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ABSTRACT: Wood fiber-reinforced composites were prepared from poly(hydroxybuty-
rate) (PHB) and poly(hydroxybutyrate-co-hydroxyvalerate) (PHB/HV) copolymers
containing 9 and 24% valerate. The effects of fibers on crystallization were investigated.
Thermomechanical pulp, bleached Kraft fibers, and microcrystalline cellulose filler were
used as the reinforcing phase. The crystallization of PHB/HV in composite materials
was examined using Modulated Differential Scanning Calorimetry (MDSC) and hot-
stage microscopy. Hot-stage microscopy showed that polymer crystallites are nucleated
on the fiber surface and that the density of nuclei was greater in fiber-reinforced compos-
ites than in unfilled material. Dynamic crystallization experiments showed that
bleached Kraft, thermomechanical pulp, and microcrystalline cellulose increased the
crystallization rate of PHB and PHB/HV both from the glass and melt. However,
ultimate crystallinity determined from the heat of crystallization was the same in
unreinforced and reinforced materials. The kinetics of PHB/HV crystallization were
examined using nonisothermal Avrami-type analysis. Unreinforced and Kraft-rein-
forced PHB were characterized and compared with unreinforced PHB/9%HV. The
Avrami exponent of crystallization, related to nucleation mechanism and growth mor-
phology, is 2.0 for unreinforced PHB, 2.8 for kraft-reinforced PHB, and 3.0 for unrein-
forced PHB/9%HV. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1785-1796, 1997

INTRODUCTION

Because plastics compose an estimated 18% by
volume of municipal solid waste,! the develop-
ment of commercially viable biodegradable plas-
tics is an important effort toward the preservation
and revitalization of our global environment. A
class of biodegradable plastics receiving consider-
able attention is poly(hydroxyalkanoates) or
PHAs, in particular poly(3-hydroxybutyrate)
(PHB) and copolymers poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHB/HV).2""' Although
PHAs are biodegradable—microorganisms are
able to rapidly degrade PHB and PHB/HYV to car-
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bon dioxide and water®—their rate of chemical
hydrolysis is slow. This is an advantageous combi-
nation of properties. These plastics are produced
by microbes (including soil bacteria, estuarine mi-
croflora, blue green algae, and various photobio-
logical systems) as a natural part of their metabo-
lism.'® Although the proportion of PHA in cells
typically is below 30%, under fermentation condi-
tions of carbon excess and nitrogen limitation, PHA
can compose as much as 70% of dry cell weight.'!
The typical feedstock for PHB production is glucose.
When propionic acid is added to the growth medium
during conditions of nitrogen limitation, the poly-
mer produced is PHB/HV copolymer. Bacterially
produced PHB/HV copolymers have been demon-
strated to be randomly sequenced.'?

The chemical structures of the HB and HV re-
peat units are shown below.
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PHB and PHB/HYV are crystallizable thermoplas-
tic polyesters. Despite the difference in the size
of repeat units, PHB/HV copolymers exhibit the
interesting property of cocrystallization. That is,
both HV units and HB units are included in the
crystalline unit cell. However, only one character-
istic unit cell is observed for most copolymer com-
positions. Copolymers containing less than 40%
HV units crystallize in the PHB unit cell, while
copolymers containing 50% or more HV units
crystallize in the PHV unit cell.'*'® Copolymers
with HV content between 40 and 50% exhibit crys-
tals with both unit cells.

PHB has attracted some commercial interest
because it possesses properties similar to syn-
thetic thermoplastics such as polypropylene.
However, PHB is little used commercially because
of its brittle behavior’ and lack of melt stability.®
These drawbacks have furthered interest in PHB/
HV copolymers, which are tougher and have
greater melt stability.’° However, crystallization
rates of copolymers are very slow compared with
the time scale of most industrial molding and fab-
rication processes. Slow crystallization rates are
related to slow nucleation rates and to slow linear
growth rates resulting from inclusion of, for exam-
ple, HV units in the PHB crystalline lattice.

The development of commercial applications
for PHAs requires improving crystallization and
processing behavior, reducing overall costs, and
further enhancing mechanical properties. One ap-
proach for overcoming these limitations is to in-
corporate fiber reinforcements into the polymer
to create reinforced composites. In addition to an
expected improvement of mechanical properties,
some studies have shown that incorporating rein-
forcing fibers in other crystallizable thermoplastic
polymers can significantly increase the crystalli-
zation rate of semicrystalline thermoplastic poly-
mers.'*'® However, no previous study has de-
scribed the effect of reinforcing fibers on the crys-
tallization of PHAs. This study quantified the
effects of fiber reinforcement on the crystalliza-
tion rate of PHAs.

