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Sustainable biobased blends from the reactive extrusion
of polylactide and acrylonitrile butadiene styrene
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ABSTRACT: Polymer blends containing poly(lactic acid) (PLA) and acrylonitrile butadiene styrene (ABS) with high biobased content
(50%) were made by extrusion and injection molding. Two additives, one acrylic copolymer and one chain extender were used sepa-
rately and in combination to increase mechanical properties. Interestingly, the combination of both the acrylic copolymer and chain
extender worked to synergistically increase the impact strength by almost 600%. This was attributed to the complementary additive
toughening effects which allowed increased energy dissipation of the blend at high speed testing, such as in the impact test. Morphol-
ogy and rheology investigation showed that the two additives worked together to vastly change the dispersion and phase sizes, sug-
gesting a decreased tension between the PLA and ABS. Finally, Fourier transform infrared spectroscopy supported the evidence that
the epoxy groups of the chain extender undergo ring opening to react with the functional groups of the PLA. © 2016 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 43771.
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INTRODUCTION

As concerns continue to increase over environmental detriment
due to the use of petroleum, there is a need for increased sus-
tainability in polymer materials. This has caused considerable
interest in biobased plastics, which are made from sustainable
resources. However, many have one or more deficiencies in
properties that restrict their widespread use. Most notable
among biobased plastics is poly(lactic acid) (PLA) because of its
affordable cost, strength, and biodegradability. However, inher-
ent deficiencies of PLA have been shown to be barriers to its
widespread use. The low toughness and heat deflection temper-
ature have been known to be the major barriers from its use in
many applications such as packaging and automotive, among
others.

PLA is an aliphatic polyester thermoplastic polymer and the
leading most bioplastic in terms of production.'™ Until
recently, PLA was only used for niche applications such as in
the biomedical industry.® However, increased production econo-
mies in addition to more efficient synthesis reaction have
brought the cost of PLA down substantially. The thermal stabil-
ity of PLA, measured by heat deflection temperature (HDT), is
very low along with its toughness, which indicates the target
areas for improvement. Several methods have been attempted to

© 2016 Wiley Periodicals, Inc.
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improve the performance of PLA, including blending and
plasticization.* '

Traditional petroleum-based polymers have positioned them-
selves in the market due to their low cost, good mechanical
properties, and ease of processing.''™" Still to this point, a vast
majority of plastics are petroleum based. Acrylonitrile butadiene
styrene (ABS) is an excellent example, and is used heavily in the
electronics and automotive industries due to its tailorable prop-
erties and a relatively low cost considering its mechanical prop-
erties. The proportions of its constituents can be adjusted,
creating a material with the desired balance of properties and
cost. This is an extremely advantageous trait as an ABS may be
developed for specific applications such as high impact. How-
ever, the fact that it is petroleum derived has caused interest in
a more sustainable replacement. For this reason, the industry is
looking for replacement materials for ABS that are more envi-
ronmentally friendly and sustainable. This is becoming an
increasingly important topic as the climate change movement
gains momentum, and many show great concern for the future.
Thus, if ABS was blended with a biobased polymer, such as
PLA, while keeping the performance similar to neat ABS, then
the petroleum use of ABS would be reduced, increasing the sus-
tainability of the material.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43771
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ABS has been blended with a range of polymers, serving to a
large degree as a toughening agent. Hale et al. found that ABS
could be used to increase the impact strength of polybutylene
terephthalate (PBT)."* They found that 30% by weight elicited
vast improvements in the impact strength over neat PBT. Kudva
et al. blended ABS with nylon 6 to decrease the notch sensitiv-
ity.'”” Again, they saw dramatic improvement in the notched
Izod impact strength with a variety of ABS types and amounts.
Zhang et al. found that ABS can be blended with PC with
exceptional results, and when compatibilized with ABS grafted
maleic anhydride (ABS-g-MAH), the performance of the blend
further increased.'® Recently, Dong et al. used a reactive comb
polymer made from methyl methacrylate (MMA), glycidyl
methacrylate (GMA), and MMA macromer to compatibilize
PLA and ABS."” They concluded that the reactive comb polymer
drastically increased the interfacial adhesion between the PLA
and ABS, which led to a very large increase in the toughness of
the blend.

