
Vol.:(0123456789)1 3

Macromolecular Research (2024) 32:1–12 
https://doi.org/10.1007/s13233-023-00205-x

ARTICLE

The effect melt processing temperature on the isothermal 
crystallization of poly(3‑hydroxybutyrate‑co‑4‑hydroxybutyrate)

Tao Zhang1 · Yunjae Jang2 · Minho Jung2 · Eunhye Lee2 · Ho‑Jong Kang1 

Received: 29 December 2022 / Revised: 10 September 2023 / Accepted: 12 September 2023 / Published online: 9 October 2023 
© The Author(s), under exclusive licence to The Polymer Society of Korea 2023

Abstract
The effect of melt processing temperature on the isothermal crystallization behavior of poly(3-hydroxybutyrate-co-4-hy-
droxybutyrate)[P(3HB-co-4HB)] is studied using differential scanning calorimetry and polarizing microscopy. P(3HB-co-
4HB) undergoes thermal degradation above its melting temperature. The degree of degradation increases with increase in 
the 4HB content in copolymer. The formation of low molecular weight P(3HB-co-4HB) from thermal degradation reduces 
the crystallization temperature. Thus, the isothermal crystallization rate and crystallinity decrease at a processing of 190 ℃ 
compared with 180 ℃ where less thermal degradation occurs. This is more evident in the case of P(3HB-co-4HB) of high 
4HB content. The P(3HB-co-4HB) crystals formed in the isothermal crystallization process have different perfectness in 
the 4HB rich phase and the 3HB rich phase depending on the melt processing temperature. This results in the appearance 
of two distinct melting peaks with different melting temperatures and melting enthalpies. Our results indicated that thermal 
history in the isothermal crystallization process will affect these crystals differently.

Graphical abstract

A 10 °C difference in the processing temperature of P(3HB-co-4HB) results in a clear difference in the temperatures where crystallization is pos-
sible. Samples processed at 180 °C have a higher crystallizable temperature and crystallize more readily during the cooling stage compared with 
those process ed at 190 °C. As a result, the effect of thermal degradation on the crystallization behavior is minimized for the samples processed 
at 180 °C, while it is greater when thermal degradation retards crystallization and the crystallization temperature decreases for the samples pro-
cessed at 190 °C
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1  Introduction

Most of the waste plastic is disposed of in landfills but 
recently the amount of plastic discarded in marine environ-
ments is dramatically increasing [1]. Biodegradable poly-
mers to preserve both environments need specific enzymes 
from microorganisms. Since polyhydroxyalkanoate[PHA] 
is made by microorganisms, it has an excellent biodeg-
radation rate in marine environments compared to com-
mercially available biodegradable polymers produced from 
petroleum or biomass [2, 3].

Among biodegradable PHAs, poly(3-hydroxybu-
tyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] is a bio-
degradable aliphatic polyester developed to improve the 
low crystallization rate, high crystallinity, and low thermal 
stability of poly(3-hydroxybutyrate)[P(3HB)] [4–8]. Due 
to the low crystallization rate of P(3HB), big spherulites 
are formed which impinge to form an interface and make 
P(3HB) brittle [9–12]. Thermal degradation of P(3HB) 
occurs near the melting point to make products by melt 
processing very difficult. To overcome these issues, 
4-hydroxybutyrate (4HB) is biosynthetically copolymer-
ized with 3-hydroxybutyrate (3HB) to prepare P(3HB-co-
4HB) [13–16].

When 3HB and 4HB are copolymerized, random 
copolymers are formed and its chain irregularity results 
in more difficult crystallization compared with P(3HB). 
Above a certain 4HB content, a rubbery non-crystalline 
P(3HB-co-4HB) of lower strength and higher elongation 
is formed [17–19]. Our previous result [20] indicated that 
this is related to rheological property change with increas-
ing 4HB chain relatively flexible compared with the 3HB 
chain. Along with the change in this microstructure, the 
incorporation of the more flexible 4HB may even increase 
the crystallization rate [21–23]. The P(3HB-co-4HB) crys-
tals formed in the isothermal crystallization are depend-
ent on the flexibility as well as the randomness and they 
determine the properties of P(3HB-co-4HB). Therefore, 
research on the effect of 4HB content on the isothermal 
and dynamic crystallization of P(3HB-co-4HB) copoly-
mers and the resulting crystal structure and crystallinity 
is necessary.