EXPERIMENTAL

Methods and Materials

The PHA samples obtained for this study were
PHB homopolymer, PHB/9%HYV (random copoly-
mer with 9% valerate repeat units), and PHB/
24%HV (random copolymer with 24% valerate re-
peat units). Proton nuclear magnetic resonance
(*H-NMR) spectroscopy was run on a Varian 300
MHz spectrometer using deuterated chloroform
as a solvent to determine PHA copolymer compo-
sition. Thirty-two scans were acquired using a 5-
s delay time and tetramethylsilane (TMS) as a
reference.

Wood fiber-reinforced composites were pro-
duced by melt compounding in a Brabender Plas-
ticorder. Unbleached thermomechanical pulp
(TMP) derived from southern pine, bleached
Kraft fibers (also from southern pine), and micro-
crystalline cellulose (MCC) were evaluated as the
reinforcing component. Bleached Kraft filler was
ground in a Wiley mill prior to compounding so
that fibers would disperse adequately in the poly-
mer matrix. Unreinforced PHB, PHB/9%HV, and
PHB/24%HV were also compounded so that any
observed differences in crystallization may be con-
clusively attributed to the nature of the reinforc-
ing phase, and not to melt compounding effects.
Table I shows the fiber loading of the various com-
posites prepared. Composites of PHB were melt
compounded at 200°C, and composites of PHB/
9%HV and PHB/24%HYV at 195°C. The total time
of melt processing was 10 min for all samples and
the rotor speed was 30 rpm.

Following compounding, composite sheets were
prepared by melt pressing chips of compounded
material on a hot press at 190°C and 200 psi for
3 min. Specimens weighing approximately 10 mg
were cut from these sheets for examination using
Modulated Differential Scanning Calorimetry
(MDSC). Specimens were sealed in an aluminum
sample pan, melted at 190°C for 3 min, and then
quenched on dry ice to produce a completely amor-
phous sample. The quenched specimen was then
heated in the MDSC at a rate of 5°C/min to 200°C
(190°C for 9 and 24% HYV copolymers), and then
cooled at 5°C/min to 0°C, and then heated at 5°C/
min to 220°C. The temperature modulation had
an amplitude of =0.79°C and a period of 60 s.

A second set of specimens was quenched to
room temperature and allowed to crystallize
slowly. The same MDSC protocol as described
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Table I Composite Systems Prepared, Including Matrix Type, Fiber Type and Treatment,

and Fiber Loading
Fiber Reinforcement (wt %)
Polymer
Matrix Neat TMP? Bleached Kraft MCCP
PHB® 0 10, 20, 40 10, 20, 40 20
PHB/9% HV* 0 10, 20, 40 10, 20, 40 20
PHB/24% HV? 0 10, 20, 40 20

# Thermomechanical pulp.

b Microcrystalline cellulose.

¢ Poly(hydroxy butyrate).

4 Poly(hydroxy butyrate-co-hydroxy valerate).

above was applied to these crystalline samples to
quantify the melting behavior of slowly crystal-
lized specimens.

A series of dynamic melt crystallization experi-
ments were performed at various heating rates
in order to quantify the kinetics of dynamic melt
crystallization. Standard differential scanning
calorimetry (DSC), rather than MDSC, was em-
ployed. Sample preparation for DSC (prior to in-
troduction of the sample in the calorimeter) was
identical to that for MDSC, described above. Un-
reinforced PHB, unreinforced PHB/9%HYV, and
kraft fiber-reinforced PHB specimens were exam-
ined. Samples were heated at 20°C/min to 200°C
(190°C for PHB/9%HYV ), then cooled at the de-
sired cooling rate to 0°C. Cooling rates varied from
20°C/min to 1°C/min. Three replicates were per-
formed at each cooling rate.

Gel permeation chromatography (GPC) was
used to measure the molecular weight of the PHB/
249%HV samples. Both the as-received powder
and melt-compounded composites were consid-
ered. Melt-compounded specimens were taken
from the same samples as those used in the calo-
rimetry experiments (both unreinforced and fiber
reinforced ). Tetrahydrofuran (THF') was used as
the solvent. Monodisperse polystyrenes were used
to calibrate two 8 X 300 mm, Hewlett Packard
columns containing polystyrene—divinylbenzene
copolymer gel (particle size 10 um) with nominal
pore diameters of 10° and 10* A, respectively. The
samples were run as 0.1% solutions, heated to
ensure complete dilution, and filtered to remove
fibers. Molecular weights of the PHB and PHB/
9%HYV samples were not measured owing to prob-
lems with the limited solubility in THF.

