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ABSTRACT: Polyhydroxybutyrate (PHB) is a biodegrad-
able bacterial polyester emerging as a viable substitute
for synthetic, semicrystalline, nonbiodegradable polymers.
An elastomer terpolymer of acrylonitrile-g-(ethylene-co-
propylene-co-diene)-g-styrene (AES) was blended with
PHB in a batch mixer and in a twin-screw extruder to
improve the mechanical properties of PHB. The blends
were characterized with differential scanning calorimetry,
dynamic mechanical analysis, scanning electron micro-
scopy, and impact resistance measurements. Despite
the narrow processing window of PHB, blends with
AES could be prepared via the melting of the mixture
without significant degradation of PHB. The blends were

immiscible and composed of four phases: poly(ethylene-
co-propylene-co-diene), poly(styrene-co-acrylonitrile), amor-
phous PHB, and crystalline PHB. The crystallization
of PHB in the blends was influenced by the AES content
in different ways, depending on the processing conditions.
A blend containing 30 wt % AES presented impact resist-
ance comparable to that of high-impact polystyrene, and
the value was about 190% higher than that of pure PHB.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 110: 880—
889, 2008
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INTRODUCTION

Recently, much attention has been paid to environ-
mentally friendly materials, such as bacterial poly-
esters. Polyhydroxyalkanoates (PHAs) are a class of
biodegradable aliphatic polyesters that are produced
by many types of microorganisms. Polyhydroxybu-
tyrate (PHB) was the first identified member of the
PHA family' and is well known as a biodegradable
and biocompatible thermoplastic; it has been com-
mercially available under the trade name Biopol
since the early 1980s.” Its physical and mechanical
properties are often compared to those of isotactic
polypropylene because they have similar melting
temperatures (T),’s), crystallinity degrees, and tensile
strengths.>> PHB can be used as surgical sutures,’
drug-release carriers, scaffolds for tissue engineer-
ing,7 and so forth.

PHB has great potential applications. However,
PHB is highly crystalline, tends to form large spher-
ulites, and has a relatively high glass-transition tem-
perature (T,) in comparison with polyethylene or
polypropylene. The material itself is regarded as
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unacceptably brittle. These drawbacks have re-
stricted the widespread application of PHB.®?

Many efforts have been made, including biological
modification, physical blending, and chemical copoly-
merization, to overcome its shortcomings.”"> PHB is
miscible with poly(ethylene oxide),'®"” poly(vinyl ace-
tate) (PVAC),"*° poly(p-vinylphenol),*** poly(vinyli-
dene fluoride),” and poly(methyl methacrylate)
(PMMA).*** PHB is immiscible or only partially mis-
cible with poly(vinyl acetate-co-vinyl alcohol),*® poly(e-
caprolactone) (PCL),% poly(-lactide),”® poly(oxymethy-
lene),” ethylene-propylene rubber, ethylene/vinyl
acetate copolymer,®' and epichloridrin elastomers.”*>*

One elastomeric material that has been successfully
used for toughening thermoplastics is poly(acryloni-
trile-co-butadiene-co-styrene) (ABS).>>* However, one
disadvantage of using materials such as ABS for
blending is the propensity for thermooxidative degra-
dation due to the unsaturation of polybutadiene seg-
ments, which can limit the lifetime of molded parts in
outdoor applications. This limitation can be overcome
by the use of saturated elastomers such as poly(ethyl-
ene-co-propylene-co-diene) (EPDM) instead of polybu-
tadiene. For this purpose, a material composed of
acrylonitrile-g-(ethylene-co-propylene-co-diene)-g-styrene
(AES) is very attractive because it has an impact
strength comparable to that of ABS with better
environmental and thermal resistance.” ™ AES is a
thermoplastic elastomer composed of free EPDM, free
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Figure 1 Torque at the end of processing as a function of
the blend composition.

poly(styrene-co-acrylonitrile) (SAN), and a graft copoly-
mer of SAN on EPDM chains (EPDM-g-SAN). In this
system, the molecules of the graft copolymer EPDM-g-
SAN act as compatibilizers between the SAN and
EPDM phases.

