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Abstract: In our previous work, the miscibility and rheology behaviors of poly(3-hydroxybutyrate)/poly(p-vinylphenol)
(PHB/PVPh) blends with homogeneous amorphous compositions had been studied. In this work, the rheological char-
acteristics and physical gelation point have been investigated for the miscible PHB/PVPh blends with crystalline/amor-
phous compositions. The time sweep and frequency sweep of dynamic oscillatory experiment are discussed in details.
The storage modulus G' and loss modulus G'' grow gradually along with the isothermal crystallization time, but the stor-
age modulus G' exceeds the loss modulus G'' in the end. The physical gelation phenomena can be observed according
to the power law method. In the flat region of loss tangent vs. angular frequency curves, the physical gelation point (tg)
of the PHB/PVPh 90/10 comes forth prior to the PHB/PVPh 80/20 during the liquid-solid transition process, which results
mainly from the various isothermal crystallization rate of PHB component within PHB/PVPh blends.
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Introduction

During the last decades much attention have been focused
on the development and investigation of crystalline polymer
during the isothermal crystallization process, especially the liq-
uid-solid transition, which can be beneficial to understand
deeply the crystallization mechanism and accumulate appli-
cation process data. On the crystallization course, the physical
gelation phenomena can be observed for the reason of crystal
appearing from a liquid to a solid state. Up to now, there are
many reports on the liquid-solid transition, in existence many
methods.1-5 However, it was found that rheological measure-
ments were a most sensitive tool to study the liquid-solid tran-
sition at the gel point,6-9 since the polymer structure cannot be
destroyed by the dynamic rheological experiment and the lin-
ear dynamic viscoelasticity within the small stress can be sen-

sitive to the conformation change of the polymer.
As is well-known, the critical transition from liquid to solid

state due to crystallization leads to the existence of physical
gelation point. Therefore, it is important to determine what the
gelation point of the process is. There are many ways to decide
the gelation point by the rheology,10 but it is suggested that the
power law method attributed by the contribution of Winter’s
effort,11-16 that is the loss tangent at the gelation point is inde-
pendent of the frequency, is extensive and valid. For all gela-
tion systems at the gelation point, they found that for the
dynamic oscillatory experiment: 11,13,14

(1)

Where the G', G'', ω, δ and n refer to the storage modulus,
loss modulus, angular frequency, loss angle and relaxation
exponent, respectively. The gelation point is at an intermediate
state between a liquid and a solid. It further evidences that
when the system is in the vicinity of the gelation point, the loss
tangent of dynamic oscillatory experiment is independent of

G″ ω( ) G′ ω( )⁄ δtan nπ 2⁄( )tan= =
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angle frequency and has a fixed value. This law has been
applied to determine the physical gelation point, for example,
the gelation time, the gelation temperature, the gelation con-
centration and so on. This method had been approved to be
convenient and valid for many polymer systems.17-24 

Poly(3-hydroxybutyrate) (PHB) is a crystalline polymer and
poly(p-vinylphenol) (PVPh) is wholly amorphous.25-27 In our
previous works,28 it showed that the PHB/PVPh blends dis-
played a single-albeit broad-glass transition temperature (Tg),
which indicates the miscibility of the blends at amorphous
region. The powder WAXD experiments evidenced that, when
PHB content is more than 60%, the PHB can crystallize in the
blends and the crystallinity of PHB increases with the addition
of PHB contents. When PHB content is less than 40%, the sys-
tems are completely homogeneous amorphous phase, which
suggests the addition of PVPh prevents the crystallization of
PHB in the PHB/PVPh blends. The rheological behaviors of
the homogeneous amorphous compositions of PHB/PVPh
blends were studied in details. It is obvious that, If PHB in
PHB/PVPh blend is crystallized, it will affect on rheological
behaviors of the blends and physical gelation phenomena from
the melt to solid can be observed as the result of the crys-
tallization. In this work, the physical gelation phenomena
caused by the PHB crystallization at higher PHB content
(more than 80%) will be investigated by rheology method. The
characteristics of the time sweep and frequency sweep in the
dynamic oscillatory experiment are discussed in details.

