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ABSTRACT: Poly(lactide) (PLA) is currently the most successful
bioderived synthetic polymer. However, applications of PLA are
limited due to brittleness, which develops after about 1 day of
physical aging at room temperature following melt processing. In this
study, we investigate the ability of low molecular weight poly-
(isoprene)-block-poly(ethylene oxide) (IO) diblock copolymers to
toughen glassy PLA. Melt blending IO with PLA leads to submicron
diameter macrophase separated IO domains in the PLA matrix,
stabilized by surfactant-like behavior associated with compatibility
between the poly(ethylene oxide) (O) blocks and PLA. 10
molecular weights that bracket the room temperature order-to-

disorder transition temperature, M;, = 1.7—3.3 kg/mol, produce )
outstanding toughness with strains at break &, > 150%, which persists

through 9 days of aging at room temperature. Higher molecular weight IO diblocks do not perform as well. We hypothesize that this
behavior reflects two unique characteristics: (1) optimal particle sizes leading to cavitation and craze initiation when subjected to
triaxial strain, and (2) draining of IO into the advancing crazes thereby stabilizing the porous craze structures. Experiments with melt
mixed poly(isoprene) (I) homopolymer in PLA containing controlled particle sizes support this mechanism. These results
demonstrate a general strategy for designing block copolymer additives that toughen otherwise brittle plastics.

1. INTRODUCTION We previously demonstrated the benefits of blending

Synthetic plastics are a $700 billion dollar industry which Fortegra 100, a commercially available liquid poly(butylene
annually generates over 200 million metric tons (Mt) of plastic oxide)-block-poly(ethylene oxide) (BO) diblock copolymer

waste.”” Roughly 70% of this waste is either landfilled or [M, = 7.4 kg/mol and containing 38 wt % poly(ethylene
mismanaged, where it persists for decades to centuries.”* oxide)] with amorphous (PDLLA) and semicrystalline
Biodegradable plastics offer a potential solution to this (PLLA) poly(lactide).*' ~** This additive forms micron-scale

problem, since they can be broken down into less environ-
mentally threatening products.”® Polylactide (PLA) is a
commercial biosourced and industrially compostable alter-
native to oil-derived plastics with a global production of over
350,000 tons in 2022.”7'° Owing to a high elastic modulus and
competitive tensile strength, PLA is the most commonly

self-compatibilized domains in PLA, owing to the thermody-
namic incompatibility of the poly(butylene oxide) (B) block
with PLA and favorable interactions of the poly(ethylene
oxide) (O) block with PLA.***® Blends containing as little as
1.8 wt % BO in PLA showed up to a 20-fold increase in

employed biopolymer in the agricultural, automotive, and toughness and 26-fold increase in elongation at break.’’
packaging industries.''~"? However, PLA undergoes rapid Through small-angle X-ray scattering, we showed that the BO
physical aging and becomes brittle within hours of melt domains cavitate and initiate crazes under uniaxial tension.’"*”
processing, limiting its potential aPPliCéltiOHS-M_16 The toughness of these blends was attributed to multiple

One approach to addressing PLA’s brittle behavior is by crazing as evidenced by uniform whitening at constant width of

mechanical blending with rubber additives in the melt state,
leading to micron size compliant domains which act as stress
concentrators during deformation.!”'® Rubber toughening of

the gauge region during sample elongation.”’ Additionally, BO

PLA has been extensively explored with additives such as Recfi"e‘l‘ July 31, 2024 Mim;‘uj"“"ll"““h"‘
poly(cagrolactone),19_22 polyethylene,”*** poly(butylene suc- Revised:  September 9, 2024
=" and poloxamers.”® These blends often require Accepted:  September 16, 2024

cinate),
substantial loadings of the additive (ca. > 10 wt %) to achieve
adequate toughness, and can result in opaque materials which
limits packaging applications.””*’
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is virtually refractive index matched with PLA resulting in
remarkably transparent blends.”’

Multiple crazing theory, first proposed in 1965 by Bucknall
and Smith, accounts for the mechanical enhancement of many
rubber toughened polymers, including various commercial
products such as high-impact polystyrene (HIPS).>*~*" This
phenomenon is reported for glassy and semicrystalline
polymers including polystyrene, polypropylene, and poly-
(methyl methacrylate).**~** During bulk sample deformation,
rubber particles first cavitate then initiate crazes from their
equatorial axes, due to triaxial stress concentration in the
polymer matrix.**~*’ This results in the growth of many small
crazes, enabling widespread matrix plastic deformation and
energy absorption.”””' The rubber domains also can act as
craze termination sites, preventing the growth of large isolated
crazes which are likely to become cracks.*”®' Maximum
toughness through multiple crazing is reported to be favored
by an optimal size distribution of rubbery inclusions: particles
that are too small cannot cavitate and initiate crazes, whereas
particles that are too large act as isolated macroscopic flaws
leading to cracks and specimen failure.">**3*7°

