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ABSTRACT: The packaging industry is searching for alternative materials to attain environmental sustainability. Poly(3-hydroxybuty-
rate-co-3-hydroxyvalerate (PHBV) is a semicrystalline polymer that meets this sustainability goal since it is bioderived and biodegrad-
able. However, its brittle nature and relatively high water permeation and transmission rates make it unsuitable for packaging
applications. In addition, PHBV has poor mechanical, thermal, and rheological properties above 160 °C, limiting its use in cast sheets
and thermo-formed packaging applications. To improve these properties, new blends of PHBV with high molecular weight natural
rubber at 5, 10, 15, and 25% by weight were fabricated, and physico-chemical properties of the blends were characterized. The rubber
in the blends aided in the following: increased thermal stability since the complex viscosities of the blends were improved by one log
over pure PHBV at 170 °C, created more uniform melting peaks attesting to improved homogeneity, decreased water permeation to a
level similar to that of traditional thermoplastics; increased the elongation at break, and stabilized the Young’s modulus. Therefore,
these blends can potentially be used in-place of traditional, petroleum-based thermoplastics in cast sheets and thermoforms. © 2016
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43937.
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streams. Incineration of plastic waste produces carbon dioxide
and other toxic gases that spill into the environment during
combustion.” It is very difficult to reduce the consumption of
plastic products due to their versatile properties, but it is possi-
ble to develop sustainable replacement materials with equivalent

INTRODUCTION

In the current economy, there is an increasing need for packag-
ing materials for safe and efficient distribution of goods. To
address this need, the global plastics industry has grown 9%
annually over the last decade and is expected to continue to

. . . functionality and properties.
grow at a similar rate.' Currently, these plastic materials are Y prop

derived from petroleum-based feedstocks that are not compo-
stable, contribute to environmental pollution, and threaten the
habitats of many animals.” In addition, the amount of plastic
being discarded continues to increase.”” According to Plastic
Europe and United States Environmental Protection Agency, in
2012, Europe released 25.2 million tons of plastics into waste
streams, while the United States contributed 31.9 million
tons."* The current green movement to increase recyclable plas-
tics has generated some lower quality materials due to cross
contamination of different polymers or comingled waste
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Bacteria and enzymes can degrade aliphatic polymers with
hydrolyzable carbon backbones, such as bacterially synthesized
poly(3-hydroxybutyrate) (PHB), thus alleviating landfill satura-
tion.”™ PHB is produced by nutrient-deprived microorganisms,
which accumulate the polymer as an intracellular form of
energy storage.*” However, commercial use of PHB is limited
due to thermal degradation, and brittleness at room tempera-
ture," in addition to its higher production costs. During the
growth stage of PHB homopolymer, incorporation of propionic
or pentanoic acid, while restricting dissolved oxygen, leads to
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the formation of 3-hydroxyvalerate (PHV). PHBYV, although a
promising bioplastic, has poor thermal and mechanical proper-
ties above 160°C.'"""'* Additionally, high processing tempera-
tures within the extruder resulted in thermal degradation of the
polymer near or above the melting temperature (171°C) of the
PHBV."

Hevea brasiliensis [the para rubber tree is a source of natural
rubber (NR)], elastomer with high elasticity and yield strength.
NR is obtained as latex tapped from the laticiferous vessels of
Hevea."” R is a cis—1,4-polyisoprene hydrocarbon polymer con-
structed of isoprene units, and is produced as a secondary met-
abolic end-product.'* NR provides an unmatched combination
of tensile strength, elasticity, memory, and softness. The high
yield strength is due to NR’s ability to undergo stress—strain
crystallization giving it high tensile strength in the direction of
elongation.'* This produces a superior form of reinforcement as
it limits movements between neighboring molecular chains and
leads to high ultimate strength.'>'® The incorporation of dis-
persed rubber particles into a brittle PHBV thermoplastic
matrix is known to improve both the impact resistance and
toughness properties with minor decreases in modulus.'”'®
However, these studies incorporated the rubber as a particulate
filler. NR polymers have not been blended with PHBV to form
a visually uniform blended material.