Blends composed of polyester and SAN have been
extensively studied. Polycarbonate (PC) and ABS
blends have been commercially available for many
years.*! These blends show excellent properties
without any compatibilizer. The useful properties of
PC and ABS have raised considerable interest in the
nature of the interaction between PC and SAN,
which represents the matrix of ABS. It is believed
that the favorable thermodynamic interaction
between PC and SAN is the factor most responsible
for the excellent properties of the blends.

It is well known that PCL and SAN are miscible
over only a limited range of copolymer composi-
tions; that is, the blends display a window of misci-
bility in the temperature/copolymer composition
plane from about 8 to 28 wt % acrylonitrile in
SAN.*

The miscibility window for PC or PCL with SAN
is well known. Because PHB is a polyester, there is
the expectation that specific interactions between
PHB and SAN will take place in PHB and AES
blends, improving the phase dispersion and
adhesion.

Chun and Kim* studied the thermal properties of
blends of poly(hydroxybutyrate-co-hydroxyvalerate)
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Figure 2 DSC curves for PHB, AES, and their blends pre-

pared in the batch mixer: (a) cooling and (b) second
heating.
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TABLE I
Values of T.., AH.., T.y, AH.g, AH,,,, AH, tota1, X, and T, of PHB, AES, and Their Blends
Prepared in the Batch Mixer from DSC Analysis
PHB/ AES ch AHCC TCH AHCH AHc,total AH, m Xc Tm
(Wt %/wt %) (O J/g) O J/g) J/g) (J/8) (%) O
100: 0 65 32 56 14 46 66 44 176
90 : 10 53 16 58 28 44 71 47 176
80 : 20 54 17 62 29 46 71 47 176
50 : 50 51 4 62 32 36 66 44 176

[PHBV; weight-average molecular weight (M)
= 470,000 g/mol] and SAN (M,, = 127,000 g/mol)
prepared by casting. The results indicated that
blends of PHVB and SAN were immiscible under
the mixing conditions. Also, they investigated the
effect of SAN on the crystallization behavior of
PHVB in PHVB-SAN blends and found that the
nucleation of PHVB in the blends was suppressed
by the addition of SAN.

In this study, PHB was blended with AES by me-
chanical mixing in the molten state. The PHB proc-
essing window is limited because the melting and
degradation temperatures are close, so the blends
were prepared in an internal mixer and in a twin-
screw extruder under different shear, residence time,
and temperature profiles. The results of an investiga-
tion of the miscibility, crystallization, melting behav-
ior, and mechanical properties of the PHB/AES
blends are discussed.

EXPERIMENTAL
Materials

PHB (M,, = 450,000 g/mol) was supplied by PHB
Industrial (Serrana, Brazil); AES was also a commer-
cial product (Royaltuf 372P20, Uniroyal Co., Rio-
Claro, Brazil). AES contained 13 wt % free EPDM,
22 wt % free SAN, and approximately 65 wt %
EPDM-¢-SAN. SAN had 27 wt % acrylonitrile. The
global composition of AES was 50 wt % SAN and 50
wt % EPDM. EPDM of AES contained 68.9 wt % eth-
ylene, 26.5 wt % propylene, and 4.6 wt % 2-ethyl-
diene-5-norbornene as the diene.**

Blend preparation

Polymer blends were prepared by melt mixing in a
Haake Rheomix model 600 (Karlsruhe, Germany)
equipped with roller blades and a mixing head with
a volumetric capacity of 69 cm®. The components in
pellets form were premixed before being fed into the
mixer. Initially, the mixing conditions were 40 rpm,
170°C, and 5 min of processing time. After this, the
temperature was increased to 190°C for 2 min. The
melt temperature and torque were continuously
recorded during the mixing period. The pure poly-
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mers were also subjected to the same procedure.
Blends containing 90, 80, and 50 wt % PHB were
prepared.