Another drawback of P(3HB) is that the thermal stabil-
ity is significantly lowered by the formation of crotonic 
acid through the random degradation via β-elimination 
[24–26]. The chain scission of 3HB in P(3HB-co-4HB) 
is suppressed by the presence of methylene groups where 
chain scission occurred at 4HB units in the random deg-
radation of 3HB and 4HB units. Cyclization and trans-
esterification by OH-end groups in degraded 4HB units 
also occur to increase the onset temperature of thermal 
degradation to increase the thermal stability with the 

addition of 4HB units in the P(3HB-co-4HB) [27, 28]. 
The thermal degradation of P(3HB-co-4HB) changes with 
the 4HB content and is known to exhibit different thermal 
degradation mechanisms [29, 30]. Contrary to this, at low 
degrees of thermal degradation addition of small amounts 
of 4HB results in an increase in the thermal degradation 
with 4HB content, but when the 4HB content exceeds a 
certain amount, especially when the copolymer is non-
crystalline, a significant increase in the thermal stability 
has been confirmed [31, 32]. We have recently reported a 
study on the effect of thermal degradation on the proper-
ties of P(3HB-co-4HB) and suggested reducing the ther-
mal degradation by melt blending of crystalline P(3HB-
co-4HB) and non-crystalline P(3HB-co-4HB) [33]. The 
thermal degradation characteristics of P(3HB-co-4HB) are 
expected to depend on the melt processing temperature 
and time and the crystallization behavior, but research on 
this has not been reported.

In this study, the effect of the melt processing temperature 
of P(3HB-co-4HB) on the isothermal crystallization behav-
ior is investigated. Specifically, this research is focused on 
the effect of thermal degradation of P(3HB-co-4HB) of dif-
ferent 4HB content exhibiting different thermal stability on 
the crystallization behavior. The change in the crystal struc-
ture of P(3HB-co-4HB) processed at different temperatures 
is also studied.

2 � Experimental

2.1 � Materials

Two laboratory-grade crystalline P(3HB-co-4HB) with dif-
ferent 4HB content were used in this study. PHA2.1 whose 
4HB content is low as 2.1% and the molecular weight is 
200,000 g/mol and PHA10 whose 4HB content is high as 
10% and the molecular weight is 600,000 g/mol, provided 
by CJ Cheiljedang Corp.

2.2 � Analysis

The effect of 4HB content on the thermal stability of the 
provided P(3HB-co-4HB) is studied on a thermogravimetric 
analyzer (TGA TA, Q20, Delaware, USA) by measuring the 
weight change after isothermal exposure to a 180–200 ℃ 
environment for 20 min.

The isothermal and dynamic crystallization behaviors are 
investigated on a differential scanning calorimeter (DSC, 
TA Q20, Delaware, USA). To evaluate dynamic crystalliza-
tion, the sample is preheated from − 50 ℃ to the melt pro-
cessing temperatures of 180–200 ℃ at 20 ℃/min. quenched 
to − 50 ℃ at 10–50 ℃/min., then heated again from − 50 
℃ to 200 ℃ at 20 ℃/min. to measure the crystallization 
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temperature(Tc)and enthalpy(ΔHc). To evaluate isothermal 
crystallization behavior, the sample is preheated from 25 ℃ 
to melt processing temperatures of 180–200 ℃ at 20 ℃/min. 
and kept at that temperature for 5 min., quenched at 50 ℃/
min., then heated again to the isothermal crystallization tem-
perature of 40–110 ℃. The effects of 4HB content, process-
ing temperature, and isothermal crystallization temperature 
on relative crystallinity(Xc: J/g) obtained from the change 
in the enthalpy with time and the half-time of crystalliza-
tion is studied. The isothermally crystallized sample is again 
heated from 0 ℃ to 190 ℃ at 20 ℃/min. to observe the effect 
of isothermal crystallization on the melting temperature and 
enthalpy.

The structure of the spherulites is studied by observ-
ing with a CCD camera attached to a polarizing 
microscope(Olympus BX51, Tokyo, Japan) equipped with 
a hot stage(Mettler FP82HT, Greifensee, Switzerland). The 
same temperature profile as that used in the dynamic and 
isothermal crystallization on the DSC is used to obtain the 
optical micrographs of the change in the Maltese cross of 
spherulites with time.