The disadvantages of both PLA and ABS indicate that they may
be blended to create a partially bio-based polymer with bal-
anced properties. In addition, a well performing blend that
incorporates ABS will have mechanical properties that closely
resemble ABS. However, the literature describes a poor interac-
tion between the two polymers, resulting in poor adhesion
between phases, poor dispersion, and unstable morphol-
ogy.>'® 2! Sun et al. found that there was an the interaction
between molecules of the PLA/ABS blend was unfavorable, pro-
ducing poor interfacial adhesion and poor dispersion.”' Addi-
tionally, Li et al. observed the ABS phases tended to connect in
irregular shapes with large phase sizes and a weak interface,
which were the cause of poor mechanical properties.”® This sug-
gests that compatibilization is required to increase the adhesion
and facilitate stable morphology between the two.”>® Several
attempts have been made to perform such compatibilization,
with varied results.

In this work, ABS was blended with PLA to create a multiphase
polymer. The ABS used was a toughened grade, with high buta-
diene content. The higher rubber content is used to increase the
impact strength and toughness of the blends. This approach
gives higher likelihood of resulting in a blend that demonstrates
high impact strength. PLA and ABS are blended together along
with two additives that work synergistically to drastically and
efficiently improve the mechanical properties of the blends. The
goal is to create a good performing, low cost, easy to process
material. The main performance criteria that are the focus are
impact strength and elongation at break, as the material is
meant to be used in applications that require high toughness.

EXPERIMENTAL

Materials

The PLA used in this study (Ingeo 3052D) is an injection grade
acquired from Natureworks LLC, USA. The ABS used in this
work (Magnum 1150 EM) is a low flow injection grade
(MFI=0.90 g/10 min at 3.8 kg 240 °C) with high toughness
and was acquired from Trinseo, USA. These specific polymer
grades were chosen to create a blend with high toughness and
impact strength. Biostrength 900 is an acrylic copolymer and
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was obtained from Arkema (USA) in powder form. Biostrength
is a processability enhancer developed for PLA. As its structure
is proprietary, it is not well known by the authors. Joncryl
ADR-4368C is a styrene-acrylic oligomer with epoxy functional
groups. The structure of Joncryl can be found in the literature,
as it is used in other work as a chain extender for PLA.>’ Tt was
obtained from BASF (Germany).

Preparation of the Blends

The neat polymers were dried in a convection oven at 80 °C for
a minimum of 6 h prior to compounding. A batch-style micro-
compounder, DSM Xplore (DSM, Netherlands) was used to cre-
ate blends with 50% PLA. This creates the potential for a
polymer blend with high biobased content, but can still adopt
material properties from ABS. The amount acrylic copolymer in
blends where it is present is 1.5 wt %, while the chain extender
was added at a 0.5 wt % loading when used. The amount of
ABS changed from 48 wt % in the blend with both additives,
48.5 wt % with acrylic copolymer only, 49.5 wt % with chain
extender only, and 50 wt % in the blend with none. The length
to diameter ratio, L/D is 18 and the screw length is 150 mm.
The polymer pellets were weighed according to composition of
the blend, then fed into the compounder in a single batch. The
compounding conditions were 240°C barrel temperature,
100 RPM screw speed, and a retention time of 2 min. The com-
positions were injected into tensile, flexural, and impact samples
for testing. The dimensional specifications of the samples are
outlined in the pertinent ASTM standard.

Mechanical Testing

Tensile tests were conducted using an Instron mechanical testing
machine according to ASTM D638. The crosshead speed was set
to 5 mm/min. Tensile strength, Young’s modulus, and elonga-
tion at break were analyzed and reported using Bluehill soft-
ware. The flexural properties of the blends were measured
according to ASTM D790 at a crosshead speed of 14 mm/min.
Flexural strength and modulus were analyzed and reported. The
notched Izod impact strength of the compositions was meas-
ured with a TMI Inc pendulum impact tester according to
ASTM D256.

Dynamic Mechanical Analysis

The solid-state dynamic properties of the materials were tested
using a TA Instruments DMA, model Q800. Under a dual-
cantilever clamp, the frequency was constant at 1 Hz, the ampli-
tude set to 15 mm. The tests were carried out from —100 °C to
150 °C with a heating rate of 3 °C/min. Storage modulus and
tan delta were analyzed and reported.

