trapped in a
metastable state with excess free volume.7,8,12,100 In an attempt
to approach equilibrium, the chain segments undergo local
relaxations, which lower the free volume, causing densification;
this is called physical aging.100,101 With densification, polymer
segment−segment interactions increase, making it more
difficult for chains to move past one another.7,9,102 As a result,
both E and σY typically increase while εB decreases with aging.
In contrast, crazing is directly related to the matrix
entanglement density, which is independent of physical
aging.83 The craze stress usually remains constant and is
eventually surpassed by the σY as glassy polymers
age.92,93,103−105 In homopolymers, craze deformation coincides
with strain localization, leading to brittle failure.105 Based on
our earlier results, the main toughening mechanism of the
PEO-PBO/PLA blends is uniform craze formation throughout
the entire sample. Therefore, we hypothesize that these blends
will remain ductile because the crazing stress does not change
as a function of aging time, which is the subject of this section.
To test this hypothesis, the mechanical properties of the

PEO-PBO/PLA blends were examined as a function of aging
time at room temperature. Figure 11 displays representative
stress−strain data from the 1.8 wt % PEO-PBO in PLA
material with increasing aging time at room temperature, and
Table 3 compiles the tensile test results for all the blend
compositions. As the PEO-PBO/PLA blends aged at room
temperature, for up to 114 days, the samples remained
relatively tough compared to neat PLA. There are two general
trends exhibited by the data: (1) εN increased and (2) εB
decreased with increasing aging time. εN increases as a function
of aging time due to the increase in flow stress as the material
densifies. Therefore, the material must be extended to a greater
strain to reach a higher flow stress as the plastic strain hardens.
As the flow stress further increases, it will eventually exceed the
critical stress that the craze fibrils can withstand, leading to
craze fibril breakup and failure before necking can occur, and
thus εB approaches εN. However, as the material continues to
age, the εN of samples aged for 114 days eventually surpasses
εB of samples aged for a shorter time (<114 days). Haugan et
al.9 observed an increase in crazing and an increase in strain at

Figure 10. Craze fibril spacing (D0) as a function of strain. All data
were recorded after aging tensile bars at room temperature for 2 days.
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which necking and shear deformation occurred (εN) in PLA-
based graft block polymers. They also identified similar trends
in εB and εN. However, the PEO-PBO/PLA blends remain
relatively tough with aging due to the high εN, reaching strains
>80% for the PEO-PBO blends with 1.8 wt % and higher PEO-
PBO loadings.
3.4.1. Craze Fibril Development as a Function of Time.

The craze stress is not associated with a yielding mechanism as
discussed earlier and therefore is unaffected by the physical
aging of the PLA matrix.92,93,103 Thus, the mechanical
properties of the blends are expected to remain unchanged
as the material ages, from 0% strain to εN. This is examined in
Figure 12A using the invariant of the equatorial axis scattering
intensity. The 4.7 wt % PEO-PBO in PLA blend was analyzed
after aging for 2 and 30 days. Q0° vs strain for both materials
are very similar, where Q0° increases rapidly between 10 and

50% strain before reaching a similar maximum value. This
demonstrates analogous craze development and growth
between these two samples and indicates that both samples
have a similar number of total crazes and crazed volume.
Similar to Q0°, σ1cz and D0 of the 4.7 wt % PEO-PBO in PLA

blend can be examined as a function of aging time at room
temperature to further investigate the effects of physical aging
on the development of crazes. The σ1cz of the 4.7 wt % PEO-
PBO in PLA blend after aging for 2 days was 25 MPa, almost
identical to that of the sample after aging for 30 days, i.e., 24
MPa. This confirms that σ1cz does not change as a function of
aging time, and crazing can initiate at the same stress at a given
particle size. D0 vs strain data for the 4.7 wt % PEO-PBO in
PLA blend after aging at room temperature for 2 and 30 days
are plotted in Figure 12B. Here again, the aged sample
resembles the unaged sample, which provides further evidence
that craze formation and development are unaffected by
physical aging. Given that D0S is a constant, we can conclude
that S does not change as a function of aging, indicating that
the crazes can propagate at the same stress values independent
of aging time. Therefore, the decrease in εB can be attributed
to the increase in yield stress as the material ages. However, the
sustained toughness is a result of the invariant development of
crazes as the material ages.

4. CONCLUSIONS

Detailed studies of the mechanical properties of PLA blends
revealed the effectiveness of a commercial PEO-PBO diblock
copolymer in toughening commercial PLA. We have
demonstrated that individually, neither PEO nor PBO is able
to toughen PLA. The diblock copolymer architecture is
essential for the blend to assemble into a stable macrophase-
separated particle morphology with ideal particle sizes that
result in a tough blend. Optical transparency and efficacy at
low PEO-PBO mass loading (1.8 wt %) further demonstrate

Figure 11. Representative stress−strain data for 1.8 wt % PEO-PBO
in PLA at various aging times.