Recent studies of PHB with rubber have shown marked
improvements in their physical properties. PHB composites
with poly(epichlorohydrin), poly(ethylene oxide), and poly(vi-
nylacetate), epoxidized NR, and maleated poly-butadiene
showed a single glass transition temperature, “drastic depression
of equilibrium melting temperature,” and had a homogenous
crystalline structure.’’~* In addition, incorporation of dispersed
particles of epoxidized rubber (modified form of NR) into a
brittle PHBV thermoplastic matrix improved both impact resist-
ance and toughness with minor decreases in modulus.'® Addi-
tion of ethylene-propylene rubber (EPR) to a PHB matrix,
caused significant improvement in elongation at break, as well
as improvements in modulus and stress properties due to inter-
molecular interactions between the ester or the alcohol func-
tional groups on the rubber and the ester groups on the PHB
polymer."” Attempts to blend NR with PHBV initially failed due
the difference in viscosity between the two materials (unpub-
lished data). The viscosity of high molecular weight “gel” frac-
tion of NR is closer to that of PHBV and preliminary results
were encouraging.>* Therefore, the main objective of this work
was to fabricate PHBV blended with high molecular weight NR
(HMW-NR), and assess the physico-chemical properties of the
new materials.

EXPERIMENTAL

Materials and Sample Preparation

Commercially available PHBV with 5% HV content was pur-
chased from Tianan Biologic Material Co. (Ningbo, China).
Hevea brasiliensis rubber was purchased from CentroTrade LLC.
(Wadsworth, OH). The rubber was cut into approximately
2.54 cm’ cubes and soaked in HPLC grade hexane (Fisher
Chemicals, Fairlawn, NJ) for approximately three hrs. The rub-
ber cubes were stirred using a Corning PC-420D stir plate
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(Tewksbury, MA) at 300 rpm for 2 h, and then at 320 rpm for
the last hour. This method dissolved the uncrosslinked (non-
gel) rubber, and precipitated latex proteins and impurities, but
swelled the partially crosslinked HMW-NR (gel). The dissolved
fraction was decanted from the partially crosslinked HMW-NR
and the residual hexane was evaporated from the HMW-NR for
24 h at room temperature. The dissolved fraction has commer-
cial application in tank liners which are made from gel-free NR.
The weight fraction of the original rubber used was approxi-
mately 88%.

The PHBV polymer was vacuum dried for 24 h at 60°C before
being compounded with extracted HMW-NR using a Leistritz
7ZSE-27 twin-screw extruder (Somerville, NJ) with a reverse
compounding profile of 170-140°C. The extrudates were injec-
tion molded into ASTM Type I parts using a Sumitomo
SH50M (Norcross, GA) injection molder as outlined in the
processing guide by Tianan for thermal behavior and water
vapor transmission rate characterization. For rheological testing,
the extrudates were compression molded into disks (25.0 mm
in diameter and approximately 1.0 mm thickness) using a Car-
ver press (Wabash, IN) at 183 °C.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) (TA Instruments Q100,
New Castle, DE) was used to determine the state of the materi-
als as a function of temperature, using a previously described
procedure.'® Samples were vacuum dried at 60 °C for 24 h prior
to any testing and stored in a desiccator during the analysis.
The average melting transitions were determined from thermo-
grams obtained by heating 5-10 mg samples from —20 to
200°C at a rate of 10°C/min. The samples were allowed to
anneal at 200°C for 3-5 min to remove the thermal history of
the polymers, and subsequently cooled to —85°C at 10°C/min,
held for 3-5 min, and reheated from —85 to 200°C with a
heating rate of 10°C/min. The reported values are averages of
four samples.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used to study thermal
decomposition properties using a TA Instruments TGA 5000
(New Castle, DE). The samples were heated under nitrogen
from room temperature to 500°C with a heating rate of
20°C/min. Samples were vacuum dried at 60°C for 24 h prior
to any testing. The summarized results are averages of four
samples tested.