3 � Results and discussion

The weight change in the isothermal thermal degradation 
of P(3HB-co-4HB) at the melt processing temperature of 
180–200 ℃ for 20 min is shown in Fig. 1. With the increase 
in processing temperature, the weight decreases by 0.3–2.2% 
on thermal degradation, and degradation increases with an 
increase in the 4HB content. The formation of low molecular 
weight P(3HB-co-4HB) is expected based on the weight loss 
in thermal degradation. The thermal degradation of P(3HB-
co-4HB) occurs through random degradation of 3HB and 
4HB units and an increase in the 4HB content minimizes 
the thermal degradation of 3HB units due to the presence of 
the methylene group on the degraded 4HB unit which also 
decreases degradation through cyclization and transesterifi-
cation [27, 28]. This is also observed in our dynamic TGA 
results where the onset temperature of thermal degradation 
increases with an increase in the 4HB content [33]. Contrary 
to dynamic experiments, isothermal thermal degradation 
results in less than 2.2% weight loss after a designated time, 
and an increase in the 4HB content increases the weight loss, 
as can be seen in Fig. 1.

This discrepancy is due to the fact that above the degrada-
tion temperature of P(3HB-co-4HB) of 240 ℃, the increase 
in the 4HB content enhances thermal stability according to 
the above degradation mechanism proposed by Omura and 
Nakamura. [31, 32] On the other side, prolonged exposure 
to lower temperatures of 180–200 ℃ results in relatively 
more degradation of 4HB units whose bonding strength 
is lower than 3HB units. An increase in the 4HB content 

results in a decrease in the melting temperature and exposure 
to temperatures near the melting temperature induces slight 
degradation due to the inherently low thermal stability of 
biodegradable polymers with degradation being accelerated 
by an increase in temperature. When non-crystalline P(3HB-
co-4HB) is formed above a critical 4HB content, a decrease 
in thermal degradation is observed at the melt processing 
temperatures due to the above degradation mechanism [33]. 
Therefore, research on the effect of a small amount of low 
molecular weight P(3HB-co-4HB) on crystallization behav-
ior and properties is needed.

To observe the crystallization behavior of P(3HB-co-
4HB) processed at different temperatures, the samples are 
heated above their melting temperatures to 180–200 ℃, 
cooled, and then heated to obtain the DSC thermograms in 
Fig. 2. At the relatively low processing temperature of 180 
℃ near the melting temperature, crystallization occurs on 

Fig. 1   TGA thermograms of P(3HB-co-4HB) processed at various 
temperatures: a PHA2.1; b PHA10
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cooling and double melting peaks can be seen in the second 
heating thermogram. In the case of samples melt processed 
at 190 ℃, PHA2.1 shows a crystallization behavior in the 
cooling stage similar to those processed at 180 ℃, but the 
high 4HB content PHA10 does not crystallize in the cooling 
stage and shows both a cold crystallization peak and melt-
ing peaks in the second heating. In the case of both samples 
melt processed at 200 ℃, crystallization does not occur in 
the cooling stage and the second heating thermogram shows 
a cold crystallization peak and melting peaks.

The presence of the cold crystallization peak in the sec-
ond heating stage reflects the fact that imperfect crystals are 
formed in the cooling stage and that further crystallization 
occurs during the second heating stage to result in relatively 
more perfect crystals. This phenomenon is observed at a 
processing temperature difference as small as 10 ℃ leads to 

a significantly different crystallization behavior. The effect 
becomes greater as the 4HB content of P(3HB-co-4HB) 
increases. This can be considered to be due to the increase 
in the low molecular weight P(3HB-co-4HB) from thermal 
degradation which changes the crystallization behavior. The 
presence of the double melting peaks reflecting the crystal 
structure along with the cold crystallization peak suggests 
that recrystallization of imperfect crystals is occurring or 
that a 4HB rich phase where imperfect crystals are formed 
and a 3HB rich phase where relatively more perfect crystals 
are formed [34]. Thus, the imperfect crystals in the 4HB 
rich phase melt first at a lower temperature, and then more 
perfect crystals in the 3HB rich phase melt at a higher tem-
perature to display a double melting peak.

The crystallization temperature and enthalpy meas-
ured from the DSC thermograms of samples processed at 
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Fig. 2   Effect of processing temperature on the DSC thermograms of 
P(3HB-co-4HB) having different 4HB content (cooling/heating rate: 
20 °C/min): a PHA2.1; b PHA10

Fig. 3   Crystallization behavior of samples processed at different pro-
cessing temperatures: a crystallization temperature (Tc); b crystalliza-
tion enthalpy(ΔHc)
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different temperatures are shown in Fig. 3. PHA2.1 pro-
cessed at higher temperatures of 180 ℃ exhibit lower crys-
tallization temperatures and enthalpies. An increase in the 
cooling rate results in a lower crystallization temperature 
and crystallization enthalpy does not occur during the cool-
ing stage in the case of the sample processed at 200 ℃. For 
PHA10 with higher 4HB content, the crystallization peak 
is observed only in the sample processed at the lower tem-
perature of 180 ℃, and the crystallization temperature and 
enthalpy both decrease with an increase in the cooling rate. 
This suggests that the effect of the low molecular weight 
P(3HB-co-4HB) from degradation discussed in Fig. 1 on 
the crystallization of P(3HB-co-4HB) is greater when the 
processing temperature is higher and when the cooling rate 
is higher. This effect on crystallization is greater, especially 
in the case of P(3HB-co-4HB) of high 4HB content and thus 
having higher irregularity in the chain.