The crystalline morphology and nucleation be-
havior of fiber-reinforced PHB/HVs were investi-

gated using optical microscopy. A light microscope
equipped with a programmable hot stage was
used to observe the formation of crystalline order,
both from the glass and from the melt. Approxi-
mately 10 mg of polymer and 1 mg of fiber were
placed between glass coverslips and melted on a
hot plate at 200°C for 5 min under pressure. For
studies of melt crystallization, the sample was
then immediately moved to the hot stage where
the temperature was maintained at the selected
crystallization temperature. For studies of cold
crystallization (crystallization from the glassy
state), the sample was removed to dry ice until
equilibrated, and then placed on the hot stage at
the crystallization temperature of interest.

RESULTS AND DISCUSSION

Nuclear Magnetic Resonance Spectroscopy

The chemical composition of the PHA copolymers
was determined by 'H-NMR. The 'H-NMR peak
assignments for the PHB homopolymer and the
PHA copolymers have been determined.%”
Methyl protons for the butyrate repeat unit are
seen as a doublet at about 1.28 ppm, while the
methyl protons for the valerate unit are seen as
a triplet at about 0.88 ppm. The ratio of peak
intensities was used to determine the molar com-
position of the copolymer. This analysis shows
that PHB homopolymer contains no detectable
traces of valerate units. The two copolymer sam-
ples contain 9 and 24% valerate, respectively.
These compositions are similar to the copolymer
compositions reported by the suppliers (8 and
24%, respectively).
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Table II Effects of Melt Compounding at 195 to 200°C on the
Molecular Weights and Polydispersity of Unreinforced and

Fiber Reinforced PHB/24% HV

Reinforcing Phase

and Loading (wt %) M,? M, M, /M,
Not heat compounded
Neat (0) 79,000 170,000 2.2
Heat compounded
Neat (0) 63,000 128,000 2.0
TMP? (20) 66,000 133,000 2.0
MCCe (20) 67,000 136,000 2.0
Bleached Kraft (10) 64,000 129,000 2.0
(20) 56,000 110,000 2.0
(40) 58,000 110,000 1.9

# Number-average molecular weight.

b Weight-average molecular weight.
¢ Polydispersity.

4 Thermomechanical pulp.

¢ Microcrystalline cellulose.

Gel Permeation Chromatography

The effects of melt compounding on the molecular
weight of the PHB/24%HYV samples are shown in
Table II. Compounding at 195 to 200°C reduces
the molecular weight of the PHB/24%HV samples
by about 20-30%. The type or the amount of
added filler did not affect the molecular weight of
the samples. These observations confirm previous
reports that PHB and PHB/HV are subject to
rapid thermal degradation at temperatures above
200°C.>5

Optical Microscopy

Optical microscopy observations of crystallization
in unreinforced PHB and PHB/HVs indicate that
crystal nuclei form sporadically through time.
This type of nucleation is termed thermal nucle-
ation. Thermal nucleation is often, although not
always, associated with the formation of homoge-
neous nuclei. Homogeneous nucleation results
from fluctuations in chain order, which produce
nuclei of a critical size, rather than the formation
of nuclei at foreign surfaces or impurities (known
as heterogeneous nucleation). As bacterial poly-
esters are typically quite pure, the observation
of thermal nucleation and conclusions regarding
homogeneous nucleation mechanisms are not sur-
prising.

The formation of crystalline order in fiber-rein-
forced systems is significantly different from that

in the unreinforced systems. Figure 1(a) is an
optical micrograph that shows the crystalline
morphology of PHB/9%HYV in the presence of a
single bleached Kraft fiber after 2 min of crystalli-
zation from the melt. Polymer crystals have
formed at the fiber surface and were growing out-
wards. At least 10 surface-nucleated crystals are
apparent, while no bulk-nucleated crystals are ob-
served. Figure 1(b) shows the same crystalliza-
tion process after 2.5 min. A small crystallite
formed in the bulk, and the surface-nucleated
crystals grew significantly. Figure 1(c) shows
crystallization after 5 min; the field appears com-
pletely crystalline and the crystalline morphology
is dominated by surface-nucleated crystals.

