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1. Introduction
A current concern of the scientific community and the 

society in general is the environment preservation and other 
ecological issues. Committed with this cause, polymer 
researchers have sought alternatives to deal with synthetic 
plastic waste by directing their research to the study of 
development and use of polymers obtained from renewable 
sources, such as bacterial fermentation and sugar cane. Some 
of these biopolymers, like poly (3-hydroxybutyrate) (PHB), 
are semi crystalline, i.e., they have amorphous disordered 
phase, amorphous ordered phase and crystalline phase. 
Their macromolecular arrangement depends on processing 
parameters and configuration of the chemical structure, 
hence, the understanding of the morphology and its effects 
in mechanical properties is an obvious issue1-5.

PHB is biodegradable and biocompatible thermoplastic 
and has been used in many products, including packing and 
health care industries, drugs release devices, prosthesis, 
and threads for suture. A usual difficulty when dealing with 
this polymer, however, is that it is rather unstable during 
processing, mainly due to a short processing window 
between melting and degradation temperatures. In addition 
PHB is highly crystalline that, together with the high glass 
transition temperature, results in a very fragile material 
that limits its applications. On going research, intended on 
establishing its properties, and optimizing its processing 
conditions is reported in the literature5-7.

In previous work8 the authors reported that the addition 
of small amounts (ca., 1%) of polystyrene to PET reduced 
the cold crystallization rate of PET, with no effects on 
mechanical properties. This article follows the same trend 
of blending polystyrene to a crystallizable polymer. In an 
effort to improve the PHB properties, processability and, 
in addition, to understand its crystallization behavior, 
blends of PHB with small amounts of PS were produced 
by melting blending and the melt crystallization parameters, 
morphology and tensile properties were investigated.

2. Experimental
2.1. Materials

Poly (3-hydoxybutyrate) resin used in the present study, 
with a weight-average molecular weight MW = 340 kDa 
and a melt flow rate (ASTM D-1238)9 MFR = 26 dg/min  
(2.16 kg/190 °C), was supplied by PHB Industrial SA 
(Brazil). The polystyrene was a standard injection grade 
material, Styron 649D, from Dow Chemical.

2.2. Methods
PHB/PS blends with PS content ranging between 

0.5 and 3wt% were compounded in a Haake Rheomix 
3000 internal mixer fitted with high-intensity (“roller” type) 
rotors, for 12 min at 180°C and 60 rpm; neat PHB was also 
processed at same conditions to ensure the same thermal 
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history. Immediately after mixing, the melt was quenched 
in iced water to hinder PHB crystallization.

Tensile tests, according to ASTM D-63810, were carried 
out using an Emic Instrument universal testing machine with 
a crosshead speed of 5 mm/min; the averages of four runs 
of each formulation are reported.

Differential scanning calorimetry (DSC) analyses were 
performed in a Mettler-Toledo STARe System, model 
DSC1, under nitrogen flux of 50 mL/min. Samples of 
approximately 6 mg were heated until fully molten at 178 °C 
and kept for 5 minutes at this temperature before cooling. 
Tests were run at constant rates of heating/cooling of 5, 10, 
15, and 20 °C/min (Figure 1).

A JEOL, JSM-6360 scanning electron microscope was 
used to study the phase morphology of PHB/PS blends, 
which were cryogenically fractured in liquid nitrogen and 
the fractured surface was covered with carbon for avoid the 
accumulation of charges.

3. Results and Discussion
Figure 1 shows an example of a DSC scan for PHB/1%PS 

blend heated/cooled at 10°C/min, including the temperature 
program of the experiment. Since PS is a fully amorphous 
polymer (a fact confirmed by running DSC scans of pure 
PS) the melting and crystallization processes recorded by 
DSC were attributed to presence of PHB in the samples. The 
melting range was 148°C-178°C, which is consistent with 
other results from the literature5. After melting, the samples 
were crystallized and the crystallization peak temperatures 
(Tc) was in the range of 80 °C-110 °C. The values of Tc 
were found to be highly dependent on the cooling rate 
(ϕ = |dT/dt|); faster rates leading the crystallization peaks 
towards lower temperatures, but practically independent of 
the PS content (Figure 2).

