Miscibility and Crystallization Behaviors of
Poly(3-hydroxybutyrate-co-11%-4-hydroxybutyrate)/
Poly(3-hydroxybutyrate-co-33%-4-hydroxybutyrate) Blends

Zhiyuan Lan,' Jueyu Pan,' Xiaojuan Wang,' Jianyun He,? Kaitian Xu'

lMultzdzsczplznary Research Center, Shantou University, Shantou, Guangdong 515063, China
*College of Materials Science and Engineering, Beijing University of Chemical Technology, Beijing 100029 China

Received 30 November 2009; accepted 21 June 2010
DOI 10.1002/app.32999

Published online 29 September 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Biopolyesters poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) with an 11 mol % 4HB content [P(3HB-
c0-11%-4HB)] and a 33 mol % 4HB content [P(3HB-co-33%-
4HB)] were blended by a solvent-casting method. The ther-
mal properties were investigated with differential scanning
calorimetry. The single glass-transition temperature of the
blends revealed that the two components were miscible
when the content of P(3HB-c0-33%-4HB) was less than 30%
or more than 70 wt %. The blends, however, were immisci-
ble when the P(3HB-c0-33%-4HB) content was between 30
and 70%. The miscibility of the blends was also confirmed
by scanning electron microscopy morphology observation.
In the crystallite structure study, X-ray diffraction patterns
demonstrated that the crystallites of the blends were mainly

from poly(3-hydroxybutyrate) units. With the addition of
P(3HB-c0-33%-4HB), larger crystallites with lower crystalli-
zation degrees were induced. Isothermal crystallization was
used to analyze the melting crystallization kinetics. The
Avrami exponent was kept around 2; this indicated that
the crystallization mode was not affected by the blending.
The equilibrium melting temperature decreased from 144 to
140°C for the 80/20 and 70/30 blends P(3HB-co-11%-4HB)/
P(3HB-c0-33%-4HB). This hinted that the crystallization
tendency decreased with a higher P(3HB-co-33%-4HB)
content. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119:
3467-3475, 2011
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INTRODUCTION

Biopolyester polyhydroxyalkanoates have attracted
much attention in recent years as potential candi-
dates for nonfossil-based thermoplastic polymers
because of their thermoplasticity, biodegradability,
biocompatibility, renewability, and diversified me-
chanical properties. Among them, poly(3-hydroxy-
butyrate-co-4-hydroxybutyrate) (P3/4HB) is a newly
developed thermoplastic biopolyester synthesized by
the bacterium Ralstonia eutropha' or Alcaligenes latus.”
P3/4HB was originally developed to modify the ri-
gidity of PHB materials, that is, poly(3-hydroxybuty-
rate) (P3HB). Depending on the different substrate
feeding of 3-hydorxybutyric and 4-hydroxybutyric
acid, a wide range of compositions, varying from 0
to 100 mol % 4HB unit, can be produced."*® The
composition variation leads to a wide range of me-
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chanical properties from rigid thermoplastics to elas-
tic rubber materials.” The crystallization and thermal
degradation behavior of P3/4HB has been widely
investigated.*'* The copolymers become amorphous
when the 4HB content is greater than 25%.” These
studies have also revealed that the 4HB unit acts as
crystal defects in the crystallization, and with
increasing 4HB content, both the crystallization
degree (X,) and the crystallization rate decrease.
Chemical modification and physical blending have
both been used to improve the properties of P3/4HB
materials.'” " Physical blending has been used fre-
quently because of its convenience and efficiency.
As an elastomer, P3/4HB possesses a low elastic
modulus and fairly good tensile strength.'® In con-
trast, when P3/4HB is used as a plastic, even
when it has considerably good mechanical and proc-
essing properties, its crystallization is too slow, and
the impact strength too poor to meet the require-
ments of most practical applications. In this study,
amorphous and elastic P3/4HB with 33 mol % 4HB
and a glass-transition temperature (T,) of —15.75°C
was blended with semicrystal P3/4HB with 11%
mol 4HB [P(3HB-co-11%-4HB)] to investigate the
miscibility and crystallization behaviors of the P3/
4HB blends. We expected that the investigation
would elucidate the mutual effect between the



3468

semicrystallized P(3HB-co-11%-4HB) and the amor-
phous P3/4HB blend with 33 mol% 4HB [P(3HB-co-
33%-4HB)] in the binary blends.

