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ABSTRACT: The miscibility and crystallization behavior of poly(â-hydroxybutyrate) (PHB) and poly(p-
vinylphenol) (PVPh) blends were studied by differential scanning calorimetry and optical microscopy
(OM). The blends exhibit a single composition-dependent glass transition temperature, characteristic of
miscible systems. A depression of the equilibrium melting temperature of PHB is observed. The
interaction parameter values obtained from analysis of the melting point depression are of large negative
values, which suggests that PHB and PVPh blends are thermodynamically miscible in the melt.
Isothermal crystallization kinetics in the miscible blend system PHB/PVPh was examined by OM. The
presence of the amorphous PVPh component results in a reduction in the rate of spherulite growth of
PHB. The spherulite growth rate is analyzed using the Lauritzen-Hoffman model. The isothermally
crystallized blends of PHB/PVPh were examined by wide-angle X-ray diffraction and small-angle X-ray
scattering (SAXS). The long period obtained from SAXS increases with the increase in PVPh component,
which implies that the amorphous PVPh is squeezed into the interlamallar region of PHB.

Poly(â-hydroxybutyrate) (PHB) is a polyester, which
is biodegradable,1 whether it is natural or synthesized.
This polymer is a highly stereoregular biopolymer
produced by many strains of bacteria as a storage
medium.2 PHB is highly crystalline and orthorhombic;3
it has also been proved to be useful as a model material
for the study of physical properties of polymers. For
example, PHB has been found to be an excellent model
material for the study of polymer nucleation because it
contains no catalyst residues and has perfect tacticity,
which is a result of biological origin.4,5 PHB isolated
from microorganisms is a biodegradable and biocom-
patible thermoplastic polymer. Consequently, microbial
PHB has attracted much attention as an environmen-
tally degradable resin to be used for a wide range of
agricultural, marine, and medical applications.6 How-
ever, practical use of PHB for these applications has
been limited by its brittleness and narrow processing
window. It is known that the growth of cracks within
the large spherulites of PHB is the origin of its brittle-
ness. Much work on blending it with other polymers
to decrease the brittleness and melting point has been
reported,7-14 e.g., the miscibility of PHB and poly-
(ethylene oxide) (PEO) was studied.11-13 The blends of
PHB and PEO show a single glass transition temper-
ature and a depression of both the equilibrium melting
temperature of PHB and the growth rate of spherulites
of PHB. The blends of PHB with poly(vinyl acetate)
(PVAc)14 were also found to be miscible. Furthermore,
PHB, as an aliphatic polyester, has also been used to
study the miscibility and crystallization behavior with
other polymers,15-24 such as PHB with poly(methyl
methacrylate) (PMMA),15,16 PHB with poly(epichloro-
hydrin) (PECH),17,18 and especially PHB with synthe-
sized atactic PHB (work done by Marchessault19-21 and
Doi22 and their co-workers). Blends of PHB with the
bacterial poly[(â-hydroxybutyrate)-co-(â-hydroxyvaler-

ate)]23,24 containing less than 20 mol % of 3HV units
are miscible in the melt. When PHB is isothermally
crystallized from the melt, it forms regularly banded
spherulites. Optical microscopy has been successfully
used to measure the spherulitic growth rate of PHB due
to its appropriate rate.
Generally, the phase behavior of polymer blends is

governed by several factors: the molecular weights of
the blend components, the blending process, and the
specific polymer-polymer interaction (such as dipole-
dipole, charge transfer, hydrogen bond, etc.). We chose
poly(p-vinylphenol) (PVPh) with a proton donor and
PHB with a proton acceptor as a blend pair and studied
their miscibility and the crystallization behavior of PHB
in the blends. The addition of an amorphous polymer
into a semicrystalline polymer modifies both the melting
(Tm) and the glass transition (Tg) temperatures of the
crystalline polymer and consequently has an important
effect on the kinetic parameters governing the crystal-
lization process. Some work has been done on the
blends of PHB/PVPh and atactic PHB/PVPh by Fernan-
dez-Berridi and his co-workers.25 However, their results
only give the miscibility and Tgs of the two systems. The
purpose of the present paper is to study the melt
miscibility of PHB/PVPh by analysis of the glass transi-
tion temperature and the melting point depression as
well as to examine the influence of the blend composi-
tion on the crystallization kinetics from the melt state.