The area under the crystallization peak is related to 
latent heat of crystallization, ΔHC, which is proportional to 
crystallinity (crystalline fraction of PHB in the sample). ΔHC 
was obtained from the area between the DSC peak output 
J(t) and a suitable baseline J0(t), according to Equation (1):
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where t1 and t2 are the onset and end times of the 
crystallization peak, and mS is the sample mass. Since 
PS is an amorphous resin, the crystallinity of PHB in a 
PHB/PS blend was estimated from crystallization heat as 
Equation (2):
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where wPS is the mass fraction of PS in the blend and 0 ( )m cH T∆

is the latent heat of fusion of 100% crystalline PHB at the 
temperature of crystallization TC. The later is usually known 
only at the crystalline melting point TM. For PHB, a value 
of  0 ( ) 146 J/gm mH T∆ = was used11.

The crystallinities of the neat PHB (XPHB) resin and 
the PHB/PS (XPHB/PS) blends were found to be significantly 
affected by cooling rate, as given in Figure 3 for the case of 
the blends with 1% PS (remaining results are not showed 
here). The general trend towards a decrease in crystallinity 
with increasing cooling rates can be explained by the 
decrease in the available time to develop the crystals. At 
cooling rates lower than 10°C/min the crystallinity of the 

Figure 1. Typical DSC output plot for PHB/PS blend with 1% PS, 
heated/cooled at 10 °C/min.

Figure 2. Crystallization peak temperature of PHB and PHB/PS 
blends as a function of cooling rate.

Figure 3. Decrease of PHB crystallinity upon addition of 1% PS as 
a function of the cooling rate. The trend seen above was observed 
with all compositions.
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blends was equal or even higher that the crystallinity neat 
PHB, which may be caused by the fact that PS particles 
acted as heterogeneities and promoted the crystallinity3,12. 
However, as the cooling rate increased, the crystallinity 
of the blend decreases to values lower than those for the 
neat resin. It is possible that at high cooling rates the 
chains of PS do not have sufficient time to move outside of 
crystallization zone, thus hindering the growth of spherulites 
and contributing to lower the level of crystalinnity13-14.

The fractional crystallization (or relative crystallinity) 
during crystallization may be defined as x = X/X∞, where 
X is the crystallinity developed at time t (or temperature T) 
and X∞ is the final crystallinity. The relative crystallinity was 
estimated by integration of the DSC peak from the onset of 
the crystallization:
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whereJ(T) is the DSC output in terms of temperature, J0(T) 
is the virtual baseline signal during the event, T1 and T2 are 
the onset and end temperatures of the crystallization peak, 
and T is an intermediate temperature, T1 ≤ T ≤ T2. The 
fractional crystallization may be considered as a function 

of either time (t) or temperature (T), since the temperature 
is a linear function of time at constant heat rate, T = T0 − ϕt, 
where ϕ is the cooling rate and T0 is the temperature at the 
starting point of the cooling run.

Figure 4 shows the fractional crystallization for several 
cooling rates as a function of temperature, for a PHB/PS 
blend with 1% PS. In these results a deviation from linearity 
at the end of crystallization process is observed, which 
increases with increasing cooling rates. This deviation 
may be associated with development of thermally unstable 
crystalline entities and/or crystallization occurring at the 
impingement zones, and generally originating imperfect 
crystals of lower crystallinity degree, a phenomenon called 
secondary crystallization15-17. The results agree with the 
discussion of Figure 3.

Ozawa model18 was used to better evaluate the kinetics 
of crystallization. The model assumes that nonisothermal 
crystallization is governed by the same mechanism proposed 
by Avrami19 for isothermal crystallization. An interesting 
feature of Ozawa model is the possibility to compare the 
results of crystallization during continuous cooling/heating 
with those obtained by means of the Avrami equation under 
isothermal conditions. Ozawa model requires a constant rate 
of temperature change, ϕ = |dT/dt|, and has been successfully 
used to study a number of nonisothermal crystallization 
processes13,15. Ozawa kinetic model is given by:

 ( )1 exp mx k −= − − φ  (4)

where x is the fractional crystallization, ϕ is the cooling rate, 
and κ and m are the Ozawa parameters, which are function 
of the temperature and depend on nucleation and growth 
mechanisms. From Equation (4) we obtain:

 [ ] ( )ln ln(1 ) ln lnx m− − = − φκ  (5)

Consequently, Ozawa model predicts a linear relationship 
between ln[−ln(1−x)] and lnϕ at constant temperature. 
Ozawa parameters for the crystallization of PHB and 
PHB/PS blends with 1% and 3% PS were determined at 
several temperatures between 80 °C and 110 °C (Table 1).