EXPERIMENTAL
Materials and sample preparation

P(3HB-c0-11%-4HB)  [number-average  molecular
weight (M,) = 405,000 and weight-average molecu-
lar weight (M,,)/M,, = 2.15, estimated by gel perme-
ation chromatography] and P(3HB-co-33%-4HB) (M,
= 538,000, M,,/M,, = 1.40, estimated by gel permea-
tion chromatography) were provided by Tianjin
Green Bioscience Materials Co., Ltd. (Tianjin, China).
The 4HB molar contents in the two P3/4HB copoly-
mers were 11 and 33%, respectively, as detected by
"H-NMR. The purity of the two kinds of copolymers
was also confirmed. A series of P(3HB-co-11%-4HB)/
P(3HB-c0-33%-4HB) blend films with different mass
ratios (100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/
60, 30/70, 20/80, 10/90, and 0/100) were prepared
through a conventional solvent-casting method. The
blends were dissolved into chloroform at 70°C for 3
h with a total concentration of 2% (w/v). The films
were cast on glass Petri dishes, and the solvent was
evaporated at room temperature overnight; the
resulting films were dried in vacuo at room tempera-
ture to completely remove the residual chloroform.
They were then kept in a drying desicator at room
temperature for 2 weeks to reach crystallization
equilibrium before further investigation.

Differential scanning calorimetry (DSC)

Thermal properties were analyzed by a TA-Q100
DSC apparatus (TA Instruments, Texas, USA) with
an autocool accessory under a nitrogen atmosphere
and calibrated with indium. Samples were heated
from —70 to 180°C at a heating rate (®) of 10°C/min.
The sample was isothermally annealed at 180°C for 3
min and then rapidly quenched to —60°C at a cooling
rate of 80°C/min. The quenched samples were then
reheated to 180°C at the stated ®. The T, melting
temperature (T,), enthalpy of fusion (AH,,), cold-crys-
tallization temperature (T; secondary or lasting crys-
tallization temperature), and enthalpy of cold
crystallization (AH,.) were determined from the corre-
sponding transitions in the corresponding DSC
curves. The time period of cold crystallization is
abbreviated as ty.. T,, and T, were taken as the
peak value of the respective endotherm and exotherm
in the DSC curve. T, was taken as the midpoint of
the specific heat 1ncrement All results were based on
the second heating run unless stated otherwise.

For the crystallization kinetic study, isothermal
crystallization was used to investigate the crystalli-
zation behavior of the blends. All samples were
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annealed at 170°C for 3 min to destroy the thermal
history. After the samples were quenched to a cer-
tain crystallization temperature (T,), the tested tem-
perature was maintained at T. until the crystalliza-
tion was completed. Ultimately, the temperature
was quenched to —50°C again and then raised to
170°C at 20°C/min for equilibrium melting tempera-
ture (T, analysis. The exothermic crystallization
peak value was recorded as a function of time ¢ at
T.. The relative crystallinity degree of the material
crystallized after time ¢ (X;) was calculated by means
of the following equation:

(Jo e/t )t

%= (Jo7 dH,/dt)dt @
where fé dH./dt is the crystallization enthalpy from
the initial time to time t and [,” dH./dt is the crystal-
lization enthalpy from the initial time to full
crystallization.

Because no melting crystallization peak could be
observed from the DSC cooling scan, the nonisother-
mal crystallization of neat P(3HB-co-11%-4HB) was
analyzed by cold crystallization performed through
DSC at different ®’s. The samples were heated at a
constant rate (selected in the range 5-40°C/min),
and the exothermal curves as a function of tempera-
ture were recorded.

X-ray diffraction measurements

The X-ray diffraction spectra of the blends were
recorded at 25°C on a Bruker D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) with nickel-
filtered Cu Ko radiation (A = 1.5406 A; 40 KV, 40
mA) in the range 26 = 5-50° at a scan speed of 12°/
min, and the X-ray diffraction spectra were used to
estimate the crystalline structure of the blends.