Experimental Section

Materials and Specimen Preparation. The PVPh used
in this study was purchased fromMaruzen Corp. (Mn ) 5200).
The PHBwas supplied by Aldrich, and its melting temperature
is 172 °C. The molecular weight of PHB was measured by
viscosity in chloroform and yielded Mn(PHB) ) 2.93 × 105.
These polymers were not purified when they were used.
Solution blending was used with a mixed solvent of tet-

rahydrofuran and chloroform (50/50 wt). Specimens were
prepared by casting the solution onto glass slides and then
dried under vacuum at 70 °C for 48 h, while those for wide-
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angle X-ray diffraction (WAXD) and small-angle X-ray scat-
tering (SAXS) experiments were compression molded and
isothermally crystallized at 90 °C for 24 h.
Experimental Conditions. A Perkin-Elmer DSC-2C dif-

ferential scanning calorimeter was employed to study the glass
transition temperature (Tg) and melting and crystallization
behavior of PHB, PVPh, and their blends (PHB/PVPh). For
glass transition temperatures (Tg) the samples were heated
from 243 K to 463 K (first scan) with a heating rate of 10 K/min
and then maintained at 463 K for 2 min before rapidly
quenching to 243 K. The samples were then reheated to 463
K (second scan). The value of the midpoint of the transition
was taken as the Tg.
For observing the melting temperature (Tm′) as a function

of the crystallization temperature (Tc), the samples were
melted at 463 K for 2 min, quenched to the desired Tc, then
isothermally crystallized until complete crystallization, and
finally heated at a rate of 10 K/min in DSC. The melting peak
temperature was taken as the melting point (Tm′).
The radial growth rate of PHB spherulites at a given Tc was

obtained by photographing from time to time during the
isothermal crystallization process under an optical microscope.
The radius growth rate (G ) dr/dt) was calculated from the
slope of the lines connecting the radius r and its time on a r
vs t plot. The specimen on the hot stage was kept at 463 K
for 2 min and then transferred as quickly as possible onto
another hot stage at a prefixed Tc.
WAXD experiments were performed with a Philips PW1700

X-ray diffractometer using Cu KR X-rays with a voltage of 30
kV and a current of 20 mA. SAXS measurements were also
performed using the compact Kratky system connected with
the Philips PW1700 diffractometer. The incident beam slit
was 80 µm, and the receiving slit was 200 µm.

Results and Discussion

Glass Transition Temperature. Thermal charac-
terization of polymer blends is a well-known method to
determine the miscibility of polymer blends. Miscibility
between any two polymers in the amorphous state is
detected by the presence of a single glass transition
temperature (Tg) intermediate between those of the two
component polymers. Moreover, the Tg of a blend has
an important effect on the mobility of the blend and
hence on the rate of crystallization at a specified
crystallization temperature. So it is important to
establish the Tg behavior of PHB/PVPh blends. All the
binary blends of PHB with PVPh give miscible systems
according to the single Tg criterion. Figure 1 shows the
DSC curves of the binary blends, from which it is seen
that there exists only one Tg for each blend within the
whole composition range. The values of Tgs are listed
in Table 1. Cold crystallization was found in pure PHB
and the blends containing a PVPh content up to 30% in
the heating scan of quenched samples. Pure PHB
showed a Tg of 276.5 K, which is close to the values 277-
282 K given in the literature.11,17,20 The Tg value found
for PVPh is close to that reported in the literature, about
428 K.26
The dependence of Tg on the composition of the

miscible PHB/PVPh blends is illustrated in Figure 2.
For polymer blends their Tg values can be predicted by
several equations such as the Fox equation,27 Gordon-
Taylor equation,28 Couchman-Karasz equation,29 Kwei
equation,30 etc. The Fox equation is shown as follows:

whereW1 andW2 are the weight fractions of components
1 and 2, respectively (in the amorphous phase), and Tg1
and Tg2 are the respective Tgs of the pure components.
Equation 1 (Fox equation) assumes random mixing

