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ABSTRACT :

PHBV is an important sustainable product as
it is produced from renewable resources, is
completely biodegradable, and can be
moulded as a petrochemical thermoplastic.
The mechanical behaviour and biodegrad-
ability of this semicrystalline material
strongly depends on its morphology. In this
article we show how the amorphous matrix
and the spherulites of PHBV behave under
tension until they fail. We prepared an acid
etching agent to reveal details in the
spherulitic structure of compressed moul-
ded sheets. Microtensile tests on the stage
of a polarized light microscope showed that
crazing and shear bands are the strain mech-
anisms operating within the amorphous
matrix of PHBV. In the closely packed
spherulites, crack propagation occurred
along the circumferential planes of the
spherulites, trans-spherulitically along radial
or circumferential planes, or through the
boundaries between spherulites.
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INTRODUCTION
Palyhydroxyalkanoates (PHAs) are polyesters
derived from the fermentation of renewable
hydrocarbon resources by bacteria under
nutritional stress; they function as an intracel-
lular reserve of carbon and energy for bacteria
[1]. These biopolymers can be melted and
moulded like petrochemical thermoplastics,
with similar thermal properties. Since the most
remarkable property of the PHAs is their
biodegradation in different environments [2-
4], they could become a useful replacement
for petrochemical plastics and so contribute to
the reduction of ‘white pollution’ - the mil-
lions of tons of plastics that litter the world.
Furthermore, since some of these biopolymers
are hioabsorbable, they are suitable for bio-
medical applications [1]. These intriguing bio-
logical polyesters have attracted the attention
of microbiologists and have kept many poly-
mer scientists occupied since the 1950s. An
excellent summary of these studies is in the
review by Sudesh et al. [5].

The first PHA, discovered in 1927 by
Lemoigne, was later identified as poly(3-
hydroxybutyrate) (PHB). Because of its stereo-
regularity it is highly crystalline and conse-
quently fairly brittle. Other HA units were
identified later: one of them was 3-hydroxy-
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valerate (3HV) that together with HE units
form the copolymer poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), with a lower
degree of crystallinity and better mechanical
properties. PHB melts at about 175°C whereas
PHBY melts 5-10°C lower depending on the
3HV fraction [5].

When PHB or PHBY are slowly cooled down
from the melt, crystallization occurs. Each crys-
talline nucleus grows in a rather spherical
arrangement of radiating lamellae alternated
with amorphous regions made of disordered
macromolecular segments. This spherical
structure, called a spherulite, grows until it
meets surrounding spherulites or until the
temperature decreases so much that the ther-
mally activated folding of the random chains
ceases, leaving spherulites surrounded by an
amorphous matrix, The mechanical behaviour
and the biodegradation of the biopolymer
strongly depend on the crystalline morphol-
ogy of the samples [6].

Since a drawback of these semicrystalline
polymers is their brittleness, many researchers
have studied how their morphelogy could be
modified in order to increase the toughness of
the polymer. In particular, the correlation
between the fracture behaviour and the
spherulitic morphology has become a chall-
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enging issue for materials researchers. Indeed,
changes in the spherulites of stretched sam-
ples have heen investigated directly by polar-
ized light microscopy (PLM) on films cast thin
enough so that image resolution is not
impaired by a multiplicity of spherulites across
the film thickness [7). Other researchers have
observed spherulites in thin sections micro-
tomed from samples deformed in bulk [8],
however, it is not clear whether or not the
microtome introduced artifacts (e.g. textures
that are the effect of the preparation method
and so could, incorrectly, be attributed to the
specimen) [9]. Hobbs and Barham [10]
observed the morphology of microtomed frac-
ture surfaces deformed in bulk and of thin
sheets of PHE with different ageing treat-
ments. PHB undergoes crazing before failure
regardless of the annealing history. Further-
more, there is an increased occurrence of frac-
ture initiation in the spherulite cores after
high temperature annealing which helps to
extend the crazing zone. Later Barham and
Keller examined thin sheets of PHE to study
the relationship between morphology and
fracture toughness; this wark showed that the
brittleness is due to either radial or circumfer-
ential cracks within the spherulites [11, 12].

However, changes in the semicrystalline
morphology of PHBV during plastic deforma-
tion have not yet been shown. Thus, the aim of
this study was to analyse the morphological
changes produced in the amorphous matrix
and the spherulites of PHBV under tensile
stress, To achieve this goal, specimens with dis-
persed and impinged spherulites were pro-
duced by two different cooling treatments.
Furthermore, a new etching agent that was
used to reveal details in the spherulitic struc-
ture of compressed moulded sheets is pre-
sented. Microtensile tests allowed us to follow
morphological changes during uniaxial load-
ing by light microscopy while tensile testing
to failure enabled us to determine the diff-
erent crack propagation mechanisms.