Differential Scanning Calorimetry

A DSC Q200 from TA Instruments was used on heat/cool/heat
mode. From room temperature (approximately 20 °C), the sam-
ples were heated at 10 °C/min to 250 °C. The samples were then
cooled to 0°C at a rate of 20 °C min. This created a uniform
thermal history among specimen. Finally, the samples were
heated back to 250 °C at a heating rate of 10 °C/min. The melt-
ing temperature (T,,), the glass transition temperature (T,), and
the crystallization were studied.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43771
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strengths are not indicative of the overall performance of the

Similarly, the modulus values are a representation of the ability
of the polymers and the blends to resist strain at low strain
rates, below yield. There is a slight increase seen in these values,
which is likely the increased compatibility from the acrylic
copolymer, chain extender, and to a greater extent, the effect of
both the acrylic copolymer and chain extender together. Li and
Shimizu™ found that an increase in the compatibility of the
ABS/PLA blend through the use of SAN-GMA along with a cat-
alyst also produced an increase in the modulus of the blend at a
50/50 ratio of ABS/PLA.

The elongation at break and impact strengths of neat PLA, neat
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Figure 1. Tensile properties of neat polymers and blends: (A) Neat PLA
(B) PLA/ABS (C) PLA/ABS/Acrylic copolymer (D) PLA/ABS/Chain
extender (E) PLA/ABS/Chain extender/Acrylic copolymer (F) Neat ABS.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Rheology

Rheological experiments were done on a parallel plate rheome-
ter at 220°C under nitrogen atmosphere. Frequency sweeps
were completed from 0.01 s™' to 100 s~' at an amplitude of
0.1%. Complex viscosity and storage modulus were measured as
a function of temperature.

Atomic Force Microscopy

Samples were microtomed in a Leica Ultramicrotome to create
a flat surface for scanning. A Bruker Multimode 8 atomic force
microscope was used in tapping mode to map the morphology
and nanomechanical properties of the surface. The instrument
was used on quantum nanomechanical mapping mode to create
micrographs.

Fourier Transform Infrared Spectroscopy (FTIR)

Specimens were prepared from premade samples such as tensile,
flexural, and impact. The reaction between polymer and addi-
tives were discerned on a Thermo Scientific FTIR. A typical
spectrum consisted of 64 individual runs, to provide desired
resolution.

RESULTS AND DISCUSSION

Tensile and Flexural Properties

The tensile strength and tensile modulus of neat ABS, neat PLA,
and their blends are provided in Figure 1. The strength of all
blends is approximately equal, which is reasonable considering
that the strength value is that of low deformation, and thus, the
polymer chains are still largely held in relative position, as the
intermolecular bonds have just begun to break, resulting in
plastic deformation.® Since both polymers have inherently
good ability to absorb energy in this manner, the tensile
strength shows a high value regardless of compatibility between
the polymers.” Instead, compatibility of the blend would be
much easier to discern at higher deformations. The tensile
strength does not often indicate the compatibility of the poly-
mers, especially at low strain rates. These approximately equal
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ABS, and their blends are given in Figure 2. The toughness of
the blends, which in this case is approximated by elongation at
break, shows large differences between blends due to the effect
of the acrylic copolymer and chain extender. First, the elonga-
tion at break better shows the compatibility of the constituent
polymers than the strength and modulus because it is a high
deformation test.® Li and Shimizu again have shown that poor
compatibility will have a greater negative effect on elongation at
break than on tensile strength or modulus.”® Here, the elonga-
tion at break experienced a drastic increase compared to the
modest increase in the tensile strength and static modulus val-
ues. Instead of a measurement value at or before yield, where
the polymer chains have not yet undergone plastic deformation,
the elongation at break value is representative of the weak por-
tions of the blend.”® This is due to the mechanism of failure
under a tensile load. The site of failure initiation, which in the
case of a poorly compatible blend is the interface, will allow
propagation to occur, and proportionally large amount of stress
is then placed on the individual constituent polymers, creating
failure at a lower strain rate than a compatible blend.’’ Yang
et al. found that high speed tensile testing and impact testing
shared a brittle to ductile mechanism.”’ The PLA/ABS blend,
which has very low compatibility as cited in the literature, also
has a very low elongation at break.'®'**"** This will likely also
lead to low impact strength, which will be analyzed in the next
section, as there is insufficient energy absorption with even low
loading of the blend. At a low strain rate such as 5 mm/min,
there is increased time for the Brownian motion of the polymer
chains to disperse energy as loading increases, as compared to
high strain rates. Thus, the elongation at break is increased. The
addition of the chain extender increases the elongation at break
in a different mechanism. Here, the increased distribution of
bonding creates a loose network of PLA chains, which allows
the uptake of energy, especially at lower strain rates. There is
decreased tension between the PLA and the ABS. These two
processes account for the increase in the elongation at break in
this case. Finally, the blend with both the acrylic copolymer and
chain extender has an elongation at break between each of those
blends. This is likely due to the compromising of the two mech-
anisms of failure described for each additive. The increased
bonding due to chain extension is offset slightly by the
increased mobility of the chains. Since there is more mobility,
the intermolecular bonds require less energy to break, thus the
chain extender has somewhat less of an effect when used with
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Figure 2. Elongation at break and impact strength of neat polymers and
blends: (A) Neat PLA (B) PLA/ABS (C) PLA/ABS/Acrylic copolymer (D)
PLA/ABS/Chain extender (E) PLA/ABS/Chain extender/Acrylic copolymer
(F) Neat ABS. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the acrylic copolymer as it would by itself.*® This is for the
mechanism of failure for elongation at break, where strain rates
are relatively low.