Scanning electron microscopy (SEM)

A JEOL JSM-6360 LA scanning electron microscope
(JEOL, Tokyo, Japan) was used to study the mor-
phology of the blend films. Surface images were
recorded at a voltage of 10 kV. Before observation,
the samples were coated with a thin conductive
layer of gold.

RESULTS AND DISCUSSION
Miscibility of the blends

The T, values of pure P(3HB-co-11%-4HB) and
P(3HB-c0-33%-4HB) were —3.8 and —15.8°C, respec-
tively, as revealed by DSC (Table I). The blends
exhibited a single T, when the contents of P(3HB-co-
33%-4HB) were 90, 80, 20, and 10 wt%; this
demonstrated a considerable miscibility of the two
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TABLE I
Thermal Properties of the P(3HB-co-11%-4HB)/P(3HB-co-11%-4HB) Blends

P(3HB-co-11%-4HB)/ Ty Te Te. AH,, T Too AH,, X.

P(3HB-co-33%-4HB) 5 Q)° Q) 0/8)° Q) Q) 0/8)° (%)"
100/0 — -3.8 53.0 29.3 113.1 126.2 33.4 25.7
90/10 — -53 56.4 22.7 113.5 126.5 31.2 24.6
80/20 — —-49 54.8 27.6 113.1 126.7 34.3 27.8
70/30 —15.2 -5.0 57.5 253 114.3 127.2 22.8 18.9
60/40 —-15.6 —4.3 59.8 22.8 114.5 127.7 21.1 18.0
50/50 —14.8 -5.0 59.0 22.1 114.6 127.3 19.7 17.3
40/60 —14.5 -4.9 65.6 12.4 116.7 129.6 11.2 10.1
30/70 —15.8 —4.3 65.1 10.4 117.7 118.0 7.2 6.7
20/80 —14.5 — — — — — — —
10/90 -15.0 — — — — — — —
0/100 —-15.8 — — — — — — —

* T, obtained from the second heating scan of DSC.
b T . determined from the second heating scan of DSC.

¢ AH,. of the blends determined by calculation of the intensities of the exothermal peaks in the second heating scan of

DSC.
d T,, obtained from DSC determination.

¢ Apparent AH,, of the blends determined by calculation of the intensities of the endothermal peaks in the second heat-

in$ scan of DSC.

X, of the blends estimated from the ratio of AH,, of the P(3HB-co-11%-4HB)/P(3HB-c0-33%-4HB) blends to that of

100% crystalline PHB (146 J/g).

copolymers in these composition ranges. To the con-
trary, blends with contents of P(3HB-co-33%-4HB)
between 70 and 30 wt% displayed two T, values
with no obvious inner shift; this indicated that these
two copolymer components had phase separation.
The lower T, was associated with P(3HB-co-33%-
4HB), and the higher one corresponded to the
P(3HB-co-11%-4HB) phase. The independence of T,
with composition implied that these two compo-
nents were immiscible and, thus, gave phase separa-
tion in this composition range (Fig. 1).

The miscibility of the blends was further exam-
ined by morphological characterization. SEM obser-
vations on the surface of the blend films are shown
in Figure 2. The SEM image of pure P(3HB-co-11%-
4HB) showed a homogeneous and radiating surface,
and that of pure P(3HB-c0-33%-4HB) showed a com-
paratively smooth surface. Both of the pure P3/4HB
film surfaces showed a close-grained texture. With
increasing P(3HB-c0-33%-4HB) content, the blend
films revealed more cavities on the surface. Typi-
cally, an isolated island structure appeared at a 50
wt% P(3HB-c0-33%-4HB) content. When the amount
of P(3HB-c0-33%-4HB) exceeded 50 wt%, phase
inversion occurred. The radiating structure appeared
again and showed homogeneity.