MATERIALS AND METHODS
Sample Preparation

We used a copolymer of 3-hydroxybutyrate
with 12 wt% 3-hydroxyvalerate (PHBV) pur-
chased from PHBISA, Brazil [13]. The average
molecular weight was 200 kI mol”, the glass
transition temperature T, was 268=3 K and
the melting point T, was 440+3 K.

Sheets of PHBY 0.350.05 mm thick were
prepared by compression moulding at 453+2
K for 10 minutes under pressure cycles up to 5
MPa. Once melted, some sheets were set at
333 K for 10 minutes to promote nucleation
and growth of spherulites, followed by slow
cooling at room temperature. Others were left
at room temperature for 15 minutes (slow
cooling) and then quenched at 268 K in order
to get dispersed spherulites in an amorphous
matrix.

Dog bone samples, cut according to stan-
dard ASTMD638-03 [14], were stretched dur-
ing microtensile tests under the microscope.
The width of these samples, 3.1820.02 mm,
allowed a view of the whole crack propaga-
tion using low magnification objectives on the

Figure 2 eft:
Darkiield merograph of & fine spheniic specimen elchad
for 18rmiutes, showing the sefcerelef

Figure 3 bedow):

Sequente of micgrord taken duing & microlense fest
the fensé dvection i vertcal. Plsstc deformation s due to
the appearae of raaes that propagee unil faire, The
sempiawas sightly elchd before he fensle testn e to
improve the otservation of the sphenuft and amamphous
fagioes. Sl ars =500

microscope. For the tensile test in the univer-
sal testing machine, samples were cut accord-
ing to the standard ASTM D882-02 [15], devel-
oped for tensile tests of sheets less than 1 mm
thick. These specimens were 10.0=0.1 mm
wide and 5022 mm long.

Surface Etching
The surface of the compressed moulded spec-
imens was usually smooth and the morphol-
ogy undeveloped, as shown in Figure 1a, s0 a
proper etchant was required. A review of
etchants used to reveal spherulites and lamell-
ae in polyethylene, polypropylene and other
high polymers showed that permanganic acid
(a weaker acid) selectively removes the amor-
phous regions of polyolefins [9]. Addition of
orthophosphoric acid to the reagent decreases
the presence of artifacts {textures that are an
effect of the preparation method and cannot
be attributed to the specimen) in drawn linear
PE and in blends [14].

Based on this background, we prepared an
etchant by dissolving a 1% wiv solution of

potassium permanganate in 10:4:7 mixture of
sulphuric acid (98%), orthophosphoric acid
(85%) and distilled water. This is a maroon
solution that reaches 60=1°C due to an
exothermic reaction; this temperature was
kept constant using a controlled heater. When
samples were immersed into this solution the
acid etching selectively removed the amor-
phous regions of the semicrystalline sample.
After a certain etching time t, the specimens
were shaken in an ultrasonic bath with a 1:7
solution of sulphuric acid (98%) and distilled
water cooled to its freezing point, for 10 min-
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utes. Finally, the specimens were washed with
distilled water, allowed to dry and set into a
dessicator at 50% relative humidity.

Polarized Light Microscopy

The characterization of the morphology was
performed using an Olympus BX60M light
microscope. Samples were examined in bright
field, darkfield, and brightfield with crossed
polarizers using Olympus MPlan 5 0.10 BD,
10% 0.25BD and 20 0.40BD objectives.
Images were taken with a Sony DSC-W20012.1
megapixel camera.

Strain Testing

PHBV specimens with disperse spherulites in
an extended amorphous matrix (etched
slightly to enhance the observation of the
morphology  but without damaging the
mechanical response) were  uniaxially
stretched at 293 K. A home-made microtesting
machine set on the stage of the polarized light
microscope was used to follow the evolution
of the strain mechanisms. Tensile tests were
performed 24 hours after moulding in order to
avoid ageing effects.