Water Vapor Transmission Rate

Impact disks with a thickness of 0.72-0.75 mm were used to
determine water vapor transmission rates (WVTR) using a
Mocon Permatran-W 3/31 (Minneapolis, MN) according to
ASTM F1249-06. The Mocon unit was set to 100% relative
humidity (r.h.) by using a wet sponge in each cell. Prior to test-
ing, the instrument was calibrated using the Mocon supplied
calibration films at 37.8 °C with a flow rate of 100 cm’/min. To
prevent the infrared detector from being overloaded with water
vapor, the sample area was reduced to 5 cm® using the alumi-
num foil supplied by Mocon. The samples were analyzed at
37.8°C with a flow rate of 100 cm’/min at 100% r.h. in 30-min
cycles. The reported values were obtained after the samples had
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reached steady state of 12-16 h. The averages of five trials are
reported.

Dynamic Mechanical Analysis (DMA)

The mechanically induced glass transitions of the blends were
studied using a TA Instrument Q800 (New Castle, DE) as previ-
ously described.’® The samples were equilibrated at —110°C
and subsequently heated to 150°C with a heating rate of 5°C/
min. The sample dimensions were approximately 25 X 3.0 X
0.70 mm° with amplitude of 15.00 pum, preload of 1N, and fre-
quency of 1 Hz, using the tension film clamps. The values pre-
sented are averages of four specimens.

Creep and Recovery

The visco-elastic behavior of the blends was investigated using a
TA Instrument Q800 (New Castle, DE) with tension film
clamps. The samples were vacuum dried at 60 °C for 24 h prior
to being cut into 15 X 2.0 X 0.7 mm’ rectangular shapes. The
samples were tested at —25, 0, and 25°C, and held isothermally
for 1 min before testing. The samples were creeped at 5 MPa
for 5 min, and then recovered for a subsequent 10 min. The
reported mean = standard deviation (SD) values are averages of
at least three samples.

Tensile Properties

Tensile properties were determined according to ASTM D638-08.
Prior to any testing, the samples were vacuumed dried for 24 h at
60°C. The tensile data were obtained using an Instron 5542 with
Bluehill v. 2.17 software package (Instron Corp. Norwood, MA).
Samples were tested using a crosshead speed of 5 mm/min at
26°C. The reported mean = standard deviation (SD) values are
averages of at least 10 samples. Statistical analysis was performed
using Minitab, version 16.0 (State College, PA) on the mechanical
properties. Significant differences (P-values < 0.05) in tensile data
amongst PHBV and their blends were determined using one way
analysis of variance (ANOVA) and Fisher method.

Heat Deflection Temperature (HDT)

Heat induced deflection of the blends was measured using a TA
Instrument Q800 (New Castle, DE) series DMA as described in
ASTM D648 standard. Rectangular bars (35 X 12 X 3.2 mm?)
were tested using dual cantilever clamps with an applied load of
0.455 MPa. The samples were vacuum dried at 60°C for 24 h
and stored in a desiccator prior to any testing. The blends were
heated from 30 to 165°C with a heating rate of 2°C/min. The
reported mean = standard deviation (SD) values are averages of
at least three samples. In addition, statistical analysis was per-
formed using Minitab, version 16.0 (State College, PA). Signifi-
cant differences (P-values <0.05) in the deflection temperatures
amongst PHBV and their blends were determined using one
way analyses of variance (ANOVA) and the Fisher method.

Rheological Properties

Rheological behavior of the various samples was obtained using
a TA Instrument Ares 2000 rheometer (New Castle, DE), as pre-
viously described.'®'? Samples were vacuum dried at 60°C for
24 h prior to testing. Rheological experiments were performed
in the melting temperature range (160-180°C) using a 25 mm
parallel plate system. Each sample was equilibrated for 5 min
before the gap was set to the testing position of approximately
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Figure 1. DSC first melting (a) and second melting (b) transitions of
blends with pure PHBV and HMW-NR at 10 °C/min. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

0.9 mm or until the top plate made contact with the top of
sample. The furnace was opened to remove excess material.
Dynamic viscosity was measured with increasing frequency of
0.1-100 rad/sec. For each frequency sweeps, the linear visco-
elastic limits were determined prior to analysis, and the rheo-
logical analyses were performed in triplicate.