Experimental

Materials and Blends Preparation. Poly(3-hydroxybu-
tyrate) (PHB) with Mw = 358000 (Tg 3 oC, Tc 53 oC, Tm 165 oC)
and Mw/Mn = 1.24 and poly(p-vinyl phenol) (PVPh) with Mw

= 20000 (Tg 182 oC) and Mw/Mn = 1.16 used in this work were
purchased from Aldrich.

The PHB/PVPh blends in the desired weight ratio were dis-
solved in a mixed solvent of tetrahydrofuran and chloroform
(50/50 wt) as a 1 wt% solution. Then the blends were kept at
room temperature for 48 h for the evaporation of the most sol-
vent. Next the blends were dried under vacuum at 65 oC for 7
days and annealed at 160 oC in a vacuum oven.

Instruments and Experiments. The polarizing optical
microscopy (POM) (Nikon Eclipse E400) was employed to
investigate crystal morphology of the samples. The samples
were melted at 180 oC for 2 min and then transferred as
quickly as possible to another hot stage (Instec STC200) at a

prefixed 130 oC for isothermal crystallization. The morphology
and radius of the spherulite were recorded with time.

Rheological measurements were carried out on a HAAKE
Mars-II rheometer with Modular Advanced Rheometer Sys-
tem. The oscillatory experiments of the samples with 8.0 mm
diameter and 1.0 mm thickness which were compression-
molded ahead of schedule were performed on parallel-plate
fixture. The angular frequency ranged from 0.1 to 100 rad/s
with stress from 10 pa to 1500 pa at 130 oC. Storage modulus
G' and loss modulus G'' as a function of angular frequency or
crystallization time were obtained. The samples were firstly
melted at 180 oC for 2 min and quenched to the crystallization
temperature 130 oC, then carried out the dynamic oscillatory
measurements as quickly as possible.

Results and Discussion

It was found in our previous works that the PHB/PVPh
blends displayed a single-albeit broad-glass transition tem-
perature (Tg), which indicated the blends were miscible for all
compositions at amorphous region.28 When PHB content is
less than 60% in the blends, the blend systems are completely
homogeneous amorphous phase. The linear dynamic vis-
coelasticity behaviors and time-temperature superposition prin-
ciple of the blend systems within completely homogeneous
amorphous phase were studied in details.28 When PHB content
is more than 60% in the blends, the PHB is able to crystallize
and the crystallinity of PHB increases with the addition of
PHB contents shown in the DSC and WAXD results of our
previous report.28 It is obvious that, if PHB in PHB/PVPh
blend is crystallized, it will affect on rheological behaviors of
the blends and physical gelation phenomena from the melt to
solid might be occurred as the result of the crystallization.
Therefore, in this work, the PHB/PVPh systems with com-
positions of 100/0, 90/10 and 80/20 were selected to study the
rheological behaviors and the physical gelation point of liquid-
solid transition.

PHB is a crystalline polymer and PVPh is wholly amor-
phous polymer. PHB is able to form crystal and its melt point
is about 165 oC. Our main purpose is to research the rheo-
logical characteristic and the physical gelation point of the mis-
cible PHB/PVPh blending samples resulted from the PHB
crystallization. PHB may crystalline when temperature is
below its melt point. The crystallization rate becomes larger
with the decrease of crystallization temperature. The physical
gelation phenomena resulted from the crystallization cannot be
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investigated obviously by the rheological measurement when
the crystallization temperature is very low. Therefore, we
choose 130 oC for all compositions to study the physical gela-
tion point resulted from the crystallization.

