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ABSTRACT: One of the most significant limitations to widespread industrial implementation of emerging bioplastics such as poly(lac-
tic acid) and poly(hydroxyalkanoate) (PHA) is that they do not match the flexibility and impact resistance of petroleum-based plas-
tics like poly(propylene) or high-density poly(ethylene). The basic goal of this research is to identify alternative, affordable,
sustainable, biodegradable materials that can replace petroleum-based polymers in a wide range of industrial applications, with an
emphasis on providing a solution for increasing the flexibility of PHA to a level that makes it a superior material for bioplastic
nursery-crop containers. A series of bio-based PHA/poly(amide) (PA) blends with different concentrations were mechanically melt
processed using a twin-screw extruder and evaluated for physical characteristics. The effects of blending on viscoelastic properties
were investigated using small-amplitude oscillatory shear flow experiments to model the physical character as a function of blend
composition and angular frequency. The mechanical, thermal, and morphological properties of the blends were investigated using
dynamic mechanical analysis, differential scanning calorimetry, thermogravimetric analysis, scanning electron microscopy, and tensile
tests. The complex viscosity of the blends increased significantly with increasing concentration of PHA and reached a maximum value
for 80 wt % PHA blend. In addition, the tensile strength of the blends increased markedly as the content of PHA increased. For
blends containing PA at >50 wt %, samples failed only after a very large elongation (up to 465%) without significant decrease in ten-
sile strength. The particle size significantly increased and the blends became more brittle with increasing concentration of PHA. In
addition, the concentration of the PA had a substantial effect on the glass relaxation temperature of the resulting blends. Our results
demonstrate that the thermomechanical and rheological properties of PHA/PA blends can be tailored for specific applications, and
that blends of PHA/PA can fulfill the mechanical properties required for flexible, impact-resistant bio-based nursery-crop containers.
© 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42209.
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INTRODUCTION sustainable and ecofriendly alternatives.'™'> Motivated by the

The use of petroleum-based plastics for products and packaging
has become ubiquitous in industry, a trend that is contributing
heavily to ecological problems such as increased CO, levels, pol-
lution of land and waterways, and overloading of the solid-
waste stream. Although petroleum plastics are extremely versa-
tile and fulfill the performance requirements for a multitude of
applications, increasing public awareness of their environmental
impacts has spurred efforts to replace petroleum feedstocks with
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goal to reduce our carbon footprint and dependence on fossil
carbon sources, bio-based polymers and composites are becom-
ing widely utilized in polymer manufacturing and medical
applications.'®™"® One area of strong interest is the replacement
of petroleum-based plastics with bioplastics in horticulture
containers used by the nursery-crops industry. Although interest
is high, the industry has struggled to develop a bio-based
container that can fulfill the functional requirements for

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42209


http://www.materialsviews.com/

ARTICLE

long-term nursery-crops production. Many of the difficulties
are related to poor flexibility and low impact resistance of mate-
rials that cannot withstand the harsh treatment encountered
during use.

The poly(hydroxyalkanoates) (PHAs) most widely used in
industry are aliphatic thermoplastic poly(esters) synthesized via
metabolic pathways of microorganisms by fermentation of sug-
ars or lipids."”” PHAs containing over 90 types of monomers
have been synthesized in various microorganisms. The charac-
teristics of thermoplastic PHAs range from rigid plastics to
tough elastomers and depend on their molecular structure. Spe-
cifically, the properties of PHAs are highly dependent on the
copolymer composition. Generally, thermoplastic PHAs are rigid
but brittle, with poor impact resistance and flexibility, issues
that restrict the applications for which PHAs can be used as
alternatives to traditional petroleum-based plastics. Copolymers
of 4-hydroxybutyrate and 3-hydroxybutyrate can be synthesized
to produce bio-based polymers with different mechanical and
thermal properties. Poly(3-hydroxybutyrate) is a brittle semi-
crystalline material with crystallinity >50% and T, of approxi-
mately 4°C. However, poly(4-hydroxybutyrate) is more elastic
with very low crystallinity and T, = —48°C. Most of the efforts
aimed at improving the toughness of PHA have focused on
blending PHA with other polymers such as poly(lactide) or
thermoplastic starch.'”* The majority of reports regarding
PHA blends focus on only a few aspects of their character, such
as viscoelastic or rheological properties, instead of providing a
comprehensive characterization of the material, and there have
been no investigations evaluating the blending of poly(amide)
with PHA to improve its flexibility and impact resistance for
increased industrial application.