Blends were also prepared in an APV 2000 corotat-
ing, intermeshing, twin-screw extruder (Aylesbury,
England) with four zones at barrel temperatures of
160, 175, 180, and 180°C from the hopper to die and
at a screw speed of 100 rpm. The polymers were
dried at 80°C for 4 h before processing. Blends with
90, 80, or 70 wt % PHB were prepared in the extruder
and injection-molded into Izod bars (ASTM D 256)
with an Arburg Allrounder model 221 M 250-55
molding machine (Lossburg, Germany).

Differential scanning calorimetry (DSC)

The crystallization and melting behavior of the
polymers and their blends was studied with a TA
Instruments 2910 differential scanning calorimeter
(NewCastle, DE). Samples were initially heated at a
heating rate of 10°C/min from room temperature to
200°C and then maintained at 200°C for 5 min. Then,
samples were cooled to —20°C at a cooling rate of
10°C/min and kept under isothermal conditions for
15 min. Finally, the samples were reheated to 200°C
at a heating rate of 10°C/min. All steps were con-
ducted under an argon atmosphere. All DSC curves
shown in this article were normalized with respect to
the sample mass.

Dynamic mechanical analysis (DMA)

DMA was conducted with a Rheometrics Scientific
DMTA V (Piscataway, NJ). The mean dimensions for
the sample between the DMA clamps were a thick-
ness of 1.20 mm, a width of 4.6 mm, and a length of
38 mm. The analyses were carried out from —100 to
180°C at a frequency of 1 Hz, an amplitude of
0.01%, and a heating rate of 2°C/min.

Scanning electron microscopy (SEM)

A JEOL JSM-6360 LV scanning electron microscope
(Middleton, WI) was used to study the morphology
of the blends prepared in the batch mixer and of the
blends prepared in the twin-screw extruder. The
microscope was operated at a voltage of 20 kV. All
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samples were cryogenically fractured and subjected
to extraction of the EPDM phase with heptane at
60°C for 50 min, and then the fracture surfaces were
sputtered with carbon and coated with gold.

Izod impact testing

The Izod impact tests of notched injection-molded
specimens were made in an EMIC pendulum-type
testing machine (Sdo José dos Pinhais, Brazil)
according to ASTM D 256. At least five samples for
each blend composition were analyzed.

RESULTS AND DISCUSSION
Torque rheometry

The rheological behaviors of the individual compo-
nents and blends influence the morphological struc-
ture. The torque of the blends and homopolymers
reaches a steady state after approximately 300 s of
processing. This result suggests that the thermal
degradation of PHB under the processing conditions
is not significant. Figure 1 shows the torque of the
blends as a function of the AES contents in the
blends at the end of processing. Because of the
higher viscosity of AES rubber compared to that of
PHB, AES shows a higher torque value. The torque
values for the blends increase as the AES concentra-
tion increases. However, the observed torque is
always lower than the values predicted by the addi-
tion rule (dashed line) and nearer the torque value
for PHB. The negative deviation of the torque values
from the linear behavior could be attributed to the
heterogeneity of the blends and also to the morphol-
ogy, which is probably that of the AES disperse
phase in the PHB matrix.