Thermal behaviors

Meltin% behaviors and crystalline structure
of the blends

The multiple melting phenomena of most semicrystal-
line polymers has been observed and investigated
extensively for decades.'”'® P(3HB-co-11%-4HB) is a

typical semicrystalline copolymer. With the excep-
tion of pure P(3HB-c0-33%-4HB) and P(3HB-co-33%-
4HB) with weight ratios of 80 and 90 wt% in the
blends, which showed no melting peak, the remain-
ing blends, including pure P(3HB-co-11%-4HB), pos-
sessed double melting peaks (Fig. 1). This phenom-
enon was interpreted from the model of the melting,
recrystallization, and remelting processes.'” T, is the
melting temperature of the original or primary crys-
tals formed, and T, is the melting temperature of
the recrystallized crystallites from the original crys-
tals. With increasing P(3HB-c0-33%-4HB) content,
both T,; and T,, increased (Table I); T. also
increased.

I 80/20 J
70/30
(=]
Z 60/40
50/50
40/60
M—
20/80
10/90 !
Py
0/100 /
" 1 " 1 " 1 L 1
-50 0 50 100 150

Temperature ("C)

Figure 1 DSC thermograms of the P(3HB-co-11%-4HB)/
P(3HB-c0-33%-4HB) blends from the second heating run
(5°C/min).
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Figure 2 Morphological observation of the P(3HB-co-11%-4HB)/P(3HB-c0-33%-4HB) blends by SEM.

The increase in T,, means that the better crystal
formed. This hinted that the lower T, P(3HB-c0-33%-
4HB) portion functioned as plasticizer to increase
the chain mobility of P(3HB-co-11%-4HB) to arrange
into better crystals, as the chain mobility would
have been of benefit to polymer chain rearrangement
in the crystal lattice. However, the increase in T,
would have, thus, revealed the lower crystallization
tendency of the blends. With increasing P(3HB-co-
33%-4HB) content, X, also decreased. This might
have been induced from lower crystal nucleation as
P(3HB-c0-33%-4HB) also acted as diluent for the

Journal of Applied Polymer Science DOI 10.1002/app

crystallizable P(3HB-co-11%-4HB), which reduced
the nucleation number and, thus, the rate of the
crystallization process.”® This also caused a decrease
in X, of P(3HB-co-11%-4HB) (Table I). Herein, X, is
defined as the ratio of the melting enthale (AH,,) to
that of 100% crystalline P3HB (146 ]/ g)2 and calcu-
lated from the following equation:

Xc(%) =100 x AHm/AHf X WPSHB (2)
where AHy = 146 J/g and Wpspg is the P3HB frac-
tion in the blends.
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Figure 3 X-ray diffraction profile of the P(3HB-co-11%-
4HB)/P(3HB-c0-33%-4HB) blends.

The crystalline structures of the blends were
investigated by X-ray diffraction (Fig. 3). The crystal-
line structures of P3/4HB were P3HB lattices,” and
the diffraction peaks of the crystals appeared around
13.5, 17.1, 22.4, 25.6, and 30.7°; these peaks corre-
sponded to the (020), (110), (111), (121), and (002)
crystallographic planes, respectively.”” It was clear
that the d-spacing values (Table II) were almost dif-
ferent invariant for the (020), (110), and (002) crystal-
lographic planes, which indicated that the parame-
ters of the P3HB unit cell did not change in these
blend systems. The P3HB crystal lattice was still
observed from the blends when the content of
P(3HB-c0-33%-4HB) was up to 50 wt %. In addition,
the diffraction peaks of the (020) and (110) planes
became higher and more narrow with increasing
P(3HB-c0-33%-4HB) content. This was consistent
with the DSC results, as better crystals were formed.
The calculated crystallite sizes in the (020) direction
are listed in Table II. The P(3HB-co-11%-4HB) crys-

TABLE II
Degree of Crystallinity and d-Spacing of the
P(3HB-c0-11%-4HB)/P(3HB-c0-33%-4HB) Blends
Determined from X-Ray Diffraction

d-spacing (nm)

P(3HB-co-11%-4HB) / Lozo

P(3HB-co-33%-4HB) (A) (020) (110) (002)
90/10 269 0652 0519 0294
80/20 279 0652 0521 0291
70/30 279 0649 0516  0.289
60/40 295 0654 0520  0.290
50/50 296 0655 0521 0292
40/60 312 0654 0522 —
30/70 309 0654 0521 —
20/80 327 0654 0521 —
0/100 334 0654 0521
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tallites were clearly enlarged in this direction. This
result confirmed that the larger crystal formed
because the addition of P(3HB-c0-33%-4HB) pro-
vided a less crystal nucleus and, thus, larger crystal-
lites, as discussed previously. Because of the two dif-
ferent kinds of testing mechanisms, the crystallinity
obtained by X-ray diffraction was generally higher
than that obtained by DSC. Usually, we used the
crystallinity data from DSC to define X. of the
polymers.