Table 3. Mechanical Properties of Neat PLA and PEO-PBO/PLA Blends at Various Aging Timesa

polymer blend aging days E (GPa) σY (MPa) εY (%) σN
b (MPa) εN

b (%) εB (%) toughness (MJ/m3)

neat PLA 2 3.0 ± 0.1 50 ± 2 1.9 ± 0.1 9 ± 4 3 ± 2
0.8 wt % PEO-PBO 2 2.9 ± 0.1 45 ± 2 1.8 ± 0.1 36 ± 3 15 ± 4 74 ± 60 23 ± 20

7 3.1 ± 0.1 49 ± 2 1.9 ± 0.1 38 ± 2 38 ± 2 47 ± 11 17 ± 4
18 3.0 ± 0.2 45 ± 2 1.7 ± 0.1 32 ± 2 42 ± 2 35 ± 9 12 ± 2
35 3.1 ± 0.1 46 ± 5 1.8 ± 0.2 42 ± 1 43 ± 2 53 ± 29 20 ± 11
114 3.0 ± 0.1 43 ± 2 1.6 ± 0.1 36 ± 2 35 ± 2 96 ± 38 31 ± 13

1.8 wt % PEO-PBO 2 2.8 ± 0.1 40 ± 3 1.7 ± 0.1 29 ± 3 39 ± 7 221 ± 46 58 ± 11
7 3.0 ± 0.1 42 ± 2 1.7 ± 0.1 33 ± 2 51 ± 5 120 ± 40 36 ± 12
18 3.0 ± 0.1 36 ± 3 1.5 ± 0.1 30 ± 1 64 ± 2 174 ± 65 48 ± 20
35 2.9 ± 0.1 37 ± 2 1.5 ± 0.1 31 ± 1 65 ± 3 87 ± 11 23 ± 3
114 3.0 ± 0.1 37 ± 1 1.4 ± 0.1 23 ± 1 80 ± 2 97 ± 11 26 ± 3

3.0 wt % PEO-PBO 2 2.8 ± 0.1 35 ± 4 1.5 ± 0.2 24 ± 3 54 ± 4 201 ± 46 45 ± 12
7 2.9 ± 0.1 38 ± 4 1.5 ± 0.2 30 ± 3 69 ± 5 154 ± 50 41 ± 14
114 2.9 ± 0.1 36 ± 2 1.5 ± 0.1 24 100 101 ± 60 23 ± 13

4.7 wt % PEO-PBO 2 2.8 ± 0.1 34 ± 4 1.5 ± 0.2 24 ± 4 76 ± 6 159 ± 45 34 ± 12
7 2.9 ± 0.1 36 ± 2 1.5 ± 0.1 29 ± 1 93 ± 4 146 ± 49 36 ± 13
116 2.9 ± 0.1 35 ± 1 1.4 ± 0.1 24 ± 1 171 ± 1 174 ± 74 37 ± 17

6.0 wt % PEO-PBO 2 2.7 ± 0.1 28 ± 2 1.2 ± 0.1 22 ± 2 140 ± 5 148 ± 58 26 ± 13
7 2.7 ± 0.1 30 ± 2 1.3 ± 0.1 24 165 114 ± 55 23 ± 13
116 2.7 ± 0.1 29 ± 2 1.3 ± 0.1 20 ± 1 198 ± 3 138 ± 89 22 ± 18

a± signifies one standard deviation about the mean based on five replicates for each sample. bNot every sample examined passed through the
necking transition. See the Supporting Information for stress−strain data of all examined samples of 3wt % PEO-PBO aged for 114 days and 6.0 wt
% PEO-PBO aged for 7 days and 116 days.
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the technological significance of this work. At short aging times
(2 days), the particles can cavitate and act as stress
concentrators for the development of crazes. The size of the
particle dictates the craze initiation stress, with bigger particles
possessing lower craze initiation stresses. The extent of crazing
and the elongation prior to which crazing was the dominant
toughening mechanism (or necking transition strain) were
dependent on the PEO-PBO loading in PLA. As the material is
further elongated, the flow stress was eventually reached, and
the material would neck and flow at the necking transition.
But, at longer aging times, the flow stress increased due to
densification, leading to a decrease in elongation at break. The
PEO-PBO/PLA blend was able to extend to relatively large
strains (close to necking transition strain) and remain tough
because the craze initiation and propagation were independent
of aging time. Therefore, crazing induced from cavitation of
properly sized particles is an effective way to overcome physical
aging-induced embrittlement of glassy polymers such as PLA.
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