Impact Strength

The impact strength, as with the elongation at break, is able to
show relative compatibility of blends. The speed at which the
material is tested at lends to this ability, as both the inter- and
intra- molecular bonds are unable to disperse energy quickly
enough to conceal the true performance of the polymer. The
movement of the chains is an important factor with a slower
test such as tensile, where the natural Brownian motion that the
chains undergo can work to disperse stresses. However, an
instantaneous test does not allow this dispersion.’? With such a
test, the Brownian motion of the chains is negligible and there-
fore failure is usually dependent on the weakest link in the
energy transfer chain. Undoubtedly, with immiscible polymer
blends, the weakest link mainly comes in the form of the inter-
face between the polymer phases.?®

Neat PLA has a very low impact strength value, due to its very
brittle nature. This is in contrast to low impact strength of non-
brittle polymers. In nonbrittle polymer that still exhibit low
impact strength, the low impact is generally associated with a
weak intra-molecular bond, such as with polyethylene.'* In con-
trast, PLA has a very high intra-molecular strength, as is shown
in its tensile and flexural strength and modulus. The insuffi-
ciency in PLA that is shown in its low impact strength is the
inability of chains to mobilize relative to each other, and there-
fore inability to absorb energy.?’ Failure of inter-molecular
bonds allows easy energy propagation through the polymer net-
work, and therefore impact strength is low. The additives used
in this study are intended to address this limitation.

The impact strengths of the ABS/PLA blends are shown in Fig-
ure 2. The blend without additives has a very low impact
strength value. This is expected, as the poor compatibility of
this blend is covered in the literature.'>*"** In fact, many works

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43771 (4 of 10)

Applied Polymer

SCIENCE

have started from a point of compatibilization, knowing that
the neat blend has very poor performance. These works sought
to increase the compatibility of PLA/ABS blends through the
use of compatibilizers. Even with 50% wt. of ABS, the impact
strength is very close to the value of neat PLA, as the high
toughness of ABS is unable to overcome the brittleness of PLA
and the low adhesion of the interface between the polymer
phases.

The addition of the acrylic copolymer allows an increase in the
impact strength of the blend. However, the value is still far
below that which rule of mixtures may suggest. With an
increase of mobility of the chains that the acrylic copolymer
provides, there is increased ability of the PLA to absorb energy
through relative deformation before total failure occurs. The
poor interface still limits the toughness of the blend, however,
keeping the impact strength value below 100 J/m. The chain
extender increases the impact strength by chain extension of the
PLA phase. Al- Itry et al also found the chain extender was
able to increase the apparent molecular weight of PLA blends.’
In this case, increased bonding of the PLA chains increases the
overall energy required for fracture (as more bonds are required
to be broken). This is in agreement with Najafi et al, who
found an increased molecular weight with use of chain
extender.”® The combination of the chain extender and acrylic
copolymer vastly increase the impact strength by working syn-
ergistically through two distinct mechanisms. The acrylic copol-
ymer allows increased mobility of chains, while the chain
extender increases the bonding of the PLA phase. This sort of
increase has been seen in similar PLA based systems such as
with Li et al. or with Liu et al’®*® Li et al. saw an increase of
133% over neat PLA in the film impact test. Likewise, Liu
found an increase of over 3000% in notched Izod impact
strength over neat PLA with an 80% loading of PLA. However,
these systems tend to create toughness through blending PLA
with a high amount of additives or by using a post process
such as annealing, both of which induce additional costs to the
material. The aim of our work was to increase toughness of
PLA/ABS without incurring much cost. By incorporating only 2
wt. % of additives, and using minimal processing techniques,
the costs remain low.