The angular frequency sweeps of the samples with crys-
tallization time were carried out for crystallization solidifi-
cation processes with isothermal crystallization temperature of
130 oC, as shown in Figures 1(a)-(c) (The sweeping process
are operated from high to low frequency). The total measuring
time for each frequency sweep curve from 100 to 0.1 rad/s of
angular frequency is about 70 s. During isothermal crystal-
lization in dynamic angular frequency sweep experiment, the
crystallization time, 7 s, 157, etc., is not the real one and that
is the beginning sweep time each time from the melt to solid.
It is researched to see the rheological characteristic and the
trend from the melt to solid, and it does not matter with the
time precisely. This is to see the physical gelation point of the
samples, resulted from the crystallization, not the crystalli-
zation process itself for aim, so the G' data for “7 s” or other
crystallization time can be used to investigate the gelation phe-
nomena. It can be found that the storage modulus G' of three
samples behave the same trend with the angular frequency.
Before PHB crystallizes from the melt, the storage modulus G'

of the blend systems decreases linearly with decreasing of the
angular frequency and behaves the classical linear dynamic
viscoelasticity behaviors as following equation:

(2)

Where G', ω, , and η0 is storage modulus, frequency,
steady-state shear compliance and zero steady-state shear vis-
cosity, respectively. At the initial crystallization stage, the stor-
age modulus G' decreases firstly and then increases with
decreasing of angular frequency. During dynamic sweeping
process, the PHB crystals increase continuously and the stor-
age modulus of samples increases with the sweeping time,
which results in the deviation from the classical linear dynamic
viscoelasticity till the end. It indicates that the transition from
liquid to solid resulted from PHB crystallization has occurred
in practice during this process. With the further crystallization,
the storage modulus G' also deviates from the classical linear
dynamic viscoelasticity much more and is independent of the
angular frequency in the end, which indicates the sample
behaves the property of solid state much more. It suggests that
the rheological characteristic have been changed resulted from
the crystallization and the physical gelation phenomena from

the liquid to solid state can be observed. Then it can also be
found that the beginning time, where the storage modulus G'

is independent of the angular frequency, is different for three
samples and behaves much longer with the addition of PVPh
content. The transition from liquid to solid state becomes more

G′log 2 ωlog Je
0η0

2( )log+=

Je
0

Figure 1. Storage modulus G' vs. angular frequency curves for dif-
ferent crystallization time during isothermal crystallization at 130 oC
in the dynamic angular frequency sweep experiment: (a) PHB/PVPh
100/0 (Wt/Wt); (b) 90/10; (c) 80/20.
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uneasy with the PVPh content addition, and since the addition
of PVPh restrains from the PHB crystallization. At the same
time, the loss tangent vs. angular frequency curves from the
liquid to solid process have also been investigated, as shown in
Figure 2.

It is noted that it is necessary to estimate the characteristic
relaxation time when performing the dynamic frequency
sweep of rheology. In our previous report,28 it indicated that the

miscible amorphous system of the PHB/PVPh blends was
formed (PHB content less than 40% within the blends) and the
time-temperature superposition principle was applicable due to
the presence of hydrogen bonding. As shown in the master
curves (frequency sweep of dynamic rheology), it can be
inferred that the angular frequency is more than 1 rad/s at the
relaxation time point. In this paper, as a continual work, the
rheological characteristics and physical gelation point are
investigated for the miscible PHB/PVPh blends with crys-
talline/amorphous compositions (PHB content more than
80%). However, the relaxation time of blends in this paper
when melting should be similar to the relaxation time of blends
in our previous report (amorphous system). In addition, in this
paper, the smallest time for frequency sweep test is 7 s. There-
fore, the characteristic relaxation time should be shorter than
total time for frequency sweep tests.