Poly(amide) (PA) is a resin containing monomers of amides
joined by peptide bonds, and can be made artificially through
step-growth polymerization or solid-phase synthesis. PA has
been used in blends with various polymers such as poly(lactide)
to facilitate a good combination of toughness and stiffness.*®
Hydrogen bonding between the molecules results in good
mechanical performances in both crystalline and amorphous
states. The PA used in this study is a bio-derived resin that is
manufactured from tall oil and processed through dimerization
and polycondensation. Tall oil is a viscous yellow-black liquid
that can be obtained from pine tree and is a by-product of the
pulp and paper industry. This bio-based PA has high viscosity,
low softening temperature, high flexibility, and high water
resistance and is widely used in industrial applications such as,
adhesives, ink binders, and coatings. All polymers used in this
study were commercially available and bio-based.

The objectives of our research were (1) to quantify the effects of
blending PA with PHA; (2) to characterize the thermal, mor-
phological, rheological, and mechanical properties of PHA/PA
blended at three different load ratios (80/20, 50/50, and 20/80);
and (3) to compare the material properties of these PHA/PA
blends with those of neat PHA and neat PA. Results were exam-
ined to assess the suitability of using PHA/PA blends in the
model application of bio-based nursery-crop containers that
could provide equal function to that of petroleum-plastic
containers.
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Materials

Poly(hydroxyalkanoate) Mirel P1003 (compression molding
grade resins) was supplied by Metabolix Inc., Cambridge, MA
02139. This PHA is made by fermentation of renewable bio-
based feedstock, making it fully bio-based in neat form. Mirel
P1003 is a blend of PHB and poly(3-hydroxybutyrate-co-4-
hydroxybutyrate). The poly(amide) UNI-REZ™ 2651 was
obtained from Arizona Chemical Inc., Jacksonville, FL, and is a
fully bio-based resin derived from tall oil of pine tree.

Microcompounding and Compression Molding

Complete drying of PHA and PA was accomplished by heating
the material in a vacuum oven for 8 h at 60°C. The desired
amounts of PHA and PA granules were fed into a twin-screw
microcompounder (DACA Instrument, Santa Barbara, CA) set
to 185°C and a rotation speed of 100 rpm. The mixing time
was controlled for 10 min to facilitate homogenous melt com-
pounding. The extruded materials were then compression
molded at 185°C to prepare the samples for dynamic mechani-
cal analysis (DMA).

Measurements

Scanning Electron Microscopy. The fracture surface morphol-
ogy of PHA/PA blends (wt % ratios of 20/80, 50/50, and 80/20)
was examined using scanning electron microscopy (SEM). The
tensile-fractured samples were fixed on the SEM holders after
sputter coating with a thin gold layer. The prepared samples
were characterized using a field-emission scanning electron
microscope (FE-SEM, FEI Quanta 250) operating at 10 kV
under high vacuum.

Rheological Measurements. The rheological properties of
blends were investigated under an AR2000ex rheometer (TA
Instruments, New Castle, DE) with parallel plates of 25 mm
diameter. All measurements were performed under temperature
accuracy of *£0.1°C. A platinum resistance thermometer (PRT)
sensor positioned at the center of the plate ensured optimum
temperature stability and control. The rheological experiments
were studied on angular frequency sweeps at 180°C to evaluate
the complex viscosity and shear storage modulus. All measure-
ments of PHA/PA blends (wt % ratios of 20/80, 50/50, and 80/
20) were examined and compared in frequency sweep testing
mode.

DMA Measurements. The DMA was performed with a DMA
Q800 dynamic mechanical analyzer from TA Instruments. All
samples were measured with a film-tension mode of 1 Hz. Rec-
tangular specimens of 0.9 X 5 mm (thickness X width) were
used for the analysis. All the samples were heated to 200°C and
annealed for 3 min to remove the thermal history before any
measurements. The samples were cooled and held isothermally
for 3 min at —100°C before the temperature was increased to
100°C at a rate of 3°C/min.