Optical microscopy observations indicate that
all kinds of fiber reinforcement have a significant
nucleating effect on PHB and PHB/HYV crystalli-
zation. Because of the high purity of these bacte-
rial polymers, nucleation in the absence of foreign
surfaces is typically very slow. In composites, add-
ing fiber surfaces that nucleate the growth of poly-
mer crystals has a significant effect on crystal
morphology.

Modulated Differential Scanning Calorimetry

In MDSC, the traditional linear heating rate is
replaced with a sinusoidal heating profile. Figure
2 shows a typical plot of temperature as a function
of time for an MDSC scan performed at a heating
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Figure 1 (a) Optical micrograph of isothermal crys-
tallization at 70°C of PHB/9%HYV in the presence of a
single bleached Kraft fiber. Elapsed time is 2 min. (b)
Optical micrograph of isothermal crystallization at
70°C of PHB/9%HYV in the presence of a single bleached
Kraft fiber. Elapsed time is 2.5 min. (¢) Optical micro-
graph of isothermal crystallization at 70°C of PHB/
9%HYV in the presence of a single bleached Kraft fiber.
Elapsed time is 5 min.
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Figure 2 MDSC scan showing modulated tempera-
ture as a function of time.

rate of 5°C/min and a traditional DSC scan at
5°C/min. The temperature modulation in MDSC
allows separation of the heat flow signal into
thermodynamically reversing and nonreversing
events. MDSC permits the separation of glass
transition and melting events (reversing) from
crystallization events (nonreversing).'® The tech-
nique is particularly useful in the thermal analy-
sis of polymers such as PHB and PHB/HVs,
where both melting and crystallization events are
believed to occur in the same temperature range.

Figure 3 shows a typical DSC scan of quenched
PHB/9%HYV. The scan shows glass transition, re-
crystallization (cold crystallization ), and melting.
Figure 4 shows an MDSC scan of the same mate-
rial, with the separation of the heat flow signal

Recrystallization

Glass Transition Melting

Heat Flow (Exotherm ——)

-50 [ 50 160 150 200

Temperature (°C)

Figure 3 DSC scan of PHB/9%HV showing glass
transition, recrystallization, and melting.
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Figure 4 MDSC scan of PHB/9%HYV with separation
of the signal into thermodynamically reversing and
nonreversing components. The reversing signal shows
glass transition and melting, and the nonreversing sig-
nal shows recrystallization and annealing.

into reversing and nonreversing heat flow signals.
This scan shows significant annealing in the same
temperature region as melting. We can quantify
the contributions of recrystallization and anneal-
ing to overall crystallization. The total heat flow
due to exothermic events—-crystallization and an-
nealing—is only 7 J/g less than the heat flow due
to melting, indicating that the sample had very
little initial order and that the quenching process
was very effective. It is also worth noting that
problems with apparent baseline drift and com-
plex melting behavior evident in the DSC scan
disappear upon the separation of the melting and
crystallization signals by MDSC. These improve-
ments make MDSC very useful for the thermal
analysis of PHAs.

Crystallization of Neat PHAs

As seen in Figure 4, an initial heating scan of
quenched material displays a crystallization ex-
otherm upon heating through the glass transition
region. The temperature at the maximum height
of this peak is taken to be the recrystallization,
or cold crystallization temperature. After heating
through the melting transition, the sample is
cooled and crystallization from the melt is ob-
served. The melt crystallization temperature is
the temperature at the maximum height of the
melt crystallization peak. It is important to note
that the lower the recrystallization temperature,
the greater the cold crystallization rate (for scans

performed at the same cooling rate). Conversely,
the higher the melt crystallization temperature,
the greater the melt crystallization rate.

Figure 5 shows melt and cold crystallization
temperatures as a function of copolymer composi-
tion (% of HV units). Melt crystallization temper-
ature decreases with increasing HV content, re-
flecting a decrease in the rate of melt crystalliza-
tion. Recrystallization temperature increases
with increasing HV content, reflecting a decrease
in the rate of crystallization from the glass. Thus,
the rate of crystallization both from the melt and
from the glassy state decreases with increasing
HV content in the polymer. For all compositions
of PHB/HVs considered, crystallization occurs in
the unit cell characteristic of PHB.'® The depres-
sion in crystallization rate with increasing HV
content reflects the difficulty of incorporating HV
units in crystals having a PHB unit cell. The in-
corporation of bulky HV units in the PHB crystal
lattice slows both nucleation and linear growth
rates of crystals.?