RESULTS AND DISCUSSION

Thermal Transitions of Blends

During the first melting scans [Figure 1(a)], the melting tem-
peratures of the blends (170-173°C) resembled that of pure
PHBV (171°C), except for 2% blend, which showed a broader
melting temperature. When the first heating runs were com-
pared with rescanned thermograms [Figure 1(b)], the observed
melting was more consistent with a single phase material. The
second melting peaks of the blends were sharper compared with
the pure PHBV. The peak melting temperatures of the blends in
the second melting (170-172°C) showed minimal change from
the first melting, while pure PHBV showed a small decrease
(6°C). The rubber showed no melting transitions, as expected
for an amorphous material.

These results differ from those previously published of PHBV
blends with butadiene, epoxidized NR, ethylene-vinyl acetate,
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Figure 2. DSC glass transition from second scan of blends and pure
HMW-NR (a) and PHBV (b). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

and other rubbers showing two melting peaks attributed to dif-
ferent crystals (PHB and PHV) formed during the annealing
phases.'"®*® The uniform melting peaks observed in the current
study can be attributed to the HMW-NR, because NR is known
to dissipate heat during thermal stress. Thus the better disper-
sion of heat protected the PHBV from degrading during the
heating and rotational stresses of extrusion and injection mold-
ing. Similar uniform melting peaks were obtained in blends of
medium chain length PHA with nitrile and NR due to the rub-
ber changing the crystallization and melting properties of the
PHA.”® It is also possible that the uniform melting peaks could
be due to annealing increasing the compatibility between PHBV
and rubber.?? It has been suggested that the melt reactions that
occur during the compounding process begin with scission of
long chain PHB molecules to shorter molecules containing car-
boxyl ends groups.'®™*#?? Subsequently, the ring opening of the
epoxide group on the NR allows the reactive carboxyl end
groups to bind to the NR.** The second heating cycle was used
to determine glass transition temperatures (T,) commonly used
to establish miscibility in polymer/polymer blends (Figure 2).
All the samples displayed two glass transition temperatures near
—65 and —1.0°C: a miscible polymer blend will exhibit a single
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T,. When these thermal properties (T, and T,,) were compared
with traditional thermoplastics, polypropylene (0 and 176 °C)
was most similar, while poly(ethylene terephthalate) (PET, 73—
80 and 245-265°C), polystyrene (PS, 70-80 and 100 °C), low-
density polyethylene (LDPE, —100 and 95-110°C) differed
significantly.””*®

Decomposition of Blends

Thermogravimetric analysis was used to determine the decom-
position temperatures for the blends and pure materials due to
thermal stress, which are related to the composites losing their
functionality as a packaging material (Figure 3). The thermal
onset and peak degradation temperatures for pure PHBV were
238 and 288 °C, respectively, and for HMW-NR were 341 and
365°C. Two stages of weight loss were observed for the blends
in the TGA. Within the temperature range 270-293 °C, the ther-
mal onset temperature of the blends resembled that of PHBV.
However, at the higher temperature of 270-293°C, the blends’
degradation profiles resembled that of HMW-NR. The onset
degradation temperature was 13-23% higher for the blends
than for pure PHBV. In addition, the slope of the falling region
of the blend reflecting the rate of degradation had a sharper
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Figure 3. (A) Weight loss TGA thermograms. (B) Derivative weight loss
TGA thermograms of blends with pure PHBV and HMW-NR obtained
from TGA. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Table 1. Water Vapor Transmission Rates of PHBV, HMW-NR, and Blends
(n=175)

PHBV/HMW-NR Trans. rate (g/lm? dayl)

98/2 29.5 (x17.4)
95/5 34.3(x2.29)
90/10 15.8 (¥1.05)
85/15 6.28 (£1.56)
75/25 3.54 (x0.339)
PHBV 44.3(£2.98)
HMW-NR 434 (£1.13)

slope than pure PHBV. Similar results have been reported for
NR, where thermal degradation began at 290 °C with peak deg-
radation at 360°C.*>*° No thermal depolymerization occurred
below 250 °C, but about 85% of the material degraded between
250 and 400 °C.?*?° Madorsky and co-workers reported that the
thermal degradation of NR between 287 and 400°C vyields
39.0% isoprene, 1.32% depentene, and small amounts of
p-menthene.”*~? Furthermore, the degradation pattern can be
used to calculate the percentage of PHBV to HMW-NR compo-
sitions in the blends. The % loss at the maximum degradation
temperature of the PHBV and HMW-NR fractions tested
accounted for nearly 100% indicating that the blends were
properly mixed during the compounding stage.