Phase Morphology (SEM)

Scanning electron micrographs were taken of impact-fractured
surfaces of samples and are shown in Figure 3. These images
agree with the results of Li and Shimizu, which found that ABS
was dispersed in a PLA phase, and that the domain size was in
the range of 1 —10 um.*® In addition, they found the domain
size distribution to be very large due to the immiscibility
between the constituent polymers. The PLA/ABS blend without
additives shows a very poor morphology with obvious debond-
ing between phases. The size and dispersion of each phase is
extremely heterogeneous, showing complete incompatibility, as
evidenced in the impact strength. Since PLA has a much lower
viscosity than the ABS, it seems to form a quasi-continuous
phase, while the ABS forms a quasi-dispersed phase. This
arrangement further impairs the ability of the blend to absorb
energy through impact, as the PLA domains are further-
reaching than the ABS, limiting the ABS exposure to fracture
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Figure 3. Scanning electron microscopy of impact fractured surfaces of (A) PLA/ABS (B) PLA/ABS/Acrylic copolymer (C) PLA/ABS/Chain extender (D)

PLA/ABS/Acrylic copolymer/Chain extender.

energy propagation. The voids, space between phases, and poor
dispersion are all evidence of high interfacial tension and low
interfacial adhesion. The addition of acrylic copolymer in the
blend does not drastically change the morphology. In fact, there
is very high similarity between micrographs of PLA/ABS and
PLA/ABS/acrylic copolymer. The likely effect of the acrylic
copolymer is not manifested through a change in the morphol-
ogy. Instead, it is evidenced through increased mobility of
chains during shearing, as shown through rheology measure-
ments. The addition of the chain extender has an effect on the
morphology, as seen in the SEM micrograph. There is still
obvious evidence of poor compatibility, as in the PLA/ABS
blend, and with the acrylic copolymer. However, the dispersion
of ABS in the PLA is less random, and as a result, the ABS is
able to assume more loading. This causes the morphology
change that is seen, the pullout of ABS fibrils. There is more
smoothness seen with the chain extender, suggesting a lower
tension between the phases. The blend containing both the
acrylic copolymer and the chain extender show the largest
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change in morphology. There is a drastic change in the size of
the structures present, suggesting much decreased tension
between phases, allowing the morphology to become much
more refined. This reduction in size and distribution upon
compatibilization was also cited by Li and Shimizu.”® This aids
in the ability of the material to absorb impact energy propaga-
tion, increasing impact strength.

Thermal Crystallization (DSC)

Differential scanning calorimetry was used to study the glass
transition, melting, and crystallization behavior of the blends.
The second heating scan of samples is shown in Figure 4. This
removed the thermal history of the samples to show the intrin-
sic behavior of the blends. The PLA/ABS sample exhibits behav-
ior expected of PLA. Due to the amorphous nature of ABS,
there is little evidence pertaining to the ABS phase in these
results. The glass transition of PLA occurs around 57-60 °C,
which is followed by a crystallization peak around 115°C.
Immediately, the polymer begins melting, the peak occurring at

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43771

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

A——PLA/ABS

B=——PLA/ABS/Acrylic copolymer_

C ——PLAJABS/Chain extender

D ——PLA/ABS/Acrylic copolymer/Chain extender

Heat Flow (W/g)
g

0 50 100 150 200 250 300
Temperature (°C)

Figure 4. Differential scanning calorimetry thermogram of first heating
cycle. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

~150°C. A double peak is seen as the PLA undergoes a melt/
crystallize/melt behavior, creating a beta crystalline phase.*”**
The blend with the acrylic copolymer behaves in the same man-
ner as the neat blend. Interestingly enough, the inclusion of the
chain extender causes a vast change in the thermal behavior of
the blend. Crystallization of the chains shows a much smaller
and broader peak, suggesting that the chain extender is inhibi-
ting the ability of the chain to crystallize.****” This is inherently
so as the molecular weight of a polymer is inversely tied to the
crystallization of the chains. Following the crystallization, the
melting peak of the sample with chain extender exhibits only
one peak, as opposed to the double peaks seen in the PLA/ABS
and PLA/ABS/acrylic copolymer blends. The blend with both
the acrylic copolymer and chain extender exhibits similar ther-
mal properties to the blend with the chain extender alone. The
inclusion of the chain extender affects the properties of the
blend in a dominant way, such that similar properties are seen
regardless of whether the acrylic copolymer is added or not. In
other words, the acrylic copolymer does not impede the chain
extender from its effect on the blend.