DSC Measurements. Differential scanning calorimetry (DSC)
measurements were performed using a thermal analyzer (TA
Instrument Q2000) to study the melting and crystallization
behavior of PHA/PA blends. All DSC measurements were car-
ried out in nitrogen atmosphere. The samples were heated from
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room temperature to 200°C at a heating rate of 20°C/min to
erase their anterior thermal history, equilibrated at 200°C for 3
min, and then cooled to room temperature at a cooling rate of
20°C/min. The crystallization temperature (7.) was evaluated
using the exothermic crystallization peak. The samples were
then reheated to 200°C at the same constant rate, measuring
the second heating curves as well as the cooling curves. The
melting temperature (7T;,) of all samples was determined from
the maximum of the endothermic melting peak. Samples of
5 mg were cut from the films and used for analysis.

TGA Measurements. A Q50 thermogravimetric analyzer (TGA)
from TA Instruments was employed to investigate the thermal
stability of PHA/PA blends. The samples were heated from
room temperature to 600°C at a heating rate of 20°C/min
under nitrogen atmosphere. Generally, 20 mg samples were
used for the TGA.

Mechanical Properties

The tensile performance of the samples was determined using
an Instron universal testing machine at an extension rate of
50.0 mm/min using a static load cell (=2 kN). Rectangular
specimens of 50 X 10 mm (length X width) were used. All
samples had the same processing and thermal history. Average
values were calculated from at least three replicates of each sam-
ple. The toughness of the polymer was determined from the
area under the corresponding tensile stress—strain curves.

RESULTS AND DISCUSSION

SEM is a well-established technique that is widely employed to
investigate the internal structure or morphology of biodegrad-
able polymers.”*"*” For the PHA/PA blends, the fracture surface
morphology was investigated for the different weight ratios (20/
80, 50/50, and 80/20). The facture morphologies of specimens
after tensile testing are shown in Figure 1(a). Two-phase struc-
ture is clearly observed for different blend compositions. A rela-
tively smooth surface topography was observed for the PHA/PA
(20/80) blend. With increasing PHA content, the particle size
significantly increased and the surface eroded and was etched
with well-defined pits. For samples with PHA at 50 wt %, the
spherical particles of PHA were pulled out from the surface,
which showed strong interfacial adhesions of the two phases.
With the PHA content at 80 wt %, the blend agglomerated into
large (ca 60-80 wm) individual irregular pieces during melt
compounding. In addition, the blends became more brittle with
increasing concentration of PHA.

SEM micrographics for the PHA/PA (80/20) blend are shown at
different magnifications in Figure 1(b). The landform on the
fracture surface was disorderly and resembled unsystematic
crushed aggregates. The two components appeared completely
separated and broken into small particles, because the final
mechanical properties of composites are highly dependent on
their morphology.”***** The fragile character of the PHA/PA
(80/20) blend is due to the macrophase separation of the blend
and the poor interfacial adhesion between the two polymer
components. This consequently led to difficulty in testing the
tensile strength of this specific specimen.
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We hypothesized that the weight percent ratio of the PHA/PA
blends would have a significant influence on the viscoelastic
properties. For this reason, the rheological behavior of this
blend was studied as a function of classical angular frequency
by using small-amplitude oscillatory shear flow experiments.
Figure 2(a) compares the effect of dynamic angular frequency
on the viscoelastic behavior in PHA/PA blends, showing the
dependence of complex viscosity, 1%, at the same temperature,
180°C. The viscosity of pure PHA is almost angular frequency
independent (Newtonian behavior), while the viscosity of pure
PA and all blends showed non-Newtown behavior (i.e., the vis-
cosity decreased with increasing angular frequency). In addition,
n* increased significantly for blends with 20 and 50 wt % PA
and then decreased for 80 wt % PA. This behavior is mainly
attributed to the different morphologies developed in the melt
processing of the blends as clearly seen in Figure 1. The micro-
structured two-phase morphology observed for blends with 20
and 50 wt % PA acts as a reinforcement polymer composite
and consequently the dynamic viscosity increased significantly.*®
The particle size of the phase-separated structure decreases dra-
matically for the blend with 80 wt % PA and the viscosity
decreased due to the high compatibility between the two poly-
mer components. Figure 2(b) shows the composition depend-
ence of complex viscosity at 180°C and different angular
frequencies. Clearly the viscosity decreases with increasing angu-
lar frequency and attains a maximum for 20 wt % PA blend as
aforementioned.