Water Vapor Transmission of Blends

NR is a hydrophobic hydro-carbon, and has a very low water
vapor transmission rate. The average water vapor transmission
rates (WVTR) ranged from 44.3 to 4.34 g/m™* day for pure
materials and the blends (Table I). With the addition of HMW-
NR, water permeation decreased due to the steric hindrance
caused by the consequential grafting of PHB chains on to the
rubber backbone. Steric hindrance decreases chain flexibility,
which prevents the polymer chains from sliding past one
another which would decrease the free volume and limit migra-
tion of water molecules through the blended material. The
HMW-NR is partially crosslinked leading to the same decrease
in water permeation. When the results of the WVTR are com-
pared with traditional thermoplastics used in packaging, the
WVTR measured in this study are similar to PET (3.48 g/m >
day), oriented polystyrene (OPS, 5.18 g/m~ > day), and LDPE
(7.90 g/m~? day).>*

Mechanical Properties of Blends: Rheology

The visco-elastic properties of the blends were probed at differ-
ent temperatures to assess the rheological changes upon HMW-
NR addition to PHBV. Representative sweeps of complex viscos-
ity versus frequency at 160-180°C for PHBV and the blends
(Figure 4) indicated that, in general, viscosity decreased with
increasing frequency. This is likely due to breakdown of entan-
glements between the polymer and rubber matrix. All the sam-
ples exhibited the shear-thinning behavior typical for non-
Newtonian fluids, such as polymer melts. To assess this behavior
more quantitatively, the rheological data were fitted to the
Power—law or Ostwald—de Waele model, which describes viscos-
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ity as a function proportional to some power of the shear rate.
The relationship between steady shear and dynamic shear vis-
cosity has been established using the Cox—Merz rule, which
holds true for PHA, PHB, and PHBV.'>*® By substituting the
steady shear terms with dynamic viscosity terms, a modified
Power-law model is obtained that is expressed as:
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Figure 4. Representative complex viscosity curves of various blends as a
function of oscillatory shear frequency and the Power—law data fit curves.
a=160°C, b=170°C, and ¢=180°C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Power—Law Parameters for Pure PHBV and the Blends at 160 °C

Consistency Flow behavior

PHBV/HMW-NR index (Pa s) index

100/0 1.35 x 108 0.0823
95/5 2.87 x 10° 0.0385
90/10 467 x 10° 0.0410
85/15 4.75 x 10° 0.0562
75/25 1.09 x 10° 0.0770
0/100 2.21 x 10* 0.398

I * ()] = m(w)"! (1)

The modified model has two parameters that must be fitted to
experimental data. The first parameter m, also known as consis-
tency index, is the y-intercept of the log m* and o curve. * In
addition, the consistency index is related to the magnitude of
the viscosity in Pa s. The second parameter is the exponent of
®, n— 1, which is the slope of the log m* and ® curve and is
dimensionless.”” In the case of shear thinning, the exponent is
less than one (n< 1), and the plot of log m* and log ® has a
negative slope.”” The consistency index and flow behavior index
parameters for pure PHBV and the blends are summarized in
Table II and Figure 4(a—c). The consistency index ranged from
2.21 X 10* to 1.35 X 10° Pa s with the lower values being simi-
lar to those found for high density poly ethylene. The flow
behavior index ranged from 0.0385 to 0.398 for the blends at
160°C suggesting pseudo-plastic behavior since values were
below 1.