between the blend components, equal values of the
differences between specific heats of the liquid and the
glassy states in the glass transition range of the two
components (i.e., ∆Cp1 ) ∆Cp2), and no volume expan-
sion between the two components during mixing. The
predicted curve by the Fox equation is shown in Figure
2 (curve a) using Tg(PHB) ) 276.5 K and Tg(PVPh) )
417 K.
From the figure it is seen that only Tgs of several

blends containing a high PVPh content fit the Fox
equation and all other experimental Tgs lie below the
predicted curve. In this case the heat capacity of the
polymer components should be considered. So the
Couchman-Karasz equation was chosen to predict the
glass transition behavior of the PHB/PVPh blends:

1/Tg ) W1/Tg1 + W2/Tg2 (1)

Figure 1. DSC curves recorded during heating at 10 K/min
of quenched PHB, PVPh, and blends.

Table 1. Glass Transition Temperature(Tg) of Pure PHB,
PVPh and PHB/PVPh Blends Obtained by DSC

PHB/PVPh Tg (K) PHB/PVPh Tg (K)

100/0 276.5 40/60 343.7
90/10 285.4 30/70 362.1
80/20 295.1 20/80 386.0
70/30 305.7 10/90 397.3
60/40 317.2 0/100 417.0
50/50 328.3

ln Tg ) (w1∆Cp1ln Tg1 + W2∆Cp2 lnTg2)/
(W1∆Cp1 + W2∆Cp2) (2)
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Where ∆Cp1 and ∆Cp2 are the respective heat capacities
of the pure components. In this study the values of the
capacities of PHB and PVPh were measured by DSC.
∆Cp1 is 0.626 J g-1 K-1 for PHB and ∆Cp2 is 0.472 J
g-1 K-1 for PVPh. The value of the heat capacity of
PVPh is close to the value reported by Cortazer.31 As
shown in Figure 2, the Tg values of the blends of high
PHB content (up to 60%) are lower than those predicted
by either the Fox or Couchman-Karasz equation (curve
b). However, with the exception of these, the Tg of the
blends versus composition curve fits the Couchman-
Karasz equation better than the Fox equation.
Cold Crystallization and Heat of Fusion. The

cold crystallization peak of the quenched blends (see
Figure 1) moves toward higher temperatures with the
increase in PVPh content. The increase in the cold
crystallization peak temperature observed for the
quenched blends with composition 90/10 to 70/30 (see
Figure 3) can be explained by considering that the
crystallization process takes place from a single homo-
geneous phase. The Tg of this phase increases with the

PVPh content. Generally, the cold crystallization may
take place at a high enough temperature above the Tg
of the blends (as in Figure 3) where the crystallizable
polymer chains possess enough segmental mobility to
crystallize. In this case, the glass transition tempera-
ture of the amorphous polymer PVPh is of prime
importance for the crystallization of the semicrystalline
polymer PHB. When PVPh reaches 40%, cold crystal-
lization (PHB(60)/PVPh(40) wt) could not take place due
to the high Tg of this blend.
With reference to the heats of fusion for the quenched

samples, blends containing more than 10% PVPh move
away from the line that represents the melting enthalpy
of pure PHB and the melting enthalpy of PHB in the
blend approaches zero at about 40% PVPh content. This
means that the crystallization process could not be
completed in this case. On the contrary, referring to
the heats of fusion of the isothermally crystallized
blends, as shown in Figure 4, blends with a PHB content
higher than 60% give values that fall very close to the
line which expresses the melting enthalpy of PHB in
the pure state. Hence, it may be considered that in
these blends PHB crystallizes to an extent similar to
that in the pure state. Such behavior has also been ob-
served for poly(vinylidene fluoride) (PVDF)/poly(meth-
yl methacrylate) (PMMA).32
Equilibrium Melting Temperature and Melting

Point Depression. Analysis of the melting behavior
of crystalline polymer blends is an important way of
assessing polymer-polymer miscibility. Thermody-
namic considerations predict that the chemical potential
of a polymer will be decreased by the addition of a
miscible diluent. If the polymer is crystallizable, this
decrease in chemical potential will result in a decreased
equilibrium melting point. The extent of the melting
point depression in such systems provides a measure
of the interaction parameter which is described by
Flory-Huggins theory.32,33 The equilibrium melting
temperature can be derived from the Hoffmann-Weeks
equation34 which is a very convenient method:

Tm′ is the observed melting point, Tc is the isothermal
crystallization temperature, Tm° is the equilibrium
melting point, and γ is the ratio of the initial to the final
lamellar thickness. The Hoffman-Weeks equation
predicts a linear relation between Tm′ and Tc. The
equilibrium melting point Tm° is obtained from the

Figure 2. Glass transition temperature (Tg) versus composi-
tion of PHB/PVPh blends: (b) experimental points; curve a
was calculated using the Fox equation; curve b was calculated
using the Couchman-Karasz equation.

Figure 3. Experimental melting point (2), cold crystallization
peak temperature (9), and glass transition temperature (b)
of PHB/PVPh quenched blends as a function of blend composi-
tion.

Figure 4. Heat of fusion of PHB/PVPh blends: (2) quenched
samples and (b) isothermally crystallized samples (at 90 °C).

Tm′ ) Tc/γ + (1 - 1/ γ)Tm° (3)
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intersection of the line with the line of the Tm′ ) Tc
equation, which implies the extrapolation to infinite
thickness of lamella.
The change of the observed melting point, Tm′ with

Tc for pure PHB and for PHB crystallized from the blend
was studied by DSC (Figure 5). Generally, the Tm°
obtained from eq 3 is affected by the experimental
conditions such as crystallization temperature range,
time of crystallization, and scanning rate. Under the
conditions described in the Experimental Section, Fig-
ure 5 gives the best-fit Tm′ versus Tc lines for PHB/PVPh
blends. So the equilibriummelting point of the polymer
blends of PHB/PVPh was obtained. The values of Tm°
for blends determined by this method are listed in Table
2. In this system we found that the equilibriummelting
point of pure PHB is lower than that reported in the
literature.4,11,20 Perhaps it is due to the molecular
weight difference. It is clearly seen that the equilibrium
melting point shows a decrease with the increase in the
amorphous component PVPh. The fact that the melting
point depression is well observed in the PHB/PVPh
blends means that the PHB/PVPh blends are miscible
blends.
It is well known that miscibility in polymer-polymer

blends is controlled by a thermodynamic process. As
reported, several techniques have been used to deter-
mine ø12. In this work, the melting temperature depres-
sion method is employed because one of the components
is semicrystalline and the other component is amor-
phous. So we may get the Flory-Huggins interaction
parameter ø12 using the Flory-Huggins equation:32

where Tm°′and Tm° are the equilibrium melting points
of the blend and homopolymer, respectively, ∆Hf is the
heat of fusion for the 100% crystallizable component,

V1u and V2u are the molar volumes of the repeat units
of the noncrystallizable and crystallizable components,
andm1, φ1 andm2, φ2 are the degrees of polymerization
and the volume fractions of noncrystallizable polymers
1 and crystallizable polymer 2, respectively. Equation
4 may be applied to PHB/PVPh blends. By rearranging,
eq 5 is obtained as follows:

A plot of the left-hand side of eq 5 versus φ12 should
give a straight line passing through the origin if ø12 is
assumed to be independent of composition. In order to
calculate the left-hand side of eq 5, the parameter values
used are as follows: V1 ()100 cm3)35 is the repeat unit
molar volume of PVPh, V2u ()75 cm3)11 is the repeat
molar volume of PHB, and ∆Hf ()3001 cal)11 is the
enthalpy of fusion for completely crystalline PHB. The
line passing through the experimental points intercepts
the axis at 0.028 and a slope of -1.4 (Figure 6). The
fact that this line does not pass through the origin is
usually attributed to a residual entropic effect which is
neglected in the derivation of the equation. Such results
were already reported by Paul et al.36-38 In a PHB/
PVPh blend system, we approximately treat the slope
of the line in Figure 6 as the Flory-Huggins interaction
parameter due to the very small positive intercept
(0.028). The unusually large negative value of ø12
clearly indicates that PHB and PVPh are miscible in
the melt due to the strong specific interactions (inter-
molecular hydrogen bonding) in the amorphous phase
and on the periphery of the crystallites between PHB
and PVPh. This kind of large negative interaction
parameter has already been obtained using the Nishi-
Wang equation32 by Qin et al. for PEO/PVPh blends,35
which is due to the strong intermolecular hydrogen
bonding.
Crystallization Behavior. The spherulite growth

rates of pure PHB and PHB/PVPh blends were deter-
mined by observation with a polarizing optical micro-
scope. Thin films of PHB/PVPh blends isothermally