The effect of blend ratio of PHA and PA on the dynamic
mechanical properties of the material was investigated in the
temperature range from —100 to 100°C. The variation of the
storage modulus (E') and loss tangent (tan 0) of the pure PHA,
PA, and their blends are shown in Figure 3. The sample of
PHA/PA (80/20) was not included because it was too brittle to
prepare reliable dimensions for the DMA measurements. As
illustrated in Figure 3(a), the storage modulus at the glassy
region decreased markedly as the amount of PA increased. With
increasing PA loadings up to 50 wt %, the storage modulus of
the PHA/PA blends showed a noticeable decrease to nearly one-
third that of the neat PHA. At the rubbery plateau, this trend
became more prominent. When the temperature elevated above
50°C, the storage modulus of the blends decreased much more
than that of the pure PHA. At higher temperatures (T>75°C),
E' decreased very sharply due to the slippage of large-scale
molecular chains.”*”!

In general, the glass transition temperature (T,) can be meas-
ured using several experimental techniques, such as DSC, DMA,
TMA, and broadband dielectric spectroscopy. Determination of
T, of blends with large mismatch in their T,s can be used to
evaluate the degree of miscibility of the two polymer compo-
nents. Normally a single T, can be detected for miscible blends
while two T,s for immiscible or partially miscible blends. It is
also known that relaxation peak from DMA can be directly
associated with the T, of the material as well as to the drop of
storage tensile modulus.®> The tan § curve of the PHA/PA
blends as a function of blend composition is presented in Figure
3(b). The concentration of the PA had a considerable effect on
the glass relaxation temperature of the resulting blends. The tan
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Figure 1. (A) SEM images for fracture surface morphologies of PHA/PA blends (a) PHA/PA (20/80); (b) PHA/PA (50/50); (c) PHA/PA (80/20). (B)
SEM micrographs for fracture surface morphology of PHA/PA (80/20) at (a) 250X and (b) 2000X magnification.

0 peak magnitudes of blends decreased after the loading of PA,
a result related to the modulus drop. Meanwhile, the position
of the relaxation peak shifted toward lower temperatures with
increasing PA content. Consequently, based on the position of
relaxation peak, T, of the blended material became lower as the
amount of PA increased due to the partial miscibility of the two
polymer components.
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DSC was used to measure the temperatures and heat flow dur-
ing thermal transitions of PHA/PA blends. The crystallization
behavior of semicrystalline polymers has a substantial effect on
their mechanical properties, and the second-phase additives
affect the crystallinity of the binary polymer blends.”***?** The
DSC traces for PHA/PA blends during the second heating scan
as a function of blend composition are shown in Figure 4. The
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Figure 2. (a) Angular frequency dependence of n* for PHA/PA blends at —— Neat PA
180°C. (b) Composition dependence of #* for PHA/PA blends at 180°C PP A T L ; £
-100 -50 0 50 100

for different angular frequency. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

first heating process, from room temperature to 200°C at a
heating rate of 20°C/min, was used to erase thermal and
mechanical histories. For the pure PHA, PHA/PA (80/20), and
PHA/PA (50/50), the curves displayed two endothermic peaks
due to primary and secondary crystallization processes. These
double melting peaks were found after the complete crystalliza-
tion cooling from the melting indicated and confirmed the exis-
tence of melt-recrystallization mechanisms.”>>® The less perfect
crystals melted at lower temperature, and then at a higher tem-
perature, the sample reorganized into more perfect crystals and
remelted during the heating process. Table I compares the melt-
ing enthalpy (AH,) and melting temperature (7;,) of PHA,
PHA/PA (80/20), and PHA/PA (50/50), showing that the melt-
ing points of the blends decreased as the concentration of
poly(amide) increased. The AH,, was calculated by integrating
the area of two bimodal melting peaks. As a function of blend
composition, AH,, decreased significantly with increasing poly(-
amide) content as seen from the data in Table I. No endother-
mic melt peaks were observed in the DSC curves for pure PA or
PHA/PA (20/80), indicating that no apparent crystallization
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Figure 3. (a) Temperature dependence of dynamic storage moduli, E' of
the PHA/PA blends as a function of blend composition. (b) Temperature
dependence of tan ¢ curves of the PHA/PA blends as a function of blend
composition. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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—— Neat PHA
—— PHAB0%/PA20%
—— PHA50%/PA50%
—— PHA20%/PA80%
— Nealt PA . . ,
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Temperature (°C)

Figure 4. DSC heating scan for PHA/PA blends. The DSC measurements
were carried out at 20°C/min heating rate (second heating run). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]

crystallization enthalpy (AH.) and cold crystallization tempera-
ture (T.) for PHA, PHA/PA (80/20), and PHA/PA (50/50)
decreased systematically as the concentration of the poly(amide)
increased (Table I).