Melt Crystallization of Fiber-Reinforced PHAs

The melt crystallization temperature of various
composites of PHB is given in Figure 6. The melt
crystallization temperature of neat PHB is 90°C.
The crystallization temperature of the fiber-rein-
forced composites is higher, reflecting an in-
creased crystallization rate. This enhancement of
crystallization rate is likely due to enhanced crys-
tal nucleation at the fiber surface. Optical micro-
graphs discussed above show the rapid develop-
ment of crystal nuclei on the fiber surface. The

Melt Crystallization
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Figure 5 Melt crystallization temperature and cold
crystallization temperature as a function of HV content
in PHB/HV copolymers.
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Figure 6 Melt crystallization temperature of PHB
and fiber-reinforced PHB.

higher nucleation density at the fiber surface re-
sults in an increased effective nucleation rate, and
this would be expected to increase the crystalliza-
tion rate from the melt. Enhancement of crystalli-
zation rate appears to be more pronounced at
greater filler contents, as would be expected if fi-
ber surfaces nucleate crystallization. However, we
also noted that crystallization rate decreased in
the composite with the highest TMP content. This
is the only composite system in which a decrease
in crystallization rate was observed, and the de-
pression in rate may reflect an aberration in pro-
cessing this composite.

The melt crystallization temperature of com-
posites of PHB/9%HYV is shown in Figure 7. As in
the case of PHB, fiber reinforcement significantly
increased the crystallization temperature, re-
flecting an increased crystallization rate of PHB/
9%HV. The melt crystallization temperature
of fiber-reinforced PHB/9%HYV is significantly
greater than that of neat PHB/9%HV. As dis-
cussed above, the increased crystallization rate
in fiber-reinforced systems is likely the result of
greater crystal nucleation on the fiber surface. In
PHB/9%HV composites, fiber loading does not
significantly affect crystallization temperature.
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Figure 7 Melt crystallization temperature of PHB/
9%HYV and fiber-reinforced PHB/9%HV.
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Figure 8 Melt crystallization temperature of PHB/
24%HV and fiber-reinforced PHB/24%HYV.

For loadings between 10 wt % and 40 wt %, the
crystallization temperature is approximately the
same. However, fiber type did have an effect.
Bleached Kraft fibers and microcrystalline cellu-
lose increased crystallization rate more than did
TMP fibers. This trend is interesting, as the sur-
faces of bleached Kraft and MCC contain regions
of crystalline cellulose, while the surface of TMP
is likely to be covered by lignin and hemicellu-
loses. It is possible that fiber surface morphology
plays a role in crystal nucleation on the fiber sur-
face. Past studies of surface-nucleated crystalliza-
tion indicate that fiber surface topography is a
determining factor in the extent of nucleation,
and studies of nucleating additives for PHAs indi-
cate that crystal morphology of additives is a sig-
nificant factor in nucleating efficacy.'*

The melt crystallization of PHB/24%HV is
shown in Figure 8 for various fiber-reinforced sys-
tems. The melt crystallization of neat PHB/
24%HYV is very slow and was not observed during
cooling at 5°C/min from the melt to the glass tran-
sition temperature (7T}), but rather upon subse-
quent heating from T, to the melt. For this reason,
the melt crystallization temperature of the neat
system appears off scale in Figure 8. Clearly, the
melt crystallization temperature was signifi-
cantly greater in the fiber-reinforced systems
than in neat PHB/24%HYV, reflecting a signifi-
cantly increased crystallization rate. As in the
case of PHB/9%HV composites, the bleached
Kraft and MCC composites crystallized more rap-
idly than did composites with TMP filler. Again,
this may be related to the more ordered surface of
bleached Kraft and MCC as compared with TMP.

Cold Crystallization of Fiber-Reinforced PHAs

Figures 9, 10, and 11 show the recrystallization
temperature of fiber-reinforced PHB, PHB/
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Figure 9 Recrystallization temperature of PHB and
fiber-reinforced PHB.

9%HV, and PHB/24%HV, respectively. For all
three matrices, fiber reinforcement depressed the
cold crystallization temperature. This depression
reflects an increased rate of cold crystallization.
Optical microscopy observations (discussed ear-
lier) of the crystallization of PHB and PHB/HVs
in the presence of fibers reveal densely nucleated
crystals on the fiber surface. The nucleation of
crystals in the bulk, far from the fiber surface,
is appreciable; however, the density on the fiber
surface is much greater. This enhancement of nu-
cleation rate is likely responsible for the observed
increase in overall cold crystallization rate.