The Power—law model fit the data well, with the low to middle
frequency range for the 75/25 blends at 160°C being the only
exception [Figure 4(a)]. At 160°C, pure PHBV had the highest
viscosity throughout the frequency range, viscosity decreased
with increasing HMW-NR loading in the blends [Figure 4(a)],
and pure HMW-NR had lowest viscosity at 160 °C. In contrast,
at 170°C, although the pure HMW-NR was still the least vis-
cous, the viscosities of 95/5, 90/10, and 85/15 blends where
higher than at 160°C, and all blends exhibited higher complex
viscosity than pure PHBV [Figure 4(b)]. At 180°C, only the
pure HMW-NR had a viscosity curve similar to that in the two
cooler temperatures [Figure 4(a—c)]. The pure PHBV became
fluid at 180°C, which is to be expected since its melt tempera-
ture is 171°C."%"* The viscosities of the blends also declined
due to the PHBV phase melting and disrupting the blended
material structure. The Power—law model was unable to fit the
data at 180°C due to low complex viscosity and fluctuations
throughout the frequency range. The relatively constant viscos-
ity of the HMW-NR from 160 to 180°C, and across the fre-
quency range, appears to provide some stability to the PHBV
portion of the blended materials [Figure 4(a—c)].

The storage or elastic modulus, G (o), is related to the load
bearing capacity or the ability to absorb and store energy of a
material, while the loss or viscous modulus, G’ (), is the
material’s ability to dissipate mechanical energy and is propor-
tional to viscous behavior of the material. Both these moduli
for the blends and pure materials were obtained from dynamic
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oscillatory shear at 160-180°C (data not shown). At the testing
temperatures of 160 and 170°C, the blends, HMW-NR, and
PHBV behaved as solid materials. The storage modulus for
PHBYV and the blends was frequency-independent at 160 °C, and
only small frequency-induced changes were apparent at 170 °C.
However, the storage modulus for HMW-NR was strongly fre-
quency dependent at 170 and 180 °C, indicating that the blends
behaved more like PHBV than HMW-NR at these temperatures.
The blends and pure PHBV exhibited higher loss modulus com-
pared with storage modulus throughout the frequency range at
180 °C indicating a liquid-like structure. This coincides with the
thermal analysis of these materials, which indicated a melting
temperature range from 165 to 173°C. In contrast, the HMW-
NR materials exhibited higher storage modulus compared loss
modulus, which is expected from the amorphous and partial
crosslinked material. Amorphous materials do not exhibit a
well-defined melting point compared with crystalline materials
(PHA, PHB, and PHBYV), but tend to soften slowly over a wide
temperature range which could explain why the complex viscos-
ity was higher for the blends at 170 and 180 °C [Figure 4(b,c)].

Mechanical Properties of Blends: Visco-Elastic Properties
Dynamic mechanical analysis (DMA) was used to characterize
the visco-elastic transition at 1 Hz of the PHBV/HMW-NR
blends from a brittle to a rubbery state by observing the
changes in storage modulus (E) as described elsewhere.'®*®
Storage moduli transitions onset and midpoint temperatures
were observed between —61.0 to —45.0°C and 7.27 to 38.0°C
for the PHBV/HMW-NR blends and pure PHBV (Figure 5).
Similar to conventional thermoplastics, E' decreased signifi-
cantly with increasing temperature.'®*® The 95/5 blends had the
highest storage modulus of all the blends, and the modulus
decreased with increasing HMW-NR loadings, as expected since
HMW-NR has a lower E' than PHBV. This is further illustrated
by the 52% lower modulus in the 75/25 blend compared with
the 95/5 blend observed during the PHBV glass transition
(3537 == 2754 and 7399 £ 1770, respectively).

Tan delta () is the ratio of loss modulus (E”) to storage modu-
lus (E'), and is used to express the energy dissipated as heat