It is well established that the mechanical and physical properties
of amorphous/semicrystalline polymer blends are greatly influ-
enced by crystallization kinetics and degree of crystallinity as
well as microstructure or morphology of the blends. The nature
of interaction, miscibility, and internal structure of the blends
normally have a major impact on the degree of crystallinity and
ultimate mechanical properties of the amorphous/semicrystal-
line blends. Generally, higher crystallinity results in an increase
in the stiffness (elastic modulus) and strength of the polymer,
while ductility declines significantly. For the current system, the
bio-derived tall oil-based PA is totally amorphous; however,
most of petroleum-based PAs are semicrystalline. The bacterial-
based PHA is a semicrystalline polymer with a degree of crystal-
linity of approximately 23% as measured by DSC. Blending PA
with PHA likely has a significant influence on the degree of

Table I. Summary of Melting Enthalpy, Melting Temperature, Cold Crys-
tallization Enthalpy, Cold Crystallization Temperature, Degree of Crystal-
linity, and T, from tan 6 of PHA and PHA/PA Blends Under Nitrogen
Atmosphere

Neat PHA  PHA/PA (80/20)  PHA/PA (50/50)
AH, Ulg) 3230 25.45 10.78
T (°C) 166.48 162.76 161.59
AH. (Jlg)  30.52 23.61 10.72
Te (°C) 108.76 107.13 103.65
X< (%) 22.75 22.40 1518
T4 (C) 17 14

The PHA/PA 20/80 blend and pure PA are amorphous and have Tgs of 7
and —2°C, respectively.
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Figure 5. DSC cooling scan for PHA/PA blends. The DSC measurements
were carried out at a cooling rate of 20°C/min (first cooling run). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

crystallinity of PHA and consequently on the ultimate mechani-
cal properties of the blends. For this reason, the degree of crys-
tallinity (X.) of PHA/PA bends was estimated from the melting
enthalpies determined by calorimetry. The higher the crystallin-
ity, the more melting heat required to destroy the crystal struc-
ture. X. was ascertained by eq. (1),*' considering a melting
enthalpy of 142 J/g for 100% crystalline PHB as cited in the
literature.*>*?

AH,,

X =_ -m
‘ W, X AH, 1009

X 100% (1)
where X, is the crystallinity (%), AH,, is the melting enthalpy
of the polymer (J/g), W, is the proportion of the polymer in
the blend, and AH,,1000 1S the melting enthalpy of the 100%
crystalline polymer.

On the basis of results in Table I, the degree of crystallinity
depends substantially on the blend composition. Specifically, the
degree of crystallinity decreased with increasing PA concentra-
tion. Overall, the quantity of amorphous substance resulted in
an overall decrease in the crystallization behavior.

In general, the mechanical properties of binary polymer blend
systems are useful and very important for industrial applica-
tions.** Tensile strength is an important mechanical parameter
for materials that are designed to be stretched or under tension.
Material toughness can be considered as tensile toughness and
impact strength.45 Fracture behavior of PHA, PA, and PHA/PA
blends in the tensile test varied significantly from brittle fracture
of pure PHA to ductile fracture of pure PA, results that are
illustrated in the stress—strain curves in Figure 6. The sample of
PHA/PA (80/20) was not included because it was too brittle to
prepare reliable dimensions for the tensile test. The fragile char-
acter of this blend is mainly attributed to the very poor misci-
bility and weak interfacial adhesion between the two polymers
[Figure 1(c)] when PHA is a major component. Neat PHA
showed a distinct yield point with a subsequent strain
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Figure 6. Comparison of tensile stress—strain curves of PHA/PA blends. b 5
The inset-plot gives details of the mechanical testing data from 0 to 15%
tensile strain. [Color figure can be viewed in the online issue, which is G Neat PHA
available at wileyonlinelibrary.com.] s i PHABO P A0%
= —— PHA50%/PA50%
%J) —— PHA20%/PA80%
hardening stage before failure, character resulting from its two S 3F —— Neat PA
components as described in the materials section. Its strain at 5
break was only around 4.6%, as illustrated in Figure 6. When E
. . [=)) o
the concentration of PA in the blend was more than 50 wt %, ‘© z
the PHA/PA blends showed noticeable ductile characteristics §
. - Lo . >
with the appearance of distinct yielding and neck formation. F 1L
a
The effects of PA content on the mechanical properties of PHA/
PA blends are depicted in Figure 7, which shows that the tensile 0 . ;
strength of specimens decreased systematically as the content of 0 100 200 300 400 500 600