DSC

Figure 2(a) shows DSC curves corresponding to the
cooling scan of PHB and its blends prepared in the
batch mixer. The exothermic peaks in these curves
can be attributed to PHB crystallization. The temper-
ature range of pure PHB crystallization is higher
than that of PHB in the blends, and this shows that
the presence of AES delays PHB crystallization. The
area of the crystallization peak in the cooling scan
and, therefore, the crystallization enthalpies of PHB
in the blends decrease as the concentrations of this
polymer decrease. However, for PHB and its blends,
cold crystallization around 50-60°C can be observed
in the second heating scan, and in this case, the area
of the peaks is higher for the blends than for pure
PHB [Fig. 2(b)]. This means that the crystallization is
completed during the second heating, and the
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Figure 3 DSC curves for PHB, AES, and their blends pre-
pared in the twin-screw extruder: (a) cooling and (b) sec-
ond heating.
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TABLE II
Values of T.., AH,, T.y, AH g, AH,,,, AH_ tota1, X, and T, of PHB, AES, and Their Blends Prepared
in the Twin-Screw Extruder from DSC Analysis

PHB/AES
(wt%/wt%) T (|C)  AH. (/g)  Tew(°C)  AHp (J/8)  AHewown J/8)  AH. (/g X (%) Tw (O)
100 : 0 65 32 56 14 46 66 44 176
90: 10 70 50 55 2 52 75 50 173
80: 20 58 44 54 10 44 79 52 173
70 : 30 58 27 57 7 34 79 52 174

crystallization degree of PHB under cooling tends to ~ AES content in the blends increases suggest an influ-

diminish with AES addition. ence of the elastomer on the kinetics of PHB
In general, cold crystallization takes place at  crystallization.
temperatures above the glass transition of the Figure 3(a) shows DSC curves corresponding to

blends, in which the crystallizable polymer chains  the cooling scan of PHB and its blends obtained in
possess enough segmental mobility to crystallize.*®  the twin-screw extruder. For the 90/10 PHB/AES
Neat PHB exhibits an exothermic cold crystallization = blend, crystallization occurs over the same tempera-
peak with a maximum at 56°C. The cold crystalliza-  ture range observed for neat PHB. However, for the
tion of PHB shifts to higher temperatures upon  other blends, the crystallization peak is shifted to
the addition of AES in the PHB/AES blends in com-  temperatures lower than that for neat PHB. On the
parison with that of neat PHB. For example, the tem-  other hand, the cold crystallization temperature
perature corresponding to the maximum of the peak  range of PHB in the blends is close to the crystalliza-
of the cold crystallization of the PHB phase in the  tion temperature of neat PHB [Fig. 3(b)].
50/50 blend is 62°C, 6°C higher than that of neat Figure 3(b) also shows the melting behavior of the
PHB. The observed effect indicates again that the = PHB/AES blends prepared in the twin-screw ex-
presence of AES influences PHB crystallization in  truder. Different from that of the blends prepared in
the blends. the internal mixer, T,, of neat PHB is slightly higher
Figure 2(b) also shows the melting behavior of the = than T,, of PHB in the blends. In general, the
PHB/AES blends prepared in the batch mixer. Neat  decrease in T,, of PHB is related to degradation and
PHB and its blends exhibit melting as a well-defined = molar mass reduction.** However, the difference in
peak with a minimum at 176°C. the values is not so significant, and it is evidence
The values of the crystallization temperatures dur-  that PHB degradation is not significant in the two
ing the cooling and second heating scans (T,. and  sets of processing conditions used to prepare the
Ten, respectively), T,, the crystallization enthalpy  blends.
during the cooling and second heating scans (AH,. Values of T.., Ty, and T,,, AH., AH.y, and AH,,
and AH_p, respectively) and melting enthalpy (AH,,) = normalized with respect to the PHB content in the
normalized with respect to the PHB content in the  blends, and X. of the PHB/AES blends prepared in
blends, and the degree of crystallinity (X.) of PHB in  the twin-screw extruder are summarized in Table II
the PHB/AES blends prepared in the batch mixer A comparison of the data in Tables I and II led us to
are summarized in Table I. X, was calculated with  the conclusion that the blends with comparable com-

the following equation: positions, prepared under different processing con-
ditions, present very close T, values. However, the
Xc (blends) = AH{jqs/AHois crystallization enthalpy on cooling of the blends pre-