Figure 5. Hoffman-Weeks plots for PHB/PVPh blends
employing data from DSC: (1) 100/0, (9) 90/10, (2) 80/20, (()
75/25, and (b) 70/30.

Table 2. Equilibrium Melting Temperature (Tm°) for
Pure PHB and PHB/PVPh Blends

PHB/PVPh Tm° (°C)

100/0 186
90/10 182
80/20 177
75/25 174
70/30 171

1/Tm°′ - 1/Tm° )

-(BV2u/∆HfV1u)[ln φ2/m2 + (1/m2 - 1/m1)φ1 + ø12φ1
2]
(4)

Figure 6. Application of the Flory-Huggins equation for
PHB/PVPh blends.

-[∆HV1u/RV2u(1/Tm°′ - 1/Tm°) + ln φ2/m2 +

(1/m2 - 1/m1)φ1] ) ø12φ1
2 (5)
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crystallized in the temperature range 363-393 K showed
a spherulitic morphology for all compositions examined.
The spherulite growth rate, G, was constant until
impingement took place. The dependence of G on Tc is
shown in Figure 7. As can be seen in Figure 7, for PHB/
PVPh blends the rate of spherulite growth at a given
Tc decreases with the increase in PVPh content. The
presence of the amorphous and high-Tg PVPh in blends
remarkably decreases the rate of PHB crystallization.
Generally, there are three main factors that can be
taken into account to explain the crystallization rate
depression in miscible semicrystalline/amorphous poly-
mer with high Tg, (a) a dilution effect which diminishes
the formation of a critical nucleus on the front of the
growing spherulite, (b) a decrease of segmental mobility
of the semicrystalline polymer molecules due to the high
Tg of the blends, and (c) a decrease in undercooling due
to the melting point depression. Crystallization rate
depression of a magnitude similar to the ones shown in
Figure 8 has been reported for miscible blends of PVDF/
PMMA.32 In the PVDF/PMMA system the growth rate
decrease was mainly attributed to the changes in

fluidity of the melt caused by the higher Tg of the blends
than the pure PVDF. Similarly, the same reason may
be used to explain the growth rate depression in the
PHB/PVPh system.
The Lauritzen-Hoffmann equation39 was used to

analyze the spherulite crystallization behavior of PHB/
PVPh blends. The equation is shown below:

where the pre-exponential factor Go contains terms
which are essentially temperature-independent. U* is
the activation energy for transportation of crystallizable
segments to the crystallization front. T∞ is the temper-
ature below which such motion ceases, T is the crystal-
lization temperature, ∆T ) Tm - T is the degree of
undercooling, and Tm is the equilibrium melting point.
f is a factor which accounts for the variation in the
enthalpy of fusion (∆hf) with temperature and is given
by f ) 2T/(Tm + T). Kg is the nucleation constant and
can be expressed as:39,40

where σ and σe are the lateral and end surface free
energies, respectively, of the growing crystal, bo is the
molecular thickness, and K is the Boltzmann constant.
The value of n depends on the regime of crystallization.
It is important to note that the parameter U* and T∞

(eq 6) were treated as variables in order to maximize
the quality of the fit to eq (7). In many cases in the
literature these parameters have simply been assigned
the “universal” values39 U* ) 1500 cal mol-1 and T∞ )
Tg - 30 K, as appropriate to many polymers, or the
Williams-Landel-Ferry (WLF)41 values U* ) 4120 cal
mol-1 and T∞ ) Tg - 51.6 K.
It is often most convenient to rearrange eq 7 as

follows:

and to examine the growth rate data in the form of a
plot of the left-hand side of eq 8 vs 1/[T(∆T)f], where
the slope is -Kg. The Kg obtained with the above
analysis from Figure 8 is 4.74 × 105 (K2) for pure PHB,
which is close to the results reported in the literature
by Martuscelli.14 Besides, some results have already
been obtained for the pure PHB20 and blends containing
PHB.20 It is found that the regime transition from
regime II to regime III exists in the crystallization
process of PHB and atactic PHB blends at about 120-
140 °C. So in our analysis the regime is assigned to
be regime III, and n ) 4 was adopted. The derived
Kgs can be used to calculate σe (and the work of chain
folding (q)) for the PHB. We make use of the empirical
relation:42

with R ) 0.25 as appropriate for high-melting polyesters
(e.g., poly(pivalolactone)43 and poly(phenylene sul-
fide)44), and using literature values of ao ) 6.6 Å, bo )
5.8 Å,4 and ∆Hf ) 1.85 × 108 J m-3 and eq 9 yield σ )
29 erg cm-2 and σe ) 42.74 erg cm-2 (Table 3). The
latter value agrees well with a previously reported value
of 38 ( 6 erg cm-2 determined by measurements of
lamellar thickness.4 These values are different from the
values (96 erg cm-1/2) reported for PHB and poly-
(epichlorohydrin).17 The reason pointed out by Marches-

Figure 7. Dependence of the spherulite growth rate with the
crystallization temperature for PHB/PVPh blends: (b) 100/0,
(9) 90/10, and (2) 80/20.

Figure 8. Kinetic analysis of crystallization rate constant
data employing WLF transport constants and Tm° values
obtained by DSC for PHB/PVPh blends: (b) 100/0, (9) 90/10,
and (2) 80/20.

G ) Go exp[-U*/R(T - T∞)] exp(-Kg/fT∆T) (6)

Kg ) nboσσeTm/∆hfK (7)

ln G + U*/[R(T - T∞)] ) ln Go - Kg/[T(∆T)f] (8)

σ ) R(∆Hf )(aobo)
1/2 (9)
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sault21 is due to the value of R. Kg value decreases with
the increasing of PVPh content. The σe values for
blends are lower than that for pure PHB.
Morphology. Presented below are some results of

our work on the crystalline structure of this miscible
blend of PHB/PVPh with the aid of optical microscopy,
WAXD, and SAXS techniques.
The spherulites exhibit a typical banded structure.

The band spacing changes with isothermal crystalliza-
tion temperature and PVPh content. For pure PHB the
band spacing decreases with the decrease in isothermal
crystallization temperature (Figure 9a-d). This kind
of spherulite morphology for pure PHB was reported by
Keller et al.4 At constant crystallization temperature,
the band spacing decreases with the increase in PVPh
content (Figure 9d-f and Figure 10). Generally, the
banded structure of spherulite as reported in the
literature45 is due to the existence of twisted lamellae
resulting from stress build up during crystallization and
probably occurring within disordered fold surfaces of
polymer crystals. Li et al.46 reported that PCL formed
banded spherulites when it was blended with SAN and
the band spacing decreased with the increase in SAN

component. Hence one possible explanation for this
change of band spacing in the spherulites of PHB/PVPh
blends is that the rejection of PVPh with high Tg from
crystalline lamellae to an interlamellar amorphous
region will give rise to stress on the lamellar sufaces
and result in twisted lamellae during crystallization.47

Figure 9. Optical micrographs (cross-polars) of isothermally crystallized pure PHB and PHB/PVPh blends: (a) PHB at 110 °C,
(b) PHB at 90 °C, (c) PHB at 70 °C, (d) PHB at 100 °C, (e) PHB/PVPh (90/10) at 100 °C, and (f) PHB/PVPh (80/20) at 100 °C.