Here we examine the toughening of glassy, amorphous
PDLLA (herein referred to as PLA), using low molecular
weight poly(isoprene)-block-poly(ethylene oxide) (IO) di-
block copolymer additives, in order to further assess the
deformation mechanism proposed to account for the previous
results obtained with Fortegra 100. Blending S wt % 10 (~38
wt % O and M, between 1.7 and 11 kg/mol) with PLA leads to
macroscopic phase separation due to thermodynamic incom-
patibility of poly(isoprene) (I) with the polyester. As with
Fortegra 100, compatibility of the O block with PLA prevents
phase coarsening through surfactant-like surface interactions
with the matrix plastic and steric hindrance, leading to
submicron diameter particles.’”****~>? 10 diblocks near the
bulk order—disorder transition produced exceptionally tough
blends, while higher molecular weight 10 specimens generated
marginal toughness. In addition, several low molecular weight I
samples were blended with PLA and characterized mechan-
ically.

The results of this experimental study are considered in the
context of rubber cavitation and multiple crazing, along with a
toughening mechanism proposed more than 3 decades ago by
Argon, Cohen, and co-workers. They argued that draining of
liquid additives from cavitated particles into associated crazes
plasticizes craze §rowth and stabilizes the fibrillary craze
morphology.®”"®* Our findings lend support for this
mechanism and establish a general approach for the design
of rubber additives to produce tough plastics.

2. MATERIALS AND METHODS

2.1. Materials. Amorphous PLA (4060D grade) was purchased
from NatureWorks with an absolute number-average molecular
weight (M,,) of 96 kg/mol and dispersity (D) of 1.83, as determined
by size exclusion chromatography (SEC) relative to PS standards
(THF mobile phase, Mark—Houwink parameters K = 0.0174 mL/g
and @ = 0.736 for PLA, and K = 0.0128 mL/g and a = 0.712 for
PS).5*%* A series of 10 diblock copolymers were synthesized via
sequential anionic polymerization of I followed by O, according to
previously reported protocols (Scheme $1).%° The I precursors to 10,
end-capped with a hydroxyl group, were used as I homopolymers.
Details regarding the synthesis and purification of IO diblock
polymers are included in the Supporting Information. The number-
average molecular weight of each block and mass fraction of
poly(ethylene oxide) were determined by '"H NMR analysis as
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shown in Figure S1. Mass fraction of O was converted to volume
fraction, (fo, held constant at approximately 0.35), based on the
densities of O (po = 1.06 g/cm®) and 1 (p; = 0.90 g/cm3).66’67
Molecular weight dispersities (D) were determined by SEC with
tetrahydrofuran (THF) as the mobile phase, and refractive index (RI)
detection. Representative SEC traces are shown in Figure S2,
molecular structures are shown in Scheme S2, and the character-
ization results for all the polymers are provided in Table 1, where the
polymers are labeled to indicate the total molecular weight and
identity (ie., 103 = poly(isoprene)-block-poly(ethylene oxide) of
approximately 3 kg/mol).

Table 1. Characteristics of Synthesized Polymers

polymer M, (kg/mol)“ fob b* TODTd (°C)

102 1.7 0.36 1.14 <20
103 3.3 0.36 1.10 85
106 5.6 0.35 1.09 190
107 7.1 0.34 1.09 235
1011 10.8 0.36 1.08 300
11 1.1 0 1.14

16 6.4 0 1.07

“Number average molecular weight was determined by end group
analysis using '"H NMR spectroscopy. “Volume fraction of O was
calculated from relative '"H NMR integrations using densities p; = 0.9
g/ cm?® and po = 1.06 g/ cm3 .53, “Dispersity was calculated from RI
traces obtained by SEC with a THF mobile phase. “Determined by
DSC.