It is interesting that the effect of fiber reinforce-
ment on recrystallization temperature is stronger
in the copolymers PHB/9%HV and PHB/24%HV
than in PHB. As discussed earlier, nucleation and
crystal growth are significantly slower in PHB/
HV copolymers, owing to the incorporation of HV
units in crystals characteristic of PHB. Fiber sur-
faces act to reduce the critical nucleus size re-
quired for a stable nucleus, and this reduction in
necessary nucleus size has a much more signifi-
cant effect in the copolymers than in PHB.

As with melt crystallization, fiber loading af-

50 &
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Temperature (°C)

10 20 40
wit% || wt% |} wi%

Bleached Kraft TMP MCC

Neat PHB/
9%HV

Figure 10 Recrystallization temperature of PHB/
9%HYV and fiber-reinforced PHB/9%HV.
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Figure 11 Recrystallization temperature of PHB/
24%HV and fiber-reinforced PHB/24%HV.

fects crystallization rate. The increase in crystalli-
zation rate is greater at higher fiber loadings, as
indicated by the lower melt crystallization tem-
perature. This is the expected outcome of having
more fiber surface area available for crystal nucle-
ation. There are no significant trends with fiber
type. In contrast to the observations in the melt
crystallization studies, in cold crystallization
bleached Kraft and MCC fillers do not have a
greater effect on crystallization temperature
than TMP.

Degree of Crystallinity

The degree of crystallinity achieved during crys-
tallization, X, is defined as the heat of crystalliza-
tion, AH,, divided by the heat of crystallization of
a theoretical perfect crystal of the same material,

AH7. We will use a value of 130 J/g for the heat
of crystallization of a perfect PHB crystal® and
123 J/g for the heat of crystallization of a perfect
PHB/9%HYV crystal (value interpolated from re-
sults presented in ref. 2). The heat of crystalliza-
tion of 100% crystalline PHB/9%HYV is less than
that of 100% crystalline PHB, because of the in-
clusion of HV units by cocrystallization.

The degree of crystallinity for PHB and fiber-
reinforced PHB is given in Table III. The heat of
crystallization, AH,, was determined by MDSC
from the heat of fusion following crystallization,
AH;, minus the heat of annealing, AH,. Table III
shows that the degree of crystallinity is essen-
tially the same in all systems. Although fiber rein-
forcement has a significant effect on crystalliza-
tion temperature and crystallization rate, there is
no effect on the ultimate crystallinity achieved.
The small variation in AH values seen in Table
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Table IIT Degree of Crystallinity and Heats of
Fusion, Annealing, and Crystallization of Neat
and 20% Fiber Reinforced PHB

Heat Flow (J/g)

PHB Material

Tested X2 AHP AH,* AH ¢
Neat 0.73 167 72 95
Fiber Reinforced

(20 wt %)
TMP® 0.75 158 61 97
MCCf 0.78 170 68 102
Bleached

Kraft 0.79 167 64 103

 Degree of crystallinity, AH,/AH}.
®Heat of fusion.

¢ Heat of annealing.

4 Heat of crystallization, AH, — AH,.
¢ Thermomechanical pulp.
fMicrocrystalline cellulose.

III comes not only from the calorimeter signal but,
more important, from uncertainty in the fiber con-
tent of the specimen examined by calorimetry. Lo-
cal variation in fiber loading in melt compounded
composites results in inaccuracy in the calculated
quantity of polymer present in the small MDSC
specimens.

Table IV shows the degree of crystallinity and
heats of fusion, annealing, and crystallization for
composites of PHB/9%HV. As in the case of PHB
composites, the degree of crystallinity was ap-

Table IV Degree of Crystallinity and Heats of
Fusion, Annealing, and Crystallization of Neat
and 20% Fiber Reinforced PHB/9% HV

Heat Flow (J/g)

PHB/9% HV
Material Tested X AHP AH,° AH ¢
Neat 0.69 136 51 85
Fiber Reinforced
(20 wt %)
TMP® 0.77 143 48 95
MCCf 0.76 140 46 94
Bleached
Kraft 0.80 140 42 98

 Degree of crystallinity, AH,/AH?.

> Heat of fusion.

¢ Heat of annealing.