Figure 5 shows graphically the dependence of the 
Ozawa parameters with temperature for neat PHB and a 
blend with 3% PS. The trend for the two types of samples 
is similar, but the values for the blends are significantly 
lower than for the neat polymer. The parameter κ also 
showed much lower values for the blends and, again, a 

Figure 4. Typical crystallization plot (fractional crystallization vs 
temperature) for PHB/PS blend with 1% PS.

Table 1. Kinetic parameters (Ozawa model) for PHB and PHB/PS blends at different temperatures ln κ.

110 °C 105 °C 100 °C 95 °C 90 °C 80 °C
PHB - 5.257 5.700 5.709 5.464 -

PHB + 1%PS 1.881 - 4.865 - 5.132 4.888
PHB + 3%PS 3.707 - 5.091 - 4.748 4.528

m

110 °C 105 °C 100 °C 95 °C 90 °C 80 °C
PHB - 3.23 2.98 2.67 2.35 -

PHB + 1%PS 2.04 - 2.43 - 2.06 1.67
PHB + 3%PS 3.19 - 2.71 - 1.97 1.49
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Table 2. Mechanical properties of PHB and PHB/PS blends.

PHB PHB + 0.5% PS PHB + 3.0% PS
Elastic modulus (MPa) 826.3 ± 24.2 781.4 ± 33.6 765.3 ± 32.7
Tensile strength (MPa) 33.1 ± 0.2 34.4 ± 0.9 33.2 ± 0.5
Elongation at break (%) 5.7 ± 0.2 6.5 ± 0.4 5.8 ± 0.1

Figure 5. Ozawa parameters, Equation (4), for PHB and a PHB/PS blend with 3% PS.

Figure 6. SEM images of neat PHB (a) and blend with 3% PS (b).

similar trend with temperature is observed. The lower 
Ozawa rate parameter κ obtained with the blends is related 
to the presence of PS chains, which act as irregularities at 
the crystallization border of PHB and, therefore, hinder the 
crystallization. This is consistent with results previously 
discussed (Figure 3). The Ozawa exponent m is related to 
the size and perfection of crystallites; high values of m can 
be associated to large and stable, more perfect crystallites, 
whereas lower values of m denote smaller and/or less stable 
crystals20-22.

Table 2 presents the results of mechanical properties 
of PHB and the blends with PS. The results are quite 

similar, showing that the presence of small amounts of 
PS did not cause significant variations in the mechanical 
properties of PHB, except for the elastic modulus that had 
a reduction of 8% for the blend with 3% PS. Since the 
degree of crystallinity of PHB did not change much with 
the presence of PS (Figure 3), the mechanical properties 
follow the same trend. 

The morphology of PHB and its blend with PS were 
examined by SEM and typical images are shown in Figure 6. 
A two-phase structure composed by a PHB matrix and nearly 
spherical particles of PS is clearly noticed. Some PS particles 
remained attached to the matrix on the fractured surface, 
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which may indicate reasonable interfacial interactions 
between the components.

4. Conclusions
Nonisothermal melt crystallization kinetics of PHB 

and PHB/PS blends with small amounts (0.5% to 3% wt) 
of amorphous PS was investigated by differential scanning 
calorimetry (DSC), and the kinetics parameters were 
determined using the Ozawa model. In all situation cooling 
rates influenced the mechanisms of PHB crystallization, 
where higher rates contributed to less stable crystallization 
process. PHB/PS blends presented two-phase structure 
composed by a PHB matrix and spherical particles of PS 

which were observed by SEM images. The mechanical 
behaviour was also investigated and the results showed 
that the presence of PS had little influence in PHB tensile 
properties.
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