To study the effect of thermal degradation at the process-
ing temperatures on the crystallization behavior of P(3HB-
co-4HB), isothermal crystallization thermograms of samples 
processed at different processing temperatures are shown 
in Fig. 4. As seen in Fig. 3, the isothermal crystallization 
temperature range depends on cooling rate, processing tem-
perature, and the 4HB content, thus, isothermal crystalliza-
tion temperature is set at 90 ℃ where PHA2.1 and PHA10 
both crystallize, and the isothermal crystallization curves are 
shown in Fig. 4. As can be seen in the figure, an increase in 
the processing temperature results in an increase in the time 
to the end of enthalpy change in the isothermal crystalliza-
tion suggesting slower crystallization. When processed at 
180 ℃, the 4HB content does not have a significant effect 
on the crystallization behavior, but when processed at 190 
or 200 ℃ increase in the 4HB content results in a significant 
decrease in the crystallization rate and also a decrease in the 
crystallization enthalpy. These results indicate that a small 
change in the melt processing temperature range of 10–20 
℃ results in a significant change in the crystallization behav-
ior, thus control of the crystallization appears to be possible 
through changes in the melt processing temperature as well 
as changes in the 4HB content. Especially, P(3HB-co-4HB) 
has low thermal stability inevitable biodegradable polymers 
need to be processed at lower temperatures, and the conse-
quent effect on the crystallization behavior is expected to 
affect the processability and the ultimate properties.

The effect of the melt processing temperature on the 
half-time of crystallization and the crystallization enthalpy 
obtained from the isothermal crystallization thermogram of 
Fig. 4 is shown in Fig. 5. For the samples processed at a low 
temperature of 180 ℃ close to the melting temperature of 
P(3HB-co-4HB), relatively less thermal degradation occurs, 
and thus the half-time of crystallization is short suggesting a 
very fast crystallization rate with subsequently high crystal-
linity, regardless of the 4HB content. In the case of PHA2.1, 

the crystallization rate decreases slowly and the crystallinity 
decreases slightly with an increase in the processing temper-
ature in the range of 185–195 ℃. For PHA10 of higher chain 
randomness and flexibility from the higher 4HB content in 
copolymer, the crystallization rate decreases drastically and 
the crystallinity decreases much more with an increase in 
the processing temperature in the range 180–185 ℃. This 
indicates that the melt processing temperature affects the 
isothermal crystallization of the copolymer, especially in 
the case of the high 4HB content copolymer which is more 
irregular and flexible, and this behavior appears to be related 
to the increase in the low molecular weight chains from ther-
mal degradation.

An increase in the 4HB content of P(3HB-co-4HB) 
results in a decrease in the regularity of the polymer chain 
to hinder crystallization but also increases the flexibility of 
the chain to enhance crystallization. In the range of 4HB 
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Fig. 4   Isothermal DSC thermograms at 90  °C of P(3HB-co- 4HB) 
were processed at different temperatures for samples of different 4HB 
content: a PHA2.1; b PHA10
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content of this study, the irregularity and chain flexibility 
did not affect the crystallization behavior in the case of 
samples processed at low temperatures, but when the melt 
processing temperature is higher the increase in the 4HB 
content results in a significant decrease in the crystalli-
zation rate and also a decrease in the crystallinity. This 
suggested that the crystallization behavior is influenced 
more by the chain irregularity compared with flexibility. 
The low molecular weight from thermal degradation also 
affects the crystallization behavior. On the other hand, the 
processing temperature does not greatly affect the crystal-
linity of PHA2.1 but affects the crystallinity of PHA10 
whose randomness is relatively higher with the highest 

change occurring when the melt processing temperature 
is raised from 180 ℃ to 190 ℃.

Based on these results, it appears that making a 4HB 
copolymer of P(3HB) to decrease the crystallinity and melt 
processing at lower temperatures to increase the crystal-
lization rate and thus decrease the spherulite size appears 
to be a possible method to minimize the disadvantageous 
brittle properties of P(3HB). By melt processing at lower 
temperatures, the inevitable thermal degradation problem of 
biodegradable polymers can be minimized and also increase 
the crystallization rate and crystallinity.