The crystallinity of the blends was also studied according to
eq. (1):
AH,, + AH,

FAH; X100 (1)

X:(%) =
Where AH,, and AH, are the enthalpies of melting and cold
crystallization, respectively. The weight fraction of the PLA in
the blends (which is of main concern) is denoted by f. The heat
of fusion of 100% crystalline PLA, AHy, was taken as 93.7 Igfl,
as found in the literature.”®

The crystallinity of PLA changed as it was blended with the dif-
ferent components. The blend of PLA/ABS without additives cre-
ated a crystalline content of only 8.6% in the PLA fraction. The
addition of acrylic copolymer increased the crystallinity to
11.8%, which is expected due to the increased mobility of the
PLA chains from the addition of acrylic copolymer. On the other
hand, the chain extender decreased the crystalline percentage to
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only 3.1%. Again, this was an expected result, as the chain
extender caused increased difficulty for the chains to gather into
highly ordered crystalline form. The blend with both additives
had the highest crystalline percentage of all the blends at 13.8%,
which was surprising as it included the chain extender. Again,
the synergy of both the acrylic copolymer and the chain extender
are seen, causing the highest crystalline content.

Rheology

Rheological experiments were done on a parallel plate rheome-
ter at 220°C under nitrogen atmosphere. This temperature
allows melting of all components, but is not so high that the
viscosity of PLA is negligible. Frequency sweeps were completed
from 0.01 s~' to 100 s~ ' at an amplitude of 0.1%. Complex
viscosity and storage modulus were measured as a function of
temperature. In the storage modulus curve (Figure 5), all blends
exhibit a shoulder at lower frequencies, as expected due to the
presence of the interfacial layer. At lower frequencies, the poly-
mer blend is being strained at a slower rate, thus the chains
exhibit less stretching compared to higher frequencies. The slow
strain rates allow chains to slide past each other rather than
stretch, which in general are a relatively higher measure of the
interface as there is little elasticity, especially in interfaces with
higher tension. This increases tension at these low frequencies,
causing an inflection in the storage modulus curve, which can
be qualitatively noted.”>*** The PLA/ABS blend exhibits a high
amount of tension, and has the highest increase after the
shoulder curve. With the addition of the acrylic copolymer, the
increased mobility of the chains is seen, in addition to what can
be perceived as a decrease in the amount of interfacial tension
from only a slight increase in the storage modulus at low fre-
quencies. The addition of the chain extender without the acrylic
copolymer showed much less tension, and only a slight shoulder
appeared, and an increase in the storage modulus is only seen
at frequencies around 0.01 s ~ ', The storage modulus value for
this blend is higher throughout the frequency range as expected
with increased chain lengths.*’ Finally, the blend containing
both the acrylic copolymer and chain extender showed the least
interfacial tension. In fact, although a slight inflection was seen,
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Figure 5. Storage modulus of PLA/ABS blends. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43771



http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

1000000

100000

s)

10000

1000 -

Complex Viscosity (Pa
2

A —PLAJABS |

B ——PLA/ABS/Acrylic Copolymer

C —PLAJABS/Chain Extender

D ——PLA/ABS/Acrylic Copolymer/Chain Extender

1

0.01 0.1 10

1
Frequency (1/s)
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the storage modulus value did not increase throughout the
entire range of testing frequencies. Gu et al.’ also found that the
polymer blends showed a departure from thermo-rheological
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simplicity. This was ascribed to the presence of immiscible
structures in the polymer blends.

The complex viscosity provides another view of the effects of
the components to the blend (Figure 6).24%3%4 The addition
of acrylic copolymer causes a large effect, decreasing the com-
plex viscosity especially at low frequencies. The addition of
chain extender has an opposing effect, increasing the complex
viscosity over the entire curve. Interestingly, as seen in the solid
dynamic properties, the inclusion of acrylic copolymer and
chain extender does not show a large deviation from the curve
of the chain extender alone. Instead, its effect of increasing the
chain mobility has a slight effect, and is only seen at lower fre-
quencies, suggesting that it aids in decreasing the interfacial ten-
sion somewhat. This is seen in the impact strength of the
polymer, increasing value to a highly toughened state.