Figures 2(a)-(c) show the relationships of loss tangent and
angular frequency for PHB/PVPh blend systems with different
compositions. It can be seen that the loss tangent along with
angular frequency in the terminal zone becomes flat after a cer-
tain crystallizing time. The flat regions are located at the time
range of 456-607 s, 594-740 s and 1453-1745 s for the PHB/
PVPh blends with compositions of 100/0, 90/10 and 80/20,
respectively. It has been confirmed the gelation point is at an
intermediate state between a liquid and a solid. According to
the power law method put forward by Winter et al.,11,13,14 when
the system is in the vicinity of the gelation point, the loss tan-
gent of the dynamic oscillatory experiment is independent of
the angular frequency. Therefore, it indicated that the physical
gelation point should take place at the different time point for
various samples. It is reasonable because the addition of PVPh
prevents the PHB from crystallizing in the PHB/PVPh blends,
and the different composition behaves different crystallization
rate, as shown in Figure 3. In our previous report,28 it indicated
that the miscible amorphous system of the PHB/PVPh blends
was formed (PHB content less than 40% within the blends)
and the PHB crystallization morphology mainly depended on
the blend composition. As shown in Figure 3, it shows the
spherulite morphology and growth radius vs. the isothermal
crystallization time for PHB/PVPh blends at 130 oC using
polarized light optical microscopy. The distorted banding
spherulite morphologies are present at the all samples. With
the increase of PHB content within the PHB/PVPh blends, the
banded spherulite morphology is still formed but the banding
is distorted to highly zigzag irregularity. The slope of linear-
like curves refers to the growth rate of PHB spherulites, as

Figure 2. Loss tangent vs. angular frequency curves for different
crystallization time from liquid to solid state at 130 oC: (a) PHB/
PVPh 100/0 (Wt/Wt), (b) 90/10, (c) 80/20.
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shown in Figure 3(d). The growth rate of PHB spherulites
decreases obviously with increasing of PVPh content in the
PHB/PVPh blends. The physical gelation point here is mainly
determined by the PHB crystallization process. Once a fixed
size of PHB crystal is present, it indicates that the physical
gelation point during crystallization process is obtained. As
shown in Figure 3, when the blends reach the same crystal
size, it will cost more time for the polymer blend with higher
PVPh content. Therefore, it indicates that the addition of PVPh
leads to the delay of the gelation point during isothermal crys-
tallization process.

To further determine the gelation time at the gelation point
of PHB/PVPh 90/10 and PHB/PVPh 80/20, the dynamic time
sweep with different frequency experiment have been carried
out, as shown in Figure 4 and Figure 5.

During the liquid-solid transition process as a result of iso-
thermal crystallization, as shown in Figure 4, it can be seen
that through a induction period, the storage modulus G' and
loss modulus G'' start to grow strongly with the crystallization
time going on, but soon the storage modulus G' exceeds the

loss modulus G'' till the end of the operation. At the same time,
the storage modulus G' and loss modulus G'' approach to each
other in the end and this rule all emerges for different angular
frequency. From then it is concluded that the crystallization
have led to the change of storage modulus G' and loss modulus
G''. Therefore, it shows that it is inevitable to take place the
physical gelation phenomena and appear the gelation point of
samples during the liquid-solid transition.

On the bases of power law method (the gelation point is
determined from the loss tangent independence of frequency),
the gelation point is determined accurately, as shown in Figure
5, where it is the gelation point that the curves pass through a
common point for a certain crystallization time. It can be seen
that the value of loss tangent starts to decrease strongly when
reaching a certain crystallization time. This tread can be attrib-
uted to the change of storage modulus G' and loss modulus G''

in the PHB crystallization process. During the liquid-solid
transition, the gelation time (tg), which is the crossover of the
loss tangent vs. crystallization time curves with low angular
frequency, is about 700 s for PHB/PVPh 90/10 and about

Figure 3. Spherulite morphology of PHB/PVPh blends at 130 oC using polarized light optical microscopy: (a) PHB/PVPh 100/0 (Wt/Wt) with
crystallization for 2000 s; (b) 90/10 with crystallization for 4750 s; (c) 80/20 with crystallization for 5375 s, and spherulite growth radius vs.
the isothermal crystallization time (d).
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1540 s for 80/20. This differential result mainly from the dif-
ferent isothermal crystallization rate, as shown in Figure 4.