4 Heat of crystallization, AH; — AH,.
¢ Thermomechanical pulp.
"Microcrystalline cellulose.

Table V Degree of Crystallinity® for Slow
Crystallization at Room Temperature of PHB
and PHB/9% HV Composites from the
Amorphous State

Fiber Reinforcement

(20 wt %)
Bleached
Matrix Neat TMP® MCC¢ Kraft
PHB! 0.71 0.71 0.70 0.73
PHB/9% HV® 0.62 0.73 0.72 0.72

2 Degree of crystallinity, AH,/AH}.

"> Thermomechanical pulp.

¢ Microcrystalline cellulose.

4 Poly(hydroxy butyrate).

¢ Poly(hydroxy butyrate-co-hydroxy valerate).

proximately equal in all systems and was not sig-
nificantly changed by the addition of reinforcing
fibers. Although fiber reinforcement significantly
increases the rate of PHB/9%HYV crystallization,
the final crystallinity was not significantly af-
fected. It is important to note that although the
heat of crystallization of PHB/9%HV composites
is less than the heat of crystallization of PHB com-
posites, the degree of crystallinity in the PHB and
PHB/9%HYV systems is approximately the same.
Observed differences in degree of crystallinity are
within the uncertainty in the heat flow measure-
ments (typically 5 to 10 J/g, resulting primarily
from inaccuracies in the amount of polymer pres-
ent in the MDSC specimen, as mentioned above).
Composites of PHB/24%HYV (data not shown) also
showed no effect of fiber reinforcement on degree
of crystallinity.

Degree of crystallinity is given in Table V for
neat and fiber-reinforced PHB and PHB/9%HV
specimens that were crystallized slowly at room
temperature (approximately 20°C above the glass
transition temperature) for several months. The
degree of crystallinity for all systems is close to
70%, and the variation among the results is
within the uncertainty in the heat flow measure-
ments. To evaluate the effect of crystallization
rate on degree of crystallinity, the values for de-
gree of crystallinity in Table V may be compared
with those in Tables IIT and IV for samples that
were crystallized rapidly in dynamic mode at ele-
vated temperatures. The degree of crystallinity of
all systems is very close, although crystallinity is
slightly greater in the rapidly crystallized sam-
ples than in the slowly crystallized samples. How-
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Figure 12 Plot of In[—-In(1 — C)] as a function of
In ¢ for various values of temperature in unreinforced
PHB.

ever, while this slight disparity is observed in all
systems, the shift in crystallinity values is within
the uncertainty in the measurements. It is an
noteworthy conclusion of this work that there is
no significant correlation between crystallization
rate and ultimate degree of crystallinity for PHB
and PHB/9%HV composites. This observation
suggests that the thermal method used in the dy-
namic melt crystallization experiments provides
ample time for slow secondary crystallization pro-
cesses that perfect crystals rapidly formed at high
temperatures. Secondary crystallization or an-
nealing is always possible for PHB and PHB/HVs
that are stored at room temperature, as this tem-
perature is above the glass transition tempera-
ture for these materials.

Modeling of Crystallization Kinetics

The kinetics of crystallization were analyzed us-
ing a nonisothermal Avrami method. This analy-
sis is based on the Ozawa equation for dynamic
crystallization™:

In{-In[1 -C(T)l} =x —nlng¢, (1)

where C(T) is the crystalline volume fraction as
a function of temperature during the DSC scan,
X is a parameter that depends on nucleation and
growth rates, n is the well-known Avrami expo-
nent, and ¢ is the heating rate. The value of the

Avrami exponent provides direct information
about the nucleation mechanism and growth ge-
ometry of the polymer crystals.

A plot of In{—In[1 — C(T)]} as a function of
In ¢, or nonisothermal Avrami plot, is used to
determine the Avrami exponent, n. The quantity
In{—In[1 — C(T)]} is plotted as a function of In
¢ for selected values of temperature, and the abso-
lute value of the slope is the value of the Avrami
exponent. Figure 12 shows an Avrami plot for un-
reinforced PHB. The slopes of the best-fit lines
for the various temperatures are approximately
equal, indicating that nucleation mechanism and
growth geometry do not change significantly dur-
ing the dynamic crystallization process. The aver-
age value of the slope for temperatures between
80 and 106°C is 2.0 = 0.1. Possible interpretations
for this exponent are two-dimensional circular
growth, which is instantaneously nucleated or
one-dimensional linear growth, which is sporadi-
cally nucleated. We recall that optical microscopy
of unreinforced PHB showed significant sporadic
nucleation as well as spherulitic growth. This ob-
servation is at odds with both possible interpreta-
tions of the Avrami exponent.