Nonisothermal cold-crystallization behavior
of neat P(3HB-co-11%-4HB)

The crystallization exothermal curves of P(3HB-co-
11%-4HB) at different @’s are given in Figure 4. The
peak value for maximum cold crystallization (T..)

() Heating
w
° 10°C/min
0
20°C/min
40°C/min
T T T T T T T T T T T
40 60 80 100 120 140
Temperature (°C)
(b)
5°C/min
[ 10°C/min
2
[8a)
20°C/min
40°C/min
0 ' > ' 4 ' 6
Time (min)

Figure 4 DSC thermograms of the nonisothermal cold
crystallization for neat P(3HB-co-11%-4HB) at different ®’s
(a) versus temperature and (b) versus time.
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3472

TABLE III
Nonisothermal Cold Crystallization of
Neat P(3HB-co-11%-4HB)

® (°C/min) T, (°C)°* Fmax (min)® AH, (/)"
5 52.0 6.32 26.32
10 59.0 417 31.75
20 71.4 2.24 26.00
40 83.5 1.05 6.58

@ Peak temperature for maximum crystallization at dif-
ferent ®’s obtained from the second heating scan of DSC.

b Corresponding t.,.x of nonisothermal cold crystalliza-
tion at different @’s obtained from the second heating scan
of DSC.

¢ Crystallization enthalpy at different ®’s determined
from the second heating scan of DSC.

shifted to a high temperature when ® was increased.
The corresponding fy,.x, Or peak width, also became
shorter with increasing @ [Fig. 4(b), Table III]. This
was interpreted from the nucleation mechanism and
crystal growth geometries for the primary and sec-
ondary crystallization processes.”*** When the sample
had a lower ®, there was enough time for the molec-
ular chain to form the necessary nuclei and then
arrange into a better crystallite. The longer time
enhanced the mobility of the polymer chain and
made the cold crystallization happen at a lower tem-
perature and in a narrower temperature range. As ®
increased, the polymer chains experienced a shorter
time. In this case, they needed a higher mobility to
compact into crystallites at this shorter time, and
thus, T.. happened at a higher temperature. A shorter
fmax and a higher T. were observed [Fig. 4(ab)].
Meanwhile, at a higher ®, the polymer chain had no
time to form a better nucleus and arranged into only
poor crystallites. The relaxation of the polymer chains
did not follow the change in the temperature. Thus,
a broader cold-crystallization exothermal peak was
encountered. The following one broad melting peak
hinted that the recrystallization of the primary crys-
tals did not happen at higher ® [Fig. 4(a)].

Isothermal crystallization kinetics of the blends

An isothermal crystallization study of the P(3HB-co-
11%-4HB) /P(3HB-c0-33%-4HB) blends was carried
out with a cooling rate of 5°C/min (Fig. 5) to a con-
stant temperature. At even this slow cooling rate,
the melting crystallization peak of neat P(3HB-co-
11%-4HB) was still not observed, possibly because of
the too-slow crystallization rate of the P3/4HB mate-
rials. However, it gave optimal melting crystalliza-
tion peaks of the 80/20 and 70/30 P(3HB-co-11%-
4HB)/P(3HB-c0-33%-4HB) blends. As we know,
P(3HB-c0-33%-4HB) is amorphous and flexible elas-
tomer, and the flexibility of the polymer chain is
favorable to the polymer crystallization process. On
the other hand, when the chain flexibility and the
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amorphous region in blends are increased pro-
foundly, the crystallization domain is damaged by
the amorphous domain and X. becomes low. In our
study, when the amount of P(3HB-c0-33%-4HB)
exceeded 40 wt %, the blends showed a lack of crys-
tallization ability.