As a matter of fact, the blend of PHB with PVPh is
miscible25,27-33 and the miscibility, crystallization and mor-
phology of this system have been widely affected by inter-
molecular hydrogen bonding interaction. The presence of the
hydrogen bonding between PHB and PVPh may confine the
movement between the chain segments, reduce interchains
convolution and block the entanglement between chains of the
blends. Therefore, the addition of PVPh prevents the PHB
from crystallizing in the PHB/PVPh blends and results in a
reduction of the crystallization rate. As a result, it can be inves-
tigated that the gelation point (tg) of the PHB/PVPh 90/10
takes place prior to the PHB/PVPh 80/20 during the physical
gelation phenomena process. In addition, PHB is a crystalline

polymer and PVPh is wholly amorphous polymer. When they
are mixed together, it has been evidenced that the PHB/PVPh
blends displayed a single-albeit broad-glass transition tem-
perature (Tg), which indicates the blends are miscible at amor-
phous region. As a classic blend sample, it has been reported
in many studies,25,27,28 regarding to its miscibility and crys-
tallization. It indicated that the addition of PVPh prevented
crystallization of PHB in the blends, of course, it meant that
PVPh decreased the crystalline melting temperature and
degree of crystallinity of PHB in the blends. Our main purpose
is to research the rheological characteristic and the physical
gelation point of the miscible PHB/PVPh blending samples
resulted from the crystalization. So the physical gelation of the
blend is also correlated with degree of crystallinity of the sam-
ples. With the increase of PVPh content in the blends, the
degree of crystallinity of PHB within blends will become
decreased, but the physical gelation point in this paper is deter-

Figure 4. Storage modulus G' and loss modulus G'' vs. crystalliza-
tion time curves for different angular frequency from liquid to solid
state at 130 oC in the dynamic time sweep experiment: (a) PHB/
PVPh 90/10 (Wt/Wt); (b) 80/20.

Figure 5. Loss tangent vs. crystallization time curves for different
angular frequency from liquid to solid state at 130 oC in the dynamic
time sweep experiment: (a) PHB/PVPh 90/10 (Wt/Wt); (b) 80/20.
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mined mainly by the PHB crystallization. Therefore, the
decrease of degree of crystallinity is also destined to prolong
the physical gelation point.

There is note that the final values of G' in Figure 4 are dif-
ferent from that in Figure 1. We have checked the mea-
surement condition again and the two measurement condition
is identical indeed. This differential may be resulted from the
different measurement mode because the crystallization is a
very complicated process, for example, the shear process may
affect the crystallization process slightly. The corresponding
discussion in detail will be investigated in the next work. How-
ever, this differential does not affect our purposes and results
in this paper. This differential between two figures is very lim-
ited and the change trend of each figure is obvious and
rationed. Therefore, we are yet able to obtain the conclusion
that the change of physical gelation point mainly resulted from
different crystallization rate for various blend compositions.

Conclusions

The PHB/PVPh blends are completely homogeneous amor-
phous phase when PHB content is less than 40% in the blends,
while the PHB can crystallize to form crystalline/amorphous
state when PHB content is more than 60% in the blends. The
rheology behaviors of the blends change dramatically with the
appearance of physical gelation point due to isothermal crys-
tallization. According to the dynamic oscillatory experiment of
the blends during isothermally crystallization process, the stor-
age modulus G' and loss modulus G'' increase gradually with
the crystallization time, and the storage modulus G' exceeds
the loss modulus G'' in the end. The flat region in the loss tan-
gent vs. angular frequency curves appears associated with the
gelation point. According to the power law method, the phys-
ical gelation point has been determined due to the loss tangent
at the physical gelation point being independent of the fre-
quency. It shows that the physical gelation points (tg) of PHB/
PVPh blends increases with the addition of PHB contents
because the isothermal crystallization rate of the PHB
decreases with the increase of PVPh contents.
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