Log E' (MPa)
Tan Delta

Temperature ( °C)
Figure 5. Storage modulus (E, solid lines) and Tan Delta (0, dotted lines)
for pure PHBV and blends during temperature sweeps at 5°C/min

obtained via DMA. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 6. Effect of temperature on creep and recovery strain (%) of 90/10
PHBV/HMW-NR blends. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

during the heating cycle (Figure 5). The damping peaks
occurred between —50 to —40°C and 30 to 40°C for the
HMW-NR and PHBV components of the blends, respectively
(Figure 5). The higher HMW-NR contents of 15 and 25%
resulted in higher amplitude of the tan delta peaks, which sug-
gests increased mobility of the rubber near —50°C. The rubber
polymer chains in 5 and 10% HMW-NR appeared to have
more limited mobility, and the damping was lower as the prop-
erties of the PHBV became more predominant. PHBV is stiff
and brittle at —50°C. However, the inverse response was
observed near the PHBV glass transition (30°C), where blends
with only 5 and 10% HMW-NR exhibited higher dampening
and more chain flexibility compared with blends with 15 and
25% HMW-NR. The addition of HMW-NR markedly increased
the temperature at which the PHBV tan delta in the blends
reached a maximum, indicating intimate interactions between
the rubber component and the PHBV matrix.

Creep is a progressive deformation of a material under constant
stress, while recovery is the measurement of the material
response after the constant stress is removed. The maximum
creep increased with temperature due to softening of the poly-
mer (Figure 6). The % creep strain increased with temperature
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ment of the molecular chains as the material transitioned from
the brittle state (—25 and 0°C) to a more flexible state (25°C)
(Figure 6, Table III). Similar trends in the creep compliances
and recovery were observed with all PHBV/HMW-NR blends.
The change in the sample state would also explain why the elas-
tic recovery is higher than the viscous recovery (Table III). The
recovery decreased with loading due to more chain entangle-
ment, which prevented the chains from disentangling. The creep
and recovery compliances increased with rubber loading due to
the rubber matrix being less resistant to creep than the PHBY,
while the recovery compliance increased because reformation
rapidly occurs for partially crosslinked materials like HMW-NR.
In addition, the higher compliance values of the blends suggest
a high entanglement network of PHBV and rubber micro-fibrils.
This entanglement network stabilized the blends and prevented
permanent structural damage after the initial elastic
deformation.

The stress—strain behavior of PHBV was typical of a brittle
polymer.'®'? The material extended or stretched linearly up to a
strain of 1% due to its glass-transition temperature (7.37—
21.5°C) being close to the testing temperature (26 °C). The fail-
ure at low strains has been attributed to spherulites in the
amorphous phase inhibiting flow of the crystallite region.'*'”
The incorporation of HMW-NR into PHBYV increased the elon-
gation at break, but decreased the tensile strength (Table IV).
These effects were more pronounced the greater the proportion
of HMW-NR in the blend. The elongation at break increased by
approximately 32% with the addition of 25% rubber compared
with pure PHBV (Table IV) likely due to the integral blending
of the rubber and the PHBV matrix.!” In the same blends, this
increase was accompanied by a decrease of tensile strength
attributed to the increasing loading of the rubber, which causes
weaker interfacial areas between the elastomer and the polymer
matrix.'”** However, despite these changes, the blends retained
considerable tensile strength, adequate for many applications.

Rubber addition lowered the modulus of PHBV by 19-30%.'"*
However, in our HMW-NR/PHBV blends, the Young’s modulus
was not significantly altered compared with PHBV alone sug-
gesting that the PHBV phase was predominant, but the varia-
tion in modulus among samples within each material was high
(Table IV). The elastic moduli of the HMW-NR/PHBV blends

Max. creep (%)

recovery (%)

recovery (%)

compliance (Pa~%)

compliance (Pa™

because of increased chain mobility due to reduced entangle-  (5.26-10.3 GPa) were higher than those of traditional
Table III. Creep and recovery results of 90/10 and 75/25 blends at three temperatures (—25, 0, and 25 °C)
Elastic Viscous Creep Recovery

B

90/10

-25°C 29.8 (x14.8) 95.4 (x5.66) 8.49 (x2.29) 392 (+10.7) 371 (+x89.1)
0°C 58.4 (£6.51) 78.6 (x16.2) 21.4(x16.2) 817 (+46.4) 567 (x207)
25°C 373 (+37.5) 29.6 (x2.16) 59.7 (x12.8) 2793 (+884) 847 (+x321)
75/25