pared in the twin-screw extruder is much higher
where AHY,;; is the enthalpy of melting per gram of  than that of the blends prepared in a batch mixer. It
100% crystalline material (151 J/g)*® and AH;, 4 is is about 3 times higher for the 90 : 10 PHB/AES
the measured enthalpy of melting for pure PHB and  blend. This fact could be attributed to a kinetic effect

the PHB phase in the blends. because the total crystallization enthalpy (AH. iota1;
The total crystallization enthalpy (AH.. + AH.  the sum of the crystallization enthalpies during the
= AH,,), normalized with respect to the mass frac-  cooling and heating scans) for blends with compara-

tion of PHB in the blends, is essentially equal to the  ble compositions prepared under different condi-
value for pure PHB. Similar behavior has been  tions is practically the same. The data in Tables I
observed for the melting enthalpies. These results and II show that the crystallization enthalpies for
show that the PHB crystallinity degree is not dis-  the blends prepared in the batch mixer are lower
turbed by the presence of AES. On the other hand, than those of pure PHB, yet they are higher than
the decrease in T, and the increase in T,y as the  those of pure PHB when prepared in the twin-screw

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 (a) £’ and (b) E” as a function of temperature
for PHB, AES, and their blends prepared in the batch
mixer.

extruder. These results can again be attributed to ki-
netic effects.

In the second heating scan, for blends prepared in
the internal mixer or for blends prepared in the twin
extruder, a glass transition of the PHB phase around
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5°C can be observed. However, the glass transition
of the SAN phase of AES seems to be overlapped by
the initial stage of the PHB melting. To investigate
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TABLE III
T, Values of the PHB, SAN, and EPDM Phases and T,, Values of the PHB Phase
T, (°C) T (°C)
PHB phase SAN phase EPDM phase PHB phase

PHB/AES E” tan & tan & E” tan o E" tan &

100 : 0 21 24 — — — 168 191
Batch mixer 90 : 10 16 18 121 123 —61 -59 168 183
80: 20 22 24 122 123 —59 —59 168 181

50 : 50 24 19 120 125 —47 —46 171 184

Screw extruder 90 : 10 22 23 116 116 —54 —54 176 178
80: 20 20 19 116 120 -50 —50 175 176

70 : 30 20 19 116 122 —-50 —49 173 174

0:100 — — 120 125 —42 —37 — —

the behavior of the AES components, EPDM and
SAN, in the blends, DMA was performed.

DMA

Figures 4 and 5 show the storage modulus (E’) and
loss modulus (E”) versus temperature for PHB, AES,
and their blends prepared in the batch mixer and in
the twin-screw extruder, respectively. The E' curve
of AES shows typical viscoelastic behavior of an
unvulcanized thermoplastic elastomer: a high modu-
lus below its T, followed by a drastic drop of 2
orders of magnitude around the glass-transition
zone of the elastomer EPDM, which is followed by a
second drop, perhaps due to the relaxation of
EPDM-g-SAN, an elastic plateau between 20 and
120°C, and a drop of the modulus around 120°C,
which is attributed to the glass transition of the SAN
phase of AES. In contrast, changes in E’ of PHB are
less severe around the glass-transition zone because
of its semicrystalline nature. PHB also presents a
quite intense drop around 170°C due to its melting.
In the case of the 50 : 50 PHB/AES blend [Fig. 4(a)],
changes can be observed in E’ at —49, 16, and 116°C
corresponding to the glass transitions of the EPDM,
PHB, and SAN phases, respectively. T, is taken as
the temperature corresponding to the maximum of
the peak in E” curves [Figs. 4(b) and 5(b)]. PHB
shows a T, peak around 16°C, a peak around 100°C
related to the secondary relaxation of the PHB crys-
talline phase, and a drastic drop around 170°C
related to melting, whereas AES, which is a thermo-
plastic elastomer composed of a complex mixture of
free SAN and EPDM in addition to the graft copoly-
mer EPDM-¢-SAN, presents two T, values around
—46°C (attributed to the EPDM phase) and around
116°C (attributed to the SAN phase), which indicate
that AES is heterogeneous. A shoulder in the E”
curve of AES can be observed between —25 and
50°C, which could be related to molecular relaxation