Table 3. Values of Kg and σe for Pure PHB and PHB/
PVPh Blends

PHB/PVPh Kg(III) (K2) σe (erg cm-2)

100/0 4.61 × 105 42.74
90/10 3.90 × 105 33.48
80/20 3.31 × 105 28.75

Figure 10. Band spacing in the isothermally crystallized pure
PHB and PHB/PVPh blends.
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Therefore, the stress should be larger for higher PVPh
content, and the twist period should be shorter.
Studies on the structure of the crystallized PHB in

its blends were also carried out with WAXD and SAXS.
The X-ray diffraction results are shown in Figure 11.
Comparing the spectrum of the pure PHB with that of
the blends, it is seen that the d-spacing values are
constant for the (1 1 0), (0 0 2), and (0 2 0) crystal-
lographic planes, which indicates that the PHB unit cell
is not changed in the blends. Meanwhile the simulating
results also show that the unit cell parameters are the
same in both pure PHB and PHB in blends. The
intensities of the crystalline peaks of pure PHB and
PHB/PVPh (90/10) are almost the same, while the
intensities of the crystalline peaks of PHB/PVPh (80/
20, 70/30, and 60/40) decrease obviously, which implies
that the addition of PVPh will hinder the crystallization
of PHB in the blend, when the content of PVPh is higher
than 10 wt %.
The desmeared SAXS profiles of the isothermally

crystallized pure PHB and PHB/PVPh blends (Figure
12) show the presence of a maximum, which is associ-
ated with the long period between the centers of
adjacent lamellae. It is clearly seen that the long period
increases with the increase in PVPh content. This
suggests that during crystallization of PHB from the
one-phase melt, the amorphous PVPh is being rejected
into the interlamallar region of PHB, where it forms a
homogeneous mixture with the amorphous part of PHB
molecules. It has been shown in the literature that the
nature of the segregation process (interlamellar, inter-
fibrillar, or interspherulitic) in a miscible blend of a

crystallizable polymer with an amorphous one depends
on the type of the amorphous polymer. Some experi-
mental evidences48,49 are given that the glass transition
temperature of the amorphous polymer is one of the
main parameters controlling its segregation behavior
in a miscible binary blend during isothermal crystal-
lization of the crystallizable component. For example,
Martuscelli et al.18 reported that decreases in the long
period and equilibrium melting point were found in
PHB/PECH with increasing the PECH content. So the
amorphous PECH exists in an interfibrillar region. The
dissimilar segregation behavior between PHB/PVPh and
PHB/PECH blends may be attributed to the difference
in Tgs of the amorphous polymers (Tg of PVPh is 144
°C and Tg of PECH is -20 °C). The chain mobility of
PECH molecules in its blend with PHB is much higher,
and as a consequence, these molecules diffuse quickly
away from the crystallization nucleus during the lamel-
lar growth process of PHB.

Conclusions
A systematic study of the miscibility, crystallization,

and morphology of PHB/PVPh blends has been per-
formed. The single glass transition temperatures of the
blends suggest that PHB and PVPh will form miscible
blends in the whole composition range in melt. After
quenching, the melting enthalpy of PHB in the blend
is substantially lowered and approaches zero at about
40% PVPh content, which is due to the high glass
transition temperature of the blend. The equilibrium
melting point of PHB in the blends, which was obtained
from DSC results using the Hoffman-Weeks equation,
decreases with the increase in PVPh content. The large
negative values of the interaction parameter determined
from the equilibrium melting point depression support
the miscibility and strong hydrogen-bonding interac-
tions between the components. It is found that the rate
of isothermal crystallization of PHB is strongly affected
by blending it with PVPh. The rate of spherulite growth

Figure 11. WAXD profiles of isothermally crystallized (at 90
°C) PHB/PVPh blends.

Figure 12. Desmeared SAXS profiles of isothermally crystal-
lized (at 90 °C) PHB/PVPh blends: (a) 100/0, (b) 90/10, (c) 80/
20, and (d) 70/30.

Table 4. Long Period Values (Å) for Isothermally
Crystallized (at 90 °C) Pure PHB and PHB/PVPh Blends

PHB/PVPh long period (A)

100/0 81.2
90/10 92.1
80/20 104.5
70/30 123.4
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decreases with the increase in PVPh content. The
kinetics of crystallization of PHB were analyzed accord-
ing to nucleation theory in the explored temperature
range. The best fit of the data to the kinetic theory is
obtained by employing WLF parameters and the equi-
librium melting points obtained by DSC. Isothermally
crystallized blends of PHB with PVPh were examined
by WAXD and SAXS. The long period increases with
the addition of amorphous PVPh, which is a strong
indication for an interlamellar segregation.
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