To investigate further, isothermal melting crystalli-
zation was used to study the melting crystallization
properties and evaluate the crystallization kinetics
for the 80/20 and 70/30 blends. The overall isother-
mal crystallization kinetics of the blends were ana-
lyzed on the basis of the well-known Avrami equa-
tion. We assumed that X; developed as a function of
crystallization time ¢, as follows:

1 —X; = exp(—kt") (3)
Ig[—In(1 — X;)] = Igk + nlgt (4)

where n is the Avrami exponent, which depends on
the nature of nucleation and the growth geometry of
the crystals, and k is the crystallization rate constant,
which depends on nucleation and the crystal growth
rate.””?® The guidelines suggested by Miiller et al.”/
were used to prevent common problems on the use of
the Avrami equation to fit the data. In Avrami analy-
sis, the ratio of the area at time t to the area of the
whole exotherm was used to get X; Figure 6 shows
the development of X; as a function of the crystalliza-
tion time t for both the 80/20 and 70/30 P(3HB-co-
11%-4HB) /P(3HB-c0-33%-4HB) blends. The crystalliza-
tion time presented a typical Avrami curve with
increasing T, for both the 80/20 and 70/30 blends.
From the slope and intercept values of the curves,
n and k were obtained (Fig. 7). The crystallization
parameters 1 and k are listed in Table IV. There was
no significant change in n, which was around 2 in

100/0

80/20
70/30

60/40
e T
T . T T % T

. —_— —_—
20 40 60 80 100 120 140 160
Temperature (°C)

Exo —

Figure 5 Melting crystallization of the P(3HB-co-11%-
4HB)/P(3HB-c0-33%-4HB) blends as determined by DSC
(cooling rate = 5°C/min).
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Figure 6 X, versus the crystallization time for the P(3HB-
c0-11%-4HB)/P(3HB-c0-33%-4HB) [(a) 80/20 and (b) 70/
30] blend films at different T, values.

the two blends. This indicated that in the T, range of
isothermal experiments, both the nucleation mecha-
nism and geometry of crystal growth of the blends
were almost not affected by the composition and T..
In general, n = 2 corresponds to two distinct kinds
of possible crystallization mechanisms. One is two-
dimensional crystal growth under heterogeneous
nucleation; the other is one-dimensional crystal
growth under homogeneous nucleation. No clear
spherulitic morphology was observed in the polariz-
ing optical microscopy (POM) observation of these
two blends (graphs are not given). The melting crys-
tallization behavior study showed that the thermal
motion of the P(BHB-co-33%-4HB) chain improved
the crystallization ability in the blends. As we know,
homogeneous nucleation is caused by the thermal
motion of the molecular chain. Thus, we inferred
that the blends (80/20 and 70/30) were homogene-
ous nucleation systems and formed needlelike
crystals.

Furthermore, when T, was increased in the tem-
perature range 54-70°C, the parameter k reached a
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maximum value at certain temperature, which in the
80/20 blend was at 58°C and in the 70/30 blend was
at 62°C. The overall crystallization rate (k) of the 70/
30 blend was somewhat lower than that of the 80/20
blend at the same T, and the maximum value k
shifted to a higher temperature. This was possibly
due to the lower nucleation ability. Usually, a higher
temperature is favorable for the crystal growth rate
and inhibitory to nucleation. In the T, range, nuclea-
tion and crystal growth are competitive factors.”®
This is also related to the homogeneous nucleation
mechanism.

Meanwhile, the half-life crystallization time (tos),
which is defined as the time at X; = 50%, is an im-
portant parameter for the crystallization kinetics; it
can also be calculated with the following relation:

1/n
tos = (lnTZ) )

As shown in Table 1V, clearly, ty5 for 80/20 was
shorter than that for 70/30. According to the fore-

going analysis on crystallization kinetics, we
197 (@) .
0.5

= 0.04

4 ]

E 05

=1 J

2
-1.04

70°C

1

log(-In(1-X)

. . . : .
-0.4 -0.2 0.0 0.2 0.4 0.6

log t

Figure 7 Avrami plots of the P(3HB-co-11%-4HB)/P(3HB-
c0-33%-4HB) blends [(a) 80/20 and (b) 70/30] at different
T, values.
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concluded that the 80/20 composition exhibited the
better crystallization ability in the P(3HB-co-11%-
4HB)/P(3HB-c0-33%-4HB) blend system. Further-
more, for the 80/20 blend, the value of tys almost
did not change with increasing melting T, which
indicated that the change in T, had little effect on
to.s. However, for the 70/30 blend, {5 maintained a
decreasing trend with temperature.