2.2. Methods. 2.2.1. Differential Scanning Calorimetry. (DSC)
DSC analysis was performed using a Mettler Toledo DSC 1. Roughly
10 mg of sample was sealed in an aluminum pan, and calorimetry data
was collected at heating or cooling rates of 10 °C/min under nitrogen.
All samples were first heated from either 20 or 25 to 200 °C, cooled
to —100 °C, then heated again to at least 200 °C. The glass transition
temperature (T,) was taken from a second heating trace using
midpoint half-height analysis in the Mettler-Toledo StarE software.
The melting (T,,) and crystallization (T,) temperatures are reported
as the peak values of the associated endothermic or exothermic peak,
respectively, and the order-to-disorder transition temperature (Topr)
is reported as the onset of a small exotherm according to previous
methods.*®

2.2.2. Blending. Blends of PLA with ~5 wt % IO diblock
copolymer or I homopolymer were prepared using a masterbatch
dilution technique unless otherwise specified. A concentrated blend
(called a masterbatch) was prepared by dissolving both 10 or I and
PLA pellets (12 wt % additive relative to PLA pellets) in 90 wt %
chloroform. This solution was stirred for at least 8 h, then filtered and
concentrated using a rotary evaporator. To fully remove the solvent,
the masterbatch was manually cut into small pieces, then dried for 2
days at 65 °C and two additional days at 45 °C. Finally, the exact
concentration of IO or I in the masterbatch was determined from an
average of three '"H NMR replicates.

Masterbatches were diluted to ~5 wt % additive using a
recirculating 15 mL Xplore twin-screw microcompounder, with
mixing performed for S min at 180 °C and 100 rpm under nitrogen.
Neat PLA pellets were dried under vacuum for 24 h at 45 °C, and
masterbatch pieces were used immediately after the second day of
drying at 45 °C. Masterbatch pieces and PLA pellets were physically
mixed, loaded into the microcompounder, blended, then extruded
into cooling water. All blends were determined to be between 4.8 and
5.1 wt % 10 or I in PLA by averaging two 'H NMR replicates as
shown in Figure S4. Neat PLA test specimens were processed by an
identical solvent cast masterbatch and melt blend dilution technique.
Absence of polymer degradation was confirmed by SEC in both neat
PLA and a blend of PLA with 102 (Figure SS).

2.2.3. Tensile Testing. PLA blends were compression molded into
~250 pm thick films using a Carver hydraulic press operating at 135
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°C and 2000 Ibs compression. Pellets were pressed for S min unless
otherwise specified, then rapidly quenched to room temperature
within 1 min using a Wabash hydraulic press chilled with 15 °C
cooling water. Dumbbell-shaped specimens were cut from these films
according to ASTM D1708 using a dumbbell cutter (Dumbbell Co.,
Ltd. SDL200 equipped with an SDMK-1000 dumbbell cutter).
Samples were aged for different periods of time on the benchtop prior
to testing. A base case of two-days of aging was chosen as this
produces brittle neat PLA samples; additional measurements were
made after 9 days of aging. Finally, ten tensile tests were performed
for each specimen on an Instron 5966 Universal Testing System
operating at a 1 mm/min crosshead speed at room temperature to
determine the Young’s Modulus (E), the yield stress (), the yield
strain (Ey), the elongation at break (&,), and the toughness. Details
regarding the processing of tensile data are included in the Supporting
Information

2.2.4. Small-Angle (SAXS) and Wide-Angle (WAXS) X-ray
Scattering. SAXS/WAXS data were acquired from the 11-BM
complex materials scattering (CMS) beamline at the National
Synchrotron Light Source II (Brookhaven National Laboratory).
Two-dimensional (2D) SAXS patterns were recorded using a Pilatus 2
M detector and sample-to-detector distance of 5.04 m, while WAXS
patterns were collected using a Pilatus 800k detector and sample-to-
detector distance of 0.403 m. All patterns were collected under
vacuum with an incident beam energy of 17 keV (wavelength 4 =
0.7294 A) and calibrated with silver behenate. Neat IO samples were
annealed at 135 °C, rapidly quenched, and aged at room temperature
for 2 days to mimic film pressing prior to collecting scattering data.
SAXS/WAXS traces were then recorded at 10 °C increments during
heating. All IO/PLA blend scans were obtained at ambient
temperature.

2.2.5. Transmission Electron Microscopy (TEM). Ultrathin TEM
specimens (<100 nm thick slices) were cut from compression molded
films using a diamond knife (Diatome) operated at —120 °C (Leica
EM UC6 with FC-S Cryo attachment). Sections were exposed to the
vapor from a 0.5 wt % ruthenium tetroxide (RuO,) solution in water
(Electron Microscopy Sciences) for 20 min which selectively stains I
domains,®” then imaged using a TEM (Tecnai G2 Spirit Biotwin) at a
120 kV operating voltage. Images were processed and analyzed in FIJI
software. Particle size distributions were determined based on image
analysis of more than 1000 particles. If micelles were present, the
percentage of micelles versus macrophase separated domains was
estimated based on the relative areas of each in the image analysis
(Figure S6).

2.2.6. Spreading Experiment. Analysis of a 5 uL 102 droplet
spreading on a PLA surface was performed at 40 °C using a drop
analyzer (Kruss DSA-30). The droplet diameter was monitored with
time using ADVANCE software.