Journal of Applied Polymer Science DOI 10.1002/app

of the graft copolymer. The (E” versus temperature)
curves for the blends are a sum of the relaxations of
both polymers. The SAN glass transition and the
secondary relaxation of the crystalline phase of PHB
overlap, and this results in a broad peak or in the
appearance of shoulders. Thus, there is no doubt
that the blends of PHB and AES present four phases:
elastomer (EPDM), amorphous SAN, amorphous
PHB, and crystalline PHB.

The glass transition of the EPDM phase in the
blends prepared in the batch mixer and in the twin-
screw extruder is shifted to lower temperatures in
comparison with the T, value observed for the
EPDM phase in AES (Table III). This effect has also
been observed for PMMA /AES," polys’?rene (PS)/
AES,® in situ polymerized PS/EPDM,*” and PS/
AES/PPO blends.”® This shift to lower temperatures
can be attributed to the phase inversion of AES dur-
ing the mechanical mixing with the thermoplastics
and the transfer of SAN and SAN-¢-EPDM chains
from the EPDM phase and to the thermal stress gen-
erated in the interface according to the difference
between the thermal expansion coefficients of the
matrix and the dispersed phase.”’ Another condition
for reducmg T is good adhesion between the two
components.” Thus DMA leads to the conclusion
that some degree of miscibility between the PHB
and SAN phases of AES takes place in the blends,
and it may be confined to the interface, producing
adhesion between the phases.

The blends prepared in the twin-screw extruder
and in the batch mixer presented slight changes in
E’ in the region of the glass transition of the EPDM
phase. However, they exhibited a strong variation in
the region of melting of PHB, suggesting a morphol-
ogy of the AES phase dispersed in the PHB matrix.
The curves of the loss factor (tan 8) versus the tem-
perature, showing the glass-transition region of
SAN, are presented in Figure 6. The glass transitions
of SAN in the blends prepared in the twin-screw
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Figure 6 Tan & as a function of temperature for PHB,
AES, and their blends prepared in (a) the batch mixer and
(b) the twin-screw extruder.

extruder present a peak at a temperature lower than
that of the blends prepared in the batch mixer (Table
III). Besides, the areas of the peak of the glass transi-
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tion of the SAN phase decrease with an increase in
the amount of PHB in the blends prepared in the in-
ternal mixer (Fig. 6). Although this result was
expected, it was not observed for extruded blends.
For this group of blends, the following order of the
areas of the peak has been observed: blend with
90 wt % PHB > blend with 70 wt % > blend with
80 wt %. This result can be understood only if some
degree of mixing of the SAN phase of AES with
PHB occurs.

SEM

One of the key factors for achieving the desired final
properties in polymer blends is control of the mor-
phology. During the melt processing of polymer
blends, the final sizes, shapes, and distributions of
the dispersed phase are determined by the composi-
tion, viscosity ratio, interfacial tension between the
component polymers, shear rate, shear stress, elastic-
ity ratio, and processing conditions such as the time
and temperature of mixing, rotation speed of the
rotor, and type of mixer.”

The morphology of PHB/AES blends is complex
and depends on (1) interfacial interaction, (2) degra-
dation of PHB, and (3) differential shrinkage
between constituents.”* As we have concluded from
rheometry and DSC data, the degradation of PHB
appears not to be significant. Nevertheless, DMA
suggests some degree of miscibility between the
SAN phase of AES and PHB in extruded blends,
which can improve the adhesion for the EPDM
phase in the SAN/PHB blends.