PA increased. When the content of PA was <50 wt %, the elon-
gation of the blend increased slightly, while tensile strength
declined significantly. Above 50 wt % of PA, the samples failed
at very large elongation, which increased greatly from 22% for
the 50/50 blend to 465% for pure PA without obvious decrease
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Figure 7. Composition dependence of tensile strength and elongation at
break % for PHA/PA blends with different PA concentrations. The error
bars represent standard deviations based on three repeated measurements.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Temperature (°C)
Figure 8. (a) Temperature dependence of weight loss % for different
PHA/PA blends at 20°C/min under nitrogen atmosphere. (b) Comparison
of first derivative weight changes of the PHA/PA blends at 20°C/min
under nitrogen atmosphere. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

of the tensile strength. The mechanical properties of PHA/PA
blends can be explained based on the degree of crystallinity.
The substantial decrease in the tensile strength and increase in
the elongation at break with increasing PA content are attrib-
uted to the fact that the degree of crystallinity decreased with
increasing PA content in the blend. As presented in Table I, the
degree of crystallinity decreased from about 23% for pure PHA
to 15% for the PHA/PA (50/50) blend. In addition, no melting
or crystallization peaks were observed for pure PA and the
PHA/PA (20/80) blend, indicating that they are totally amor-
phous (Figures 4 and 5).

It is also well known that combination of desirable mechanical
and physical properties of certain polymer blends can be
obtained by controlling the processing condition and morphol-
ogy. The mechanical properties (e.g., tensile strength, tensile
modulus, and impact toughness) of polymer blends with drop-
let morphology are typically much lower than that with fiber-
like structure morphology. For our system, droplet morphology
of PHA dispersed phase in PA matrix has been observed for
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Table II. Summary of Thermogravimetric Analysis of PHA/PA Blends Under Nitrogen Atmosphere

Neat PHA PHA/PA (80/20) PHA/PA (50/50) PHA/PA (20/80) Neat PA
T10 (°C) 252.75 233.30 245.07 241.78 364.09
Tso (°C) 265.28 246.38 352.46 396.96 402.29
Tz 7€) 267.09 244.69 253.85 404.13 403.34

PHA/PA (20/80) and (50/50) blends [Figure 1(a)]. The PHA/PA
(50/50) blend has larger particle size than that of PHA/PA
(20/80) blend. These two blends have slight difference in the
mechanical properties as seen in Figure 7. Since both of these
blends have droplet structure, the effect of morphology on the
mechanical properties is very minor compared to the effect of
crystallinity. The lower tensile strength and higher elongation at
break for PHA/PA (20/80) blend compared to PHA/PA (50/50)
blend are mainly attributed to the fact that, PHA/PA (20/80) is
amorphous, while PHA/PA (50/50) is crystalline. The PHA/PA
(80/20) blend has very poor mechanical properties due to the
macrophase separation of the two components. In addition, the
blend is very brittle, and no reliable sample specimen could be
prepared to measure the tensile properties. Based on the above,
it is apparent that the morphology of the PHA/PA blends has
insignificant influenced on the mechanical properties.

The thermal degradation behavior of PHA/PA blends was stud-
ied by TGA, which uses heat to induce chemical and physical
changes in materials and performs a corresponding measure-
ment of mass change as a function of temperature. The TGA
profile, as seen from Figure 8, suggests that decomposition
started during melting and terminated with a weight loss corre-
sponding to the content of blend composition. It was found
that the pure PHA and pure PA degraded in a one-stage pro-
cess, while the PHA/PA blends showed a very distinct two-stage
degradation pattern. The blends experienced significant weight
loss between 250 and 450°C (Figure 8a), with the weight-loss
peaks at approximately 250 and 400°C (Figure 8b). Above
600°C, no obvious further weight loss was observed during
pyrolysis in inert nitrogen atmosphere.