3. RESULTS AND DISCUSSION

3.1. Diblock Copolymer Thermal Properties and
Morphology. DSC was employed to characterize crystallinity
and microphase separation in the IO diblock copolymers. The
Topr can be identified by DSC due to the small latent heat of
this transition, which scales inversely with the magnitude of the
segment—segment interaction parameter y at the ODT.**7%"!
ODT transitions are identified in the DSC traces shown in
Figure 1 and the associated Topy values, ranging from 85 °C
for 103 to 300 °C for IO11 (i.e., inversely dependent on
molecular weight) are listed in Table 1. No ODT was recorded
for 102, which remains disordered and liquid-like upon cooling
to room temperature. All the IO diblock copolymers exhibit O
crystallinity after cooling to —100 °C, evidenced by
endotherms in the heating traces shown in Figure 1. Cooling
at 10 °C/min from 100 °C leads to onset of crystallization by
20 °C except for 102, which does not crystallize until —29 °C,
with subsequent melting at 37 °C upon heating (see Figures
§7—-S9 and Table S1 for all crystallization and melting
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Figure 1. DSC thermograms during second heating cycle for neat IO
copolymers. The inset magnifies the boxed region of the IO3 trace.

temperatures). These trends in crystallization and melting
correlate with the expected behavior as a function of O block
molecular weight.

The morphologies of the IO diblock copolymers were
determined using SAXS. Selected SAXS traces for 102, 103,
and 107 are shown in Figure 2; a complete set of SAXS/
WAXS profiles are included in Figures S10—S14. SAXS data
show evidence of O breakout crystallization in most IO
samples, in which crystallization of the O block disrupts the
microphase separated morphology formed during annealing at
135 °C.”” Heating above T,, leads to Bragg scattering
consistent with hexagonally packed cylinders (HEX), except
for 102 which displays a single broad reflection associated with
the disordered state at 40 °C (Figure 2A). Heating 103 leads
to disordering between 80 and 90 °C (Figure 2B) consistent
with Topr = 85 °C as identified by DSC (Table 1). Overall,
the IO diblock copolymer morphologies are consistent with
the well-established phase behavior of semicrystalline diblock
cog)c;l}yr;isers within the limits of soft confinement (Topy > T, >
T,).”™
*3.2. 10/PLA Blends. The morphology of the 5 wt % 10/
PLA blends following film pressing was investigated using a
TEM. Figure 3 shows representative TEM micrographs of 10/
PLA blends, where the white spaces are holes created by the
loss of IO particles during sample preparation. All the IO/PLA
blends exhibit macrophase separation of 10, presumably due to
the strong thermodynamic incomgatibility of the majority
poly(isoprene) blocks with PLA.>*’” Magnified regions in
Figure 3D,E reveal some micelle formation in blends
containing 107 and 1011, where dark circular domains of
RuO, stained I blocks exhibit diameters of less than 10 nm.
These micelles are anchored in the thin film sections through
intercalation of the O blocks with PLA. Particle size
distributions and estimated percent micellization are shown
in Figure 4, with corresponding average diameters and
variances based on log-normal fittings. The average particle
size decreases with increasing IO molecular weight, varying
from 690 nm for 102 to 170 nm for IO11. We attribute this
trend to a greater compatibilizing effect of the larger O chains
at the IO/PLA interface as predicted by brush theory.”® As
shown in Figures S15—S18, different processing conditions,
such as solvent casting versus melt blending, has little impact
on the blend morphologies.

To characterize the internal morphology of the IO particles,
SAXS data was acquired from two-day aged I0/PLA blends
and compared to the neat IO SAXS patterns as shown in
Figure S. At ambient conditions, the IO/PLA blends show
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Figure 2. Representative 1D SAXS data for (A) 102, (B) 103, and
(C) 107 diblock polymer during heating cycles. Most specimens
exhibit breakout crystallinity at 30 °C. Melting 102 results in a
disordered state while I03 and IO7 transform to hexagonally packed
cylinders (HEX), indexed by the blue triangles. Data shifted vertically
for clarity.

clear evidence of microphase separation within the diblock
copolymer particles, except for 102 which appears to be
disordered, but no evidence of crystallinity. Only a miniscule
amount of O crystallinity was found in WAXS patterns for I07
and 1011 blends, and none for the other blends as shown in
Figure S19. Absence of strong higher order reflections (Figure
$20) indicates a lack of long-range order, potentially due to the
confinement of IO into submicron particle sizes documented
in Figures 3 and 4.