Atomic Force Microscopy

As Figure 7 indicates, the PLA/ABS blend shows a great amount
of stress, as seen in abnormal shapes of phases, wide phase size
distribution, and a clear difference between phases. The evidence
of tension between phases is present in these micrographs,

Figure 7. AFM modulus mapping of PLA/ABS blends: (A) PLA/ABS (B) PLA/ABS/Acrylic copolymer (C) PLA/ABS/Chain extender (D) PLA/ABS/Chain
extender/Acrylic copolymer. [Color figure can be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
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showing the inability of the material to absorb energy. The
addition of the acrylic copolymer again vastly changes the phase
structures to appear much more consistent, heterogeneous, and
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with less tension. However, there is still a distinct separation
between phases, indicating that tension is still quite high. The
addition of chain extender shows a similar micrograph,
although the ABS structures are smaller still than those of the
acrylic copolymer sample. The tension between samples is
becoming successively lower, which is shown in the elongation
and impact strength of the blends. Finally, the blend with both
the acrylic copolymer and chain extender shows an effective
decrease in tension, as the structures are much smaller, and
there is much less space between structures. In fact, from a
mechanical standpoint, the ABS and PLA phases appear to have
become somewhat interlocked, as there is much less clear dis-
tinction between the phases. Davies et al.*? also performed AFM
imaging on PLA blends. They found clear phase separation
using the AFM, which led to the conclusion that increased PLA
caused a surface enrichment effect.

Chemical Reaction Mechanism

The FTIR spectra are given in Figure 8. The chain extender
has two peaks at 907 and 842 cm™' which correspond to the
ring deformation vibrations of the epoxide groups. These are
the functional groups with high likelihood of reacting with
the acid group of the PLA. When we compare these two peaks
to the blended sample, they appear to be gone, suggesting
that the PLA has reacted with the chain extender to open the
epoxide group causing chain extension in the PLA. The pro-
posed reaction scheme is given in Figure 9. Ojijo and Ray saw
the same reaction when blending PLA and this chain

R R
PLA | |
Chains |p—¢ (o}—— . (I:
|
o) 0
Hye ' |
2 \"‘O H,C H,C
e | |
I H(I; —OH HCIJ —OH
R B B
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H,C H2(|3
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Figure 9. Proposed reaction between PLA and the chain extender. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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extender.”” They noted that it is possible for this reaction to
give rise to a long-chain branched structure.?” In addition, the
main peaks in the ABS spectra are also found in the full blend
spectra, suggesting that the ABS functionality remains
unchanged from neat to the final blend. This confirms the
evidence that ABS does not play a significant role in the reac-
tion, and instead the interaction between PLA and ABS is
largely mechanical.

CONCLUSIONS

The uncompatibilized blends, as expected, had very poor per-
formance values, especially impact strength and elongation at
break. The very weak interface was not able to absorb stress
energy applied and distribute it throughout the structure. The
addition of the acrylic copolymer increased the toughness in
terms of elongation at break, and impact strength. This was
done through increasing the mobility of the chains. With
increased mobility, the chains are more able to slide past each
other, allowing more absorbing of energy with subjected to an
applied stress. This was shown through rheology where the
complex viscosity was decreased with the addition of the
acrylic copolymer. Additionally, the morphological studies
indicated a better dispersion and decreased tension of the
blends. The addition of the chain extender allowed the PLA
chains to form bonds between chains, increasing toughness.
This resulted in an increase in the complex viscosity over the
frequency span investigated. Again, the morphology showed a
better dispersion, which increased the performance, most nota-
bly the impact strength and toughness. The incorporation of
both acrylic copolymer and chain extender allowed the PLA/
ABS blend to be more thermodynamically stable, creating a
morphology with decreased tension, better dispersion, and
vastly improved mechanical properties. The additives worked
synergistically to create this blend, which resulted in vastly
improved performance over any other blend system. These
blends exhibited an impact strength of over 200 J/m and an
elongation at break of over 100%. Due to the effectiveness of
both additives, their low quantities allow the material to be a
viable option for many applications. In this system, because
the additive content are very low (<2 wt %), and there is no
post processing or advanced processing steps, the cost of pro-
ducing such a material are very low, giving it an advantage
over many similar PLA based blend materials with high
toughness.
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