Figure 7 shows SEM micrographs for PHB/AES
blends prepared in the batch mixer and in the twin-
screw extruder. For all blends, EPDM of AES was
extracted with heptane before the microscopy. From
the micrographs, it is clear that EPDM is dispersed
as discrete domains in a continuous matrix. No
phase orientation or difference in the shape of the
disperse domains is observed. The morphologies
obtained in the twin-screw extruder and batch mixer
are similar, and this indicates that the nature of the
mixer type (twin-screw extruder versus Haake Rheo-
cord) has no significant effect on the morphology.

Izod impact

PHB is known as a brittle material capable of form-
ing cracks.> There are many reasons for the brittle-
ness of PHB: (1) secondary crystallization of the
amorphous phase at room temperature takes place
during storage; (2) the glass temperature of PHB is
close to room temperature; and (3) PHB has a low
nucleation density, so large spherulites exhibit inter-
spherulitic cracks.”

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 SEM micrographs of batch mixer blends of PHB and AES with (a) 50/50, (b) 80/20, and (c) 90/10 ratios and
SEM micrographs of twin-screw extruder blends of PHB and AES with (d) 70/30, (e) 80/20, and (f) 90/10 ratios.

To ascertain if the brittleness of PHB could be
minimized through blending with elastomers, the
impact resistance properties of PHB/AES blends
were compared with those of pure PHB. The
notched Izod impact test results for PHB and its
blends, shown in Table IV, represent averages of at
least five measurements. The impact strength of the
injection-molded blends with 10 or 20 wt % AES
is close to the value found for PHB, whereas the
impact strength of the PHB/AES blend with 30 wt %
AES (69 £ 6 J/m) is comparable to the impact resist-
ance of high-impact polystyrene (HIPS; 70 + 5 J/m)
and 190% higher than that of PHB. Parulekar and
Mohanty™® reported the toughening of PHB with
epoxidized natural rubber (ENR), using maleated
polybutadiene rubber (MR1) as the compatibilizer.
The toughened and compatibilized PHB with 30 wt
% ENR and 10 wt % MR1 showed an improvement
of 440% (124 + 5 J/m) for impact resistance and only
a 50% loss in the modulus in comparison with neat

TABLE IV
Impact Strength of PHB and Its Blends Prepared in the
Twin-Screw Extruder

Impact

PHB (%) strength (J/m)
100 24 +3
90 24 +3
80 26 £ 4
70 69 + 6

Journal of Applied Polymer Science DOI 10.1002/app

PHB. The impact strength of this toughened PHB
was superior to that of a specific grade of a thermo-
plastic polyolefin (84 + 1 J/m) and HIPS.

Yoon et al.” studied the toughening of PHB with a
natural rubber, poly(cis-1,4-isoprene). This rubber
was grafted with PVAc, which was shown to be
compatible with PHB, to yield poly(cis-1,4-isoprene)-
g-poly(vinyl acetate) (PIP-g-PVAc). The impact
strength of the PHB/PIP-g-PVAc blend with 20 wt %
PIP-g-PVAc was more than twice that of PHB.

CONCLUSIONS

Despite the narrow processing window of PHB,
blends with AES could be prepared by mechanical
mixing in the melted state in both an internal mixer
and a twin-screw extruder without significant degra-
dation of PHB, as demonstrated by rheometry and
DSC data. AES influences the crystallization of PHB,
this influence being more pronounced for extruded
blends. The results from DSC and DMA show that
PHB/AES blends are immiscible and present four
phases, EPDM, SAN, amorphous PHB, and crystal-
line PHB, the EPDM phase being dispersed in the
glassy matrix. PHB was toughened by the addition
of 30 wt % AES, presenting impact resistance com-
parable to that of HIPS and other compatibilized
blends of PHB described in the literature.

The authors thank FAPESP for financial support and PHB
Industrial and Uniroyal Co. for supplying the polymers.
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