The thermal properties of the melt molded and quenched
IO/PLA films were further investigated using DSC following 2
days of physical aging. DSC thermograms from the first and
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second heating cycles, shown in Figures 6 and S23, reveal a
reduction in the T, for PLA of approximately 5 °C (Table S2).
This small reduction in T indicates partial mixing of O blocks
with the PLA matrix; we do not expect this to alter the
mechanical performance of the blends.”"””*" Except for the
1011 blend (and possibly the 107 blend), there is no O
crystallinity evident in the DSC traces in Figure 6, consistent
with WAXS data (Figure S19), indicating that the blending
process mostly suppresses O crystallization. Curiously, cooling
the blends in the DSC to —100 °C prior to heating through T,
results in 19% to 41% O crystallinity as shown in Figure S21.
We speculate that crystal nucleation is suppressed by the
constraints associated with confinement of the IO phase within
the hard glassy PLA matrix. Possible reasons include resistance
to volume contraction that accompanies crystallization due to
encasement of the particles within the glassy matrix (semi-
crystalline PEO has a density 11% greater than the amorphous
state),®" or constraints associated with the confined and curved
phase boundaries. Regardless of the actual mechanism, the 10
particles in the blends are either disordered and liquid-like
(102), or microphase separated and rubbery (103, 106, 107,
1011).

3.3. Mechanical Properties of I0/PLA Blends. Uniaxial
tensile tests were performed on IO/PLA blends after 2 and 9
days of aging at ambient conditions. Representative stress—
strain data after 2 days of aging at room temperature are shown
in Figure 7A, and the elongation at break (&,) at both aging
times is provided in Figure 7B; complete sets of stress—strain
results are provided in Figures S22—S27 with a summary of all
mechanical properties in Table S2. Neat PLA exhibits familiar
brittle mechanical behavior after 2 days of aging, characterized
by an elastic modulus E = 3.0 GPa, and &, < 10%. During
sample elongation, neat PLA develops white streaks normal to
the direction of deformation (shown in Figure S28), due to
light scattered from voids formed during limited craze
growth.*¥**

Blending PLA with the two lowest molecular weight 10
diblocks, 102 and 103, results in 10 to 15-fold increases in
toughness relative to neat PLA (Table S2). This behavior is
characterized by average strains at break greater than 130%
(Figure 7B), which are retained through 9 days of sample
aging, similar to the previously reported behavior of Fortegra
100 blends.>" There are modest reductions in sample modulus
and yield strain, as well as a significant (~40%) reduction in
the yield stress (Table S2). This reflects the capacity of 10
particles to cavitate and initiate crazes at stresses lower than
the intrinsic craze stress of pure PLA."”"®*" The reduction in
yield stress is most significant for 102, which is attributed to a
larger average particle size.’> Figure 8A,B show that blends
containing 102 and IO3 exhibit uniform whitening during
deformation starting at 10% elongation, without changes in
sample width or thickness. This indicates that cavitation and
crazing occur uniformly throughout the sample, which we
attribute to the observed material toughness. Additional images
depicting sample deformation are included in Figures S29—
S30. Slight changes to the particle size of I02 due to alternate
blending protocols do not alter the mechanical performance
(Figure S31).

Blend toughness declines as the IO molecular weight
increases (Table S2 and Figure 7), where addition of 5 wt %
IO11 results in no increase in strain at break relative to pure
PLA (Table S2). Moreover, the mode of failure appears to
change, where the 107, 1011, and occasionally I06 blends
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Figure 3. Representative TEM images of 5 wt % of (A) 102, (B) 103, (C) 106, (D) 107 and (E) IO11 blended with PLA. The yellow scale bar
represents 1000 nm. The insets show magnified regions of each blend, where the red scale bar is 100 nm. The yellow arrows in (D) and (E) point
to micelles in the I07 and 1011 blends. No micelles were identified in blends with 102, 103, and 106.
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Figure 4. Particle size distributions of 5 wt % of (A) 102, (B) 103, (C) 106, (D) 107 and (E) 1011 diblock polymer blended with PLA. Average
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exhibit a tearing-like behavior during tensile deformation, as
shown in Figure 8E. Visually, blends containing 106, I07, and
1011 exhibit stress whitening, consistent with cavitation and
crazing. However, whitening appears to be inhomogeneous as
shown in Figure 8 panels C-E, and Figures $32—S34, indicative
of nonuniform crazing. As with 102, modest changes to the
particle size of IO11 due to processing variations do not alter
the mechanical integrity of these blends (Figure S35).