RESULTS AND DISCUSSION
Surface Etching

The etching was suitable to reveal the semi-
crystalline morphology, as illustrated in Fig-
ures 1b to 1d. Figure 1b shows that after etch-
ing for 5 minutes the nuclei of the crystalline
regions and the radial and circumferential
cracks began to appear, After 7 minutes the
marphology of the spherulites (including their
boundaries) was more clearly revealed as illus-
trated in Figure 1c. After etching for 15 min-
utes (Figure 1d) the morphology changed
completely because the etching removed the
outer layer of spherulites and began to reveal
the next layer. In fact, the etching revealed the
spherical shape of the spherulites, as shown in
the darkfield micrograph shown in Figure 2,
Hence, this etching might be useful to study
the multilayered morphology of moulding
products of PHBY, similar to those appearing
in injection-moulded bars of isotactic
polypropylene (iPP) [25,26].

Strain Mechanisms

Two mades of plastic deformation were found
that depended on the conditions of stress: nor-
mal stress yielding (crazing) and shear yielding.
Crazing

The sequence of micrographs in Figure 3 illus-
trate the plastic deformation and failure of
PHBV by crazing. If the edges of the specimen
were amorphous, crazes initiated at any
imperfection in them and ran perpendicular
to the stress direction (vertical in the Figure),
Note that the appearance of a craze was
nearly identical to that of a crack in a tensile
experiment, except that the craze was filled
with load-bearing matter.

Shear Yielding

In specimens with smooth amerphous edges,
the initiation of crazing was preceded by shear
yielding. This was sometimes quite extensive,
as shown by the kink bands running at about
60°to the tensile axis in Figures 4a and 4b, The
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limits of the shear bands distorted when they
penetrated into the crystalline structure of the
spherulites. Furthermore, as the shear bands
were sites of highly localized deformation, the
crack propagated along any of these lines, as
shown in Figure 4b,

However, if the specimen had spherulites on
the edges, they showed circumferential and
radial cracks produced on cutting the sample
from the moulded sheet. Then during the ten-
sile test, there was a competitive evolution of
shear bands that propagated along the amor-
phous matrix and cracks that opened and
propagated along the spherulites, as shown in
Figure 5. When one of the cracks reached the
spherulite-amorphous interface, its propaga-
tion followed along the limits of the closest
shear band.

Crack Propagation

In order to gain an insight into the crack prop-
agation modes in the semicrystalline structure
of PHBY with impinged spherulites, we used
strips cut from the slowly cooled sheets. These
samples were loaded uniaxially in an Instron
1122 universal testing machine at a rate of
1.65X10™ 57 up to failure; tensile tests were
performed 24 hours after moulding in order to
avoid ageing effects. After failure, the speci-
mens were etched in order to enhance the
morphological changes caused by the plastic
deformation.

Figure & shows the three different modes of
crack propagation observed. In effect, Figure
6a shows the fracture produced by crack prop-
agation along the circumferential planes of
the spherulites. On the other hand, Figure 6b
illustrates trans-spherulitic crack propagation
along radial planes or a combination of radial
and circumferential planes. Finally, inter-
spherulitic crack propagation is depicted in
Figure 6¢, where the fracture profile revealed
the polyhedral shape of the impinged
spherulites.

Crack propagation along radial cracks dom-
inated the fracture of the impinged spherulitic
morphology of PHBV. Madifications to the
home-made testing machine to enable contin-
uous recording of the applied stress will allow
us to determine whether there is an important
difference in the tensile resistance of each of
the fracture modes, as occurs for iPP [26].

CONCLUSIONS

We have presented an acid etching agent that
enhances the observation by polarized
microscopy of the morphology of moulded
PHBV specimens. It reveals properly circumfer-
ential bands, radial cracks, and boundaries
between adjacent spherulites or between
spherulites and the amorphous matrix, as well
as providing an insight into the morphology of
the inner spherulitic layers.

Microtensile tests of the compressed
moulded PHBV samples show that crazing and
shear bands are the strain mechanisms operat-
ing within the amorphous matrix. If, prior to
the tensile test, the spherulites have micro
cracks, they propagate along the spherulites
and at the same time shear bands appear in
the amorphous matrix.
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Crack propagation along (3, b the croumferentia planes of the soheruftes (¢ o) the radkl planes or a combination of raciel and ircumizrential planes,
and (2 1) the boundaries of acfacent sphertttes, where the fracture front reveals the poiyhedral shape of the impinged spherultes.

If the sample has impinged spherulites, its
mechanical behavior is brittle with virtually no
plastic deformation. In this case, three differ-
ent modes of crack propagation were identi-
fied: (i) along the circumferential planes of the
spherulites; (ii) trans-spherulitic along radial or
circumferential planes; and (iii) through the
sharp boundaries between adjacent spher-
ulites. Furthermore, it was established that the
crack propagation along radial cracks domi-
nates the fracture of the impinged spherulitic
morphalogy of PHBV.
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