Table II compares the degradation temperatures of PHA/PA
blends at different percentage weight loss. Tj, denotes the tem-
perature at which the samples lost 10% of their original mass.
On the basis of these data, PA exhibited higher thermal resist-
ance arising from amide linkages, which result in stiff macro-
molecular chains that interact with each other via strong
hydrogen bonds.**” The degradation temperature at 50%
weight loss (Tso) was also investigated for PHA, PA, and
PHA/PA blends, and the T, value for each blend was roughly
the same as its T,y the maximum degradation temperature. It
is evident from the thermogram [Figure 8(a)] that T, was
enhanced with increasing concentration of PA, which indicates
that the thermal stability of PHA-based materials can be
improved by blending with PA.

Blends of PHA/PA have strong potential for use in biocon-
tainers for the nursery-crop industry. Unlike the greenhouse
industry, which normally produces plants with crop cycles <12

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

422009 (8 of 10)

weeks and often uses containers held in shuttle trays, the nurs-
ery industry produces species with medium- and long-term
crop cycles commonly more than a year long, and containers
are often handled individually, requiring them to exhibit greater
flexibility and impact resistance and a moderate biodegradation
rate. Along with improved mechanical properties obtained by
blending PA with PHA, PA can function to reduce the rate of
biodegradation compared to pure PHA.** Although the
mechanical properties of neat PA are suitable for use of the
material in horticulture containers without a copolymer, neat
PA is currently much more expensive than PHA (approximately
$8.60 and $4.40 USD per kg, respectively), making it cost-
prohibitive to use neat PA for this application. Blending PA
with lower cost polymers like PHA provides a material with
some of the advantages of PA, at a more reasonable cost than
neat PA resin. Compared to the cost of the petroleum-based
plastic commonly used for this application (high-density poly(-
ethylene) (HDPE)), the current costs of PHA/PA blends are
approximately double the price. While the cost of PHA/PA
material is greater than that of HDPE at the present time, there
are two factors that indicate that horticulture containers made
of PHA/PA may be cost competitive with HDPE in the near
future. (1) Economists specializing in horticultural strategies
have determined that many consumers would be willing to pay
$0.23 to $0.58 USD more per plant for horticulture products
grown in sustainable, nonpetroleum containers,” and (2) the
projected growth of the bioplastics industry indicates increased
production volume and reduction in price for PHA over the
next decade.”® Blends of PHA/PA with concentrations <50 wt
% PA are good, affordable candidates for the horticulture-
container application and should provide suitable strength, flex-
ibility, and impact resistance, with a slower rate of biodegrada-
tion than pure PHA. Our results indicate that blends of
PHA/PA possess mechanical properties that should also be
applicable to many other industrial applications.

CONCLUSIONS

This study reports the results of evaluations with PHA/PA bio-
based blends that were melt blended using a twin-screw extruder
in order to improve the toughness of PHA and to characterize
elemental properties of the blends. For all the samples studied
by SEM, biphasic separation was observed, indicating that PHA
was not miscible with PA in the melt. DMA results confirmed
that the blend is a partially miscible two-phase system. Rheologi-
cal results revealed that the melt viscosity of the blends increased
with the content of PHA. On the basis of DSC results, both the
melting and crystallization temperatures of the blends decreased
systematically as the concentration of the PA increased. TGA
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curves revealed that the thermal stability of the blends increased
significantly at high temperatures as PA loadings increased. The
elongation at break of PHA was greatly enhanced by the addition
of PA due to the substantial decrease in the degree of crystallin-
ity in the blends. Our results demonstrate that the flexibility and
impact resistance of PHA can be improved significantly by
blending with bio-based PA. The superior mechanical character-
istics of PHA/PA blends make them strong candidates for use in
crop containers that are biorenewable, yet can withstand the
harsh conditions encountered during nursery-crop production.
Blends of PHA and PA warrant consideration for other industrial
applications where flexibility and impact resistance are essential,
and biorenewable sourcing is preferred.
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