3.4. Poly(lsoprene)/PLA Blend Morphology and
Mechanical Performance. To isolate the role of the O
blocks in the mechanical behavior of the IO/PLA blends, we
prepared two poly(isoprene) homopolymers, I1 and 16 (Table
1), and devised mixing strategies with PLA that produced
phase separated particle sizes that nearly span or exceed those
found in Figure 4. Blend specimens were prepared with 5 wt %
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I1 and I6 using the same procedure employed with the 10/
PLA blends, which is referred to as Ila for the I1 additive. As
shown in Figure 9A,B and quantified through image analysis in
Figure 10A,B, these blends produced phase separated poly-
(isoprene) particles with average diameters of 750 and 1600
nm, respectively. An alternative mixing protocol, called I1b,
was performed as follows: solvent casting S wt % I1 with PLA
from chloroform, drying under vacuum for 2 days at 65 °C
followed by 2 days at 45 °C, then melt pressing at 135 °C for
4S s. This procedure resulted in a log—normal distribution of
particle sizes with an average diameter of 400 nm (Figure
10C). The distribution of particles sizes in specimen I11a/PLA
(Dyg = 750 nm) and I1b/PLA (D,,, = 400 nm) mimic the
morphology of 102/PLA (D, = 690 nm) and 103/PLA (D,
= 320 nm), respectively, while that of 16/PLA (D,,, = 1600
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Figure 5. Representative SAXS data of neat IO diblock polymer at
specified temperatures as well as 5 wt % blends of IO diblock with
PLA for (A) 102, (B) 103 and (C) I07. The purple data represents
IO at ambient conditions, while the pink data shows IO at elevated
temperature where a hexagonally packed cylinder morphology is
observed. The teal data shows 5 wt % IO diblock polymer blended
with PLA.

nm) far exceeds the distribution of particle sizes in I02/PLA,
which has the largest diameter diblock copolymer inclusions.
DSC data for these blends (Figure S36, Table S2) demonstrate
that the poly(isoprene) inclusions have no effect on the T, of
PLA due to incompatibility with this polyester.

Stress—strain data obtained from the I1/PLA blends after
aging for 2 days is presented in Figure 11A, and the elongation
at break is summarized in Figure 11B for 2 and 9 days of aging
(full properties and all stress—strain curves are presented in
Table S2 and Figures S37—539). Blends containing I1 exhibit
moderate toughness, but notably less than blends containing
I02 and IO3 despite similar particle size distributions. The 11
blends exhibit uniform stress whitening at 10% elongation as
shown in Figures S40—S41, suggesting a homogeneous crazing
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Figure 7. (A) Representative stress—strain data from PLA blended
with § wt % of IO diblock copolymers after 2 days of aging under
ambient conditions. (B) Elongation at break of PLA blended with §
wt % IO averaged across 10 specimens. Error bars represent a
standard deviation about the mean.

mechanism. Additionally, neither Ila/PLA nor I1b/PLA
display necking or strain hardening behavior, which is observed
in blends with 102 and 103 (Figure 7A). In comparison, the
16/PLA blend does not show uniform stress whitening, and
instead displays patchy white streaks emerging normal to the
direction of deformation, somewhat resemblant of 106/PLA
(Figures S42—S43). By 9 days of sample aging, the 16 blends
are relatively brittle, with &, = 21 &+ 11%, compared to 82 +
22% for I1a/PLA, and significantly inferior to I02/PLA and
103/PLA.
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Figure 8. Representative gauge regions at 10% elongation of (A) 102, (B) 104, (C) 106, (D) 107, and (E) 1011 blended with PLA. All samples
were aged at ambient conditions for 2 days prior to tensile testing.

Figure 9. Representative TEM images of 5 wt % of (A) Ila, (B) 16, and (C) I1b blended with PLA. The yellow scale bar represents 1000 nm.
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3.5. Toughening Mechanism. The size of rubbery
inclusions represents a critical factor in toughening plastics
by multiple crazing, where there are both upper and lower
bounds to the range of effective particle sizes."”*”*>>* The
limits on particle size are §enera11y accepted to be between 500
and 1100 nm for PLA.>">***** On the low end, particles must
be large enough to concentrate a critical stress over a critical
distance resulting in cavitation and craze initiation.””** We
employ a model for particle cavitation developed by Bucknall
and Paul"™®" in which the energy change associated with
particle cavitation (AU) is given by