-25°C 52.8 (x2.17) 86.8 (x4.68) 12.9 (+5.00) 357 (x10.7) 321 (x26.2)
0°C 60.8 (£8.93) 79.0 (x1.20) 18.8 (2.67) 935 (+279) 736 (x213)
25°C 191 (+23.3) 52.8 (x5.87) 47.3(5.87) 5979 (+417) 1242 (+136)

ol
Mk s
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Table IV. Mechanical Properties of Pure PHBV and the Blends (Different Letters Reflect P Values < 0.05)

PHBV/HMW-NR Elongation at break (%) Tensile strength (MPa) Young's modulus (GPa) HDT (°C)
100/0 1.392P (+0.14) 35.62 (+1.72) 8.05%° (+5.67) 1452 (+0.74)
95/5 1.56°° (+0.16) 28.2° (+4.79) 8.962° (+5.43) 1452 (=2.66)
90/10 1.512bP¢ (+0.24) 22.1° (+1.87) 5.262 (+1.77) 1422 (+8.71)
85/15 1.20° (+0.22) 22.7° (+1.40) 8.54° (+1.37) 12920 (+7.52)
75/25 1.84° (+0.59) 19.19(+x1.12) 9.8920 (+5.89) 122° (+5.46)

thermoplastics, such as low-density polyethylene (LDPE, 0.2
GPa), poly(ethylene terephthalate) (PET, 2.8-4.1 GPa), polypro-
pylene (PP, 1.7 GPa), and polystyrene (PS, 2.3-3.3 GPa).?®*°
However, these plastics can absorb higher strain before breaking
as measured by percent elongation at break. The blends had
much lower elongation at break value of 1.20-1.84% compared
with PET (30-300%), PS (2.50%), LDPE (100-1000%), and PP
(400%).>”*® Finally, the blends had similar tensile strength value
(22.1-35.0 MPa) to LDPE (8-20 MPa), PS (34-50 MPa), and
PP (38 MPa), although, as is well known, PHBV alone is much
stronger (48-72 MPa).2740

Mechanical Properties of Blends: Heat Deflection
Temperature

The heat deflection temperature (HDT) is the temperature at
which a sample deforms under a specific, or normal, load.
Below the HDT, the sample retains its shape under its normal
load. Above the HDT the sample is beyond its usable tempera-
ture range. HDT is greatly affected by the glass transition (T,)
and crystallinity of the material. The HDT of an amorphous
material, like HMW-NR, is near its T, (—60°C) while that of a
semi-crystalline material, like PHBYV, is near its melting temper-
ature.”’ Increasing HMW-NR content decreased HDT in the
blends (Table III), most pronounced in 25% HMW-NR. When
the HDT of the HMW-NR/PHBV blends was compared with
traditional plastics, they had higher HDT’s (122-145°C) than
PE (85°C), PET (70°C), PP (100°C), and PS (95°C).*

CONCLUSIONS

The addition of HMW-NR to PHBV improved the elongation
to break properties of the blends, while the thermal data suggest
potential grafting of the of the PHBV polymer onto the rubber
backbone. The blends had higher complex viscosity compared
with pure PHBV due to better heat dispersion mediated by the
rubber component in the blends. The improved dispersion of
heat may prevent the PHBV blends from degrading during
heating and rotational stresses of injection molding. The blends
combined the visco-elastic properties of the elastomeric and
thermoplastic materials. The rubber provided elastomeric prop-
erties at the lower temperature of storage (—25°C), while the
thermoplastic provided the structural rigidity needed at the
higher melting temperatures. Furthermore, the blends had bet-
ter water resistance than PHBV that can aid in certain applica-
tions. Thus, these bio-plastic and rubber blends may replace
petroleum-derived packaging, while providing equivalent func-
tionality and properties. Some commercial applications for 5
and 10% blends would include plastic lids for cups (Candy, spe-
cies lids, blender lids are some examples). These blends show
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greater chain flexibility at room temperature, which would allow
the molecular chains to offset the compressive force needed to
close the lid. During the creep and recovery testing, all the
blends exhibit higher recover compliance suggesting reformation
and realignment of the blends to offset the compressive force.
Based on the lower WVTR, these blends could replace tradi-
tional thermoplastic that require low moisture barrier and flavor
migration like multilaminated wrappers.
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