Figure 8 shows the linear relationship between T,
and melting T. in the isothermal crystallization
study for both blends. T,° was determined by
extrapolation to the lines of T,, = T, according to the
Hoffman-Weeks equation:

(1t L
Tm<1 B)T,,,JrBTc (6)

where B is the ratio of the initial lamellar thickness
to the final lamellar thickness and the value of 1/
was between 0 (T,, = T, for all T.'s in the case of
most stable crystals) and 1 (T,, = T. in the case of
inherently unstable crystals).”>° The values of 1/
obtained from the slopes were 0.349 and 0.318 for
the 80/20 and 70/30 P(3HB-co-11%-4HB)/P(3HB-co-
33%-4HB) blends, respectively. This showed that the
crystal in the 70/30 blend was more stable than that
of 80/20 blend. T,,° was obtained from the intersec-
tion of the line T,, which was a function of T. for
the blends, and the line T,, = T.. Actually, there
existed two melting peaks after isothermal crystalli-
zation (data not shown). The higher melting peak
was ascribed to the melting process of the recrystal-
lized crystallites, whereas the lower melting peak
corresponded to the melting of the original or pri-
mary crystals existing before the DSC scan.®’ The
lower T,, was chosen to calculate the T, values
according to the previous research.>’ The values of
T, for the 80/20 and 70/30 P(3HB-co-11%-4HB)/
P(3HB-c0-33%-4HB) blends were 144 and 140°C,
respectively. This meant that the value of T,°
decreased with increasing P(3HB-co-33%-4HB). Gen-

TABLE IV
Isothermal Melting Crystallization Kinetics Parameters
of the P(3HB-co0-11%-4HB)/P(3HB-c0-33%-4HB) Blends

P(3HB-co-11%-4HB)/ T. fos
P(3HB-c0-33%-4HB) (°Q) k n (min)
80/20 54 3311 x 107! 1.8 1485
58 4467 x 1071 1.8 1.268
62 3548 x 1070 2.0 1393
66 3846 x 1071 19 1361
70 2339 x 1070 23 1.622
70/30 54 1380 x 107! 23 4.056
58 2691 x 1070 2.0 5482
62 3715 x 107 1.8 2.080
66 2109 x 1071 21 1.771
70 1.836 x 10°' 2.0  1.758
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Figure 8 Hoffman-Weeks plots of the P(3HB-co-11%-
4HB)/P(3HB-c0-33%-4HB) (70/30) and (80/20) blends for
the estimation of T,,".

erally, undercooling is defined as T,,° — T., which is
considered as the thermodynamic driving force for
the crystal growth process.”® The lower the value of
T, — T. is, the slower the crystal growth rate was.
This was the explanation for why the crystallization
rate k became lower whereas increasing content of
P(BHB-c0-33%-4HB) at the 80/20 and 70/30 blends.

CONCLUSIONS

Blend miscibility through DSC study revealed that
P(3HB-c0-11%-4HB) was miscible with P(3HB-co-
33%-4HB) when the later content was less than 30%
or more than 70%. Immiscibility was observed at
P(3HB-c0-33%-4HB) contents between 30 and 70%.
The crystalline structure in the blends was mainly
from P3HB and was not affected by the blend com-
position. The isothermal crystallization was analyzed
via the Avrami equation. n was kept at 2, and the
crystallization mode was not affected by the blends.
k changed with the composition of the blends. With
the addition of P(3HB-co-33%-4HB), the crystalliza-
tion of P(3HB-co-11%-4HB) was enhanced. However,
more P(3HB-c0-33%-4HB) decreased the crystalliza-
tion. This was also confirmed by T, analysis. Inter-
estingly, the 80/20 P(3HB-co-11%-4HB)/P(3HB-co-
33%-4HB) gave a crystallization rate with no de-
pendence on temperature.
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