2
3

+ 4zr,'T

_ 2 3% 1y
AU = ZaR K ewo = 25

P
2 L3k, 2

— —nRK"¢
P (1)
where R, is the particle radius, r, is the radius of the void
formed during cavitation, I" is the rubber-void surface energy,
and K* and €, are the effective modulus and initial volume
strain of a hypothetical rubber particle accounting for both
particle and matrix effects, respectively. AU accounts for

energy release of both the particle and matrix during cavitation,
which becomes favorable when AU < 0 (i.e., cavitation enables
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the material to absorb energy). A plot of AU for various rubber
particle sizes is shown in Figure 12, based on I' = 35 mJ/m?,
K* = 095 GPa, and €4, = 1.1% (see details in Supporting
Information). Simultaneously solving AU = 0 and dAU/dr = 0,
leads to an estimated critical particle size for cavitation of D =
150 nm. This relatively crude calculation suggests that a lower
bound on particle size for cavitation may exist near the average
particle diameters of I07/PLA and I011/PLA leading to the
brittle behavior of these blends. The stiff nature of 107 and
IO11 particles caused by strong microphase separation likely
presents further barriers to particle cavitation. Additionally, the
observed tearing behavior in blends with 106, 107, and 1011
resembles behavior reported for blends of PLA or PS
containing rigid fillers, in which tearing is attributed to
debonding at the particle/matrix interface due to an inability of
the particles to cavitate.*™*

While a small particle size restricts cavitation and craze
initiation, a large particle size also presents barriers to craze
toughening. Such results have been reported in blends of PLA
with poly(caprolactone), and blends of polystyrene (PS) with
poly(butadiene).”*™>* This likely explains the mechanical
performance of the 16/PLA blend, which shows only minimal
improvements in mechanical integrity after 9 days of sample
aging. Notably, this blend has an average particle diameter of
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Figure 11. (A) Representative stress—strain data of PLA blended with
S wt % of I additives after 2 days of aging under ambient conditions.
(B) Elongation at break of PLA blended with S wt % I additives
averaged across 10 specimens. Error bars represent a standard
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Figure 12. Energy change AU after cavitation as a function of IO
particle size in PLA matrix at 5 wt % rubber.

1600 nm, more than twice that of any other additive. As shown
in Figure 9C, this results in fewer particles per unit volume,
and accordingly fewer crazes initiated under tension.
Furthermore, crazes that do form are less likely to intersect
existing 16 particles, resulting in the formation of a few large
crazes, which are more likely to become cracks and result in
sample failure.**>! Therefore, large particle sizes result in
insufficient craze initiation and termination, and ultimately
brittle blend behavior.

We believe that the 102, 103, and I, blends with PLA have
particle sizes within the optimal window for craze toughening.
All four blends are tough, independent of aging up to 9 days,

and show uniform sample whitening indicative of homoge-
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neous, multiple craze formation. The mechanical performance
of both I1a/PLA and I1b/PLA is consistent with previous
reports of multiple crazing, with similar changes in tensile
tou%hness and elongation at break (i.e., 10-fold increase in
g,). 1838606LE9 The mechanical performance of both I1
blends is nearly identical, suggesting that both particle sizes lie
in the optimal window for cavitation initiated crazing.

As previously argued by Argon, Cohen, and co-workers,
highly mobile polymer chains within craze-initiating particles
may influence toughening efficacy.”*"*>*” They hypothesized
that in blends of PS with a minority of PB, the liquid-like
homopolymer comprising PB particles could drain along a
growing craze surface, then sorb into and plasticize the craze/
matrix interface and fibrils, which facilitates craze
growth.®*"°>*" This draining behavior may occur in the I1a/
PLA and I1b/PLA blends. However, we believe the IO diblock
copolymers, like Fortegra 100, have several advantages that
amplify this mechanism. First, the I block is strongly
incompatible with PLA, which promotes particle formation
and prevents the entire diblock from solubilizing with PLA
during deformation and spreading, like the behavior of PB
blended with PS as reported by Argon, Cohen et al.®*~***
Second, owing to the negative interaction parameter between
PEO and PLA (y < 0), the O block enables localized sorption
and plasticization at the craze/matrix interface, further
facilitating craze growth.”>*® Finally, the surfactant-like nature
of I0 in contact with the PLA melt enables particle size
refinement and suppression of domain coarsening during
processing due to steric stabilization. We hypothesize that this
spreading and sorption behavior, as depicted schematically in
Figure 13, allows crazes to propagate at lower applied stresses,
and prevents premature craze fracture.

Sorption

Tensile Stress

~100 nm

Figure 13. Proposed mechanism of spreading and sorption for IO in
PLA during tensile deformation.