Figure 13 shows the nonisothermal Avrami
plot for PHB reinforced with 20 wt % Kraft fibers.
Again, the slopes of all curves are approximately
equal and the average value is 2.8 = 0.1. A possi-
ble interpretation of a noninteger n value is crys-
tallization, in which a combination of mechanisms
is acting.’?*?! An Avrami exponent of 3.0 may
be attributed to either two-dimensional sporadic
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Figure 13 Plot of In[-In(1 — C)] as a function of In
¢ for various values of temperature in PHB reinforced
with 20% bleached kraft fiber.
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In ¢ for various values of temperature in unreinforced
PHB/9%HV.

growth or to three-dimensional instantaneously
nucleated growth. If slow secondary crystalliza-
tion (annealing) occurred in addition to the primary
process, the value of the Avrami exponent would be
slightly depressed. Thus, the noninteger n value
may reflect a combination of nucleation mecha-
nisms or a significant contribution of annealing to
the crystallization process. Figure 14 shows the
nonisothermal Avrami plot for unreinforced PHB/
9%HYV copolymer. The slope of the constant temper-
ature lines is 3.0 = 0.3. As stated above, this expo-
nent is consistent with either two-dimensional spo-
radically nucleated growth or three-dimensional in-
stantaneously nucleated growth.

Itis interesting that the Avrami exponent of crys-
tallization is greater for reinforced PHB than for
PHB. According to the derivation of the Avrami
model, larger values of n are associated with either
less constrained growth or with thermal nucleation
(the nucleation of crystals throughout the crystalli-
zation process). Yet optical microscopy observations
indicate that growth is more, not less, constrained
in fiber-reinforced PHB as compared with unrein-
forced PHB. Furthermore, in the reinforced case
more nuclei are observed to form instantaneously
rather than sporadically with time. This same
anomalous shift in Avrami exponent has been ob-
served in other reinforced polymers displaying an
increased crystallization rate.'®

It is also interesting that the nucleation mecha-
nism and/or growth geometry are affected by the
introduction of HV units in PHB crystals, as re-

flected by the change in Avrami exponent from 2.0
for PHB to 3.0 for PHB/9%HV. Although PHB/
9%HYV is thought to crystallize in the PHB unit
cell (see above), the kinetics of crystallization are
significantly affected by the introduction of HV
units. The observed increase in n may reflect a
more thermal, or sporadic, nucleation or a less
constrained growth geometry. If the density of nu-
clei were reduced in the copolymer as compared
with PHB, less constrained crystal growth would
result. A depression in nucleation density is rea-
sonable in PHB/9%HYV, because of the difficulty
in creating nuclei of a critical size resulting from
the presence of HV units along the PHB chain.

SUMMARY

This study has examined the effects of fiber rein-
forcement on the crystallization of PHB, PHB/
9%HV, and PHB/24%HV. Optical microscopy
showed that polymer crystals were heteroge-
neously nucleated on the fiber surface, thus in-
creasing nucleation density. This observation is
true for crystallization from the glassy state (re-
crystallization or cold crystallization) and for
crystallization from the melt.

Modulated differential scanning calorimetry
was used to determine the dynamic crystalliza-
tion temperature of fiber-reinforced PHB and
PHB/HVs from the melt and from the glass.
Bleached Kraft, TMP, and microcrystalline cellu-
lose reinforcements significantly increase the
crystallization rate, as reflected by changes in the
melt and cold crystallization temperatures. The
strong effect of reinforcing fibers on crystalliza-
tion rate is presumed to be due to increased het-
erogeneous nucleation on the fiber surface. Nucle-
ation rates in unreinforced PHAs are very slow
because of the purity of these compounds and are
even slower in the copolymers, by the inclusion
of comonomers during cocrystallization. Although
reinforcing fibers significantly increased the crys-
tallization temperature of PHAs, the final degree
of crystallinity, or crystalline fraction, was the
same in rapid and in slow crystallizing systems.
Rapid crystallization does not produce a less per-
fect crystalline phase.

Examination of the nonisothermal Avrami
crystallization kinetics reveals a shift in the value
of the Avrami exponent as a result of fiber rein-
forcement and cocrystallization. The shift in the
value of the exponent reflects a change in nucle-
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ation mechanism and growth geometry due to the
presence of fiber reinforcement.
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