The spreading velocity of IO2 was estimated from the rate at
which a 5 yL 102 droplet expands on a neat PLA film. This
experiment was performed at 40 °C to overcome limitations of
neat 102 crystallinity (T, = 37 °C), noting that 102 is a
disordered liquid at T > T, and in PLA blends. After the initial
rapid change in radius due to gravity, associated with the first 2
min of the experiment, the change in droplet radius with time
was used to estimate a velocity of IO2 propagation on a PLA
surface of 0.93 pm/sec, as shown in Figure 14. It is likely that
this value is a lower bound on the spreading rate of 102 within
a growing craze, given the small geometry of a craze tip (<20
nm) in which capillargr forces would be expected to increase
the spreading rate.”””" The velocity at which a PLA craze tip
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Figure 14. Radius of a S yL drop of 102 on PLA at 40 °C measured
at various time points.

advances through the plastic has not been reported, but steady-
state craze tip velocities for other plastics range between 0.01
and 1 um/sec,”’~** implying that 102 should be able to wet a
growing craze surface at a rate greater than or equal to the rate
at which new craze surface is formed.

Differences in the mechanical performance of the I1/PLA
and IO/PLA blends further support a craze growth
plasticization phenomenon. First, the IO/PLA blends exhibit
strain hardening and necking. We hypothesize this is due to IO
sorption at the craze/matrix interface, which enables a
plasticized craze growth process and greater chain alignment
within the craze microstructure. In comparison, the incompat-
ibility of I with PLA prevents sorption at the craze/matrix
interface, resulting in sample elongation at constant stress as
commonly reported for multiple crazing.””*'~* Further, 102
has a higher necking strain (134 + 9%) than 103 (84 + 13%),
indicative of more extensive craze growth in 102 blends. This
may be attributed to the greater mobility of I02 given it is in a
disordered state. Higher mobility facilitates spreading through
propagating crazes, enabling greater overall craze growth prior
to the onset of cold drawing. Finally, the flow stress, taken as
the minimum in tensile stress following sample yielding, is
higher for I11/PLA blends (26 = 1 MPa for 11a/PLA, 24 + 1
MPa for 11b/PLA) than for 102 (18 + 1 MPa) or 103 (21 + 1
MPa). This again offers support of plasticized fibril drawing,
and that the IO additive sorbs into the craze growth region to
enable craze propagation at lower stress.

It is puzzling that microphase separated 103 is as effective in
toughening PLA as the disordered and liquid-like 1I02. Our
postulated toughening mechanism relies on cavitation, spread-
ing, and wetting of craze surfaces by the IO diblock copolymer.
In the microphase separated state, with Topp = 85 °C, I03 is a
soft solid that will not flow like a liquid. The relatively sharp
peak in the SAXS profile for the IO3/PLA blend (Figure SB)
indicates that such a structure exists within the D,,, = 320 nm
diameter particles. We speculate that this state of intermediate
segregation is disrupted by the triaxial stress and cavitation of
the 103 particles, leading to disorder and flow. This hypothesis
is consistent with SAXS data obtained from the IO3/PLA
during elongation, which shows that reduction in and eventual
elimination of the sharp peak associated with the microphase
separated state in the undeformed blend (Figure S44). These
results suggest that microphase separation in the IO3 particles
is destroyed during sample elongation, which would enable the
proposed spreading and craze plasticization behavior. Alter-
natively, O3 can be crystallized in situ (as shown in Figure

S45) by soaking an I03/PLA film in liquid nitrogen for 10
min, resulting in 30% PEO crystallinity when heated to room
temperature. However, crystallizing IO3 does not result in a
loss of sample toughness (Figures S46 and S47). In fact, DSC
first heating scans taken both before and after tensile testing
suggest the crystals are mechanically melted during tensile
deformation (Figure S48).

4. CONCLUSIONS

This investigation establishes a general approach to toughening
brittle plastics with block copolymers, motivated by a prior
discovery that the commercial diblock copolymer marketed
under the trade name Fortegra 100 when blended with PLA
leads to remarkable toughness even after months of aging.”'
Here, a set of poly(isoprene)-block-poly(ethylene oxide) (10)
diblock copolymers are shown to exhibit the same behavior at
molecular weights that place the pure diblock material just
below and just above a room temperature order—disorder
transition temperature, Topr. Blends with glassy PLA
containing S wt % of these optimized compounds exhibit
strains at break &, > 150% after 9 days of aging at room
temperature following melt molding of specimens. Pure PLA
fails at &, < 10% after 2 days of aging. Higher molecular weight
10, characterized by Topr = 190 °C, failed to impart tensile
toughness when blended with PLA. This remarkable behavior
is attributed to two factors: (1) stable average IO particle sizes
conducive to cavitation under triaxial strain leading to craze
initiation, and (2) draining of the IO block copolymer into the
advancing crazes resulting in stabilization of the porous craze
structures. Additional experiments with melt blended I
homopolymer support this two-step mechanism. These
findings should be generally applicable to toughening of brittle

plastics.
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