The Maltese cross patterns displayed by the spherulites 
in the isothermal crystallization at 90 ℃ on a polarizing 
optical microscope are shown in Fig. 6 for the samples pro-
cessed at 180 ℃ and 190 ℃. In the case of PHA2.1, more 
nuclei are formed to result in faster impingement of growing 
spherulites in samples processed at 180 ℃ compared with 
190 ℃. In the case of PHA10, the spherulites formed by 
the samples processed at 180 ℃ and 190 ℃ in the isother-
mal crystallization at 90 ℃ show a very different spherulite 

Fig. 5   Effect of melt processing temperature on the a half-time of 
crystallization (t1/2) and b crystallization enthalpy(ΔHc) in the iso-
thermal crystallization of P(3HB-co-4HB) of different 4HB contents

Fig. 6   Optical micrographs of P(3HB-co-4HB) of different 4HB con-
tent in the isothermal crystallization at 90 C for samples processed at 
different temperatures: a PHA2.1; b PHA10
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structure. Nucleation is faster at both temperatures compared 
with PHA2.1, but at 180 ℃ more nuclei are formed and crys-
tal growth is more rapid resulting in impingement of small 
spherulites, while at 190 ℃ the nuclei formed grow slowly 
to result in impingement of larger spherulites. This indi-
cated that 4HB in PHA10 acted as a nuclei but in the case of 
samples processed at 190 ℃ the difference between crystal-
lization temperature and melting temperature increases due 
to the lower temperature at which crystallization can occur 
from the thermal degradation resulting in a significantly 
smaller number of nuclei to slowly form larger spherulites 
compared with sample processed at 180 ℃. This suggests 
that the brittle character of the P(3HB-co-4HB) from the 
interface formed by the spherulites can be minimized by 
processing PHA10 at a lower temperature of 180 ℃.

The isothermal crystallization thermograms at differ-
ent temperatures of P(3HB-co-4HB) processed at 180 ℃ 
and 190 ℃ are shown in Figs. 7 and 8. As seen in Fig. 3, 
the crystallization of samples processed at 180 ℃ occurs 
in the range 90–110 ℃ compared with samples processed 
at 190 ℃ which crystallize in the 40–90 ℃ range. The 
effect of the isothermal crystallization temperature on the 
crystallization behavior is clearly different for the samples 
processed at 180 ℃ and 190 ℃. The crystallization rate 
and crystallinity of samples processed at 180 ℃ decrease 
with an increase in the isothermal crystallization tempera-
ture, while the crystallization rate of samples processed at 
190 ℃ shows a maximum of around 60 ℃ and decreases 
when the isothermal crystallization temperature is lower 
or higher. The increase in irregularity with an increase 
in the 4HB content has an effect only on the crystallin-
ity in the samples processed at 180 ℃ but affects both 
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the crystallization rate and the crystallinity in the samples 
processed at 190 ℃.

The effect of the isothermal crystallization tempera-
ture on the half-time of crystallization and the relative 
crystallinity of the samples processed at 180 ℃ and 190 
℃ are shown in Fig. 9. As can be seen in the figure, a 10 
℃ difference in the processing temperature results in a 
clear difference in the temperatures where crystallization 
is possible. Samples processed at 180 ℃ have a higher 
crystallizable temperature and crystallize more readily 
during the cooling stage compared with those processed 
at 190 ℃. As a result, the effect of thermal degradation 
on the crystallization behavior is minimized for the sam-
ples processed at 180 ℃, while it is greater when thermal 
degradation retards crystallization and the crystallization 
temperature decreases for the samples processed at 190 ℃. 

Evaluating the crystallization rate based on the half-time 
of crystallization suggests that the crystallization rate is 
faster for the samples processed at 180 ℃ compared with 
those processed at 190 ℃ and the crystallinity is highest 
when the isothermal crystallization temperature is 80–90 
℃ and decreases on further increase in temperature, irre-
spective of the processing temperature.

The effect of higher 4HB content on the crystallization 
behavior is manifested as only a slight increase in the crys-
tallization rate but a drastic decrease in the crystallinity for 
the samples processed at 180 ℃. For the samples processed 
at 190 ℃, the crystallization rate increases with 4HB content 
at the lower isothermal crystallization temperatures of 40–60 
℃ but decreases as the temperature is further increased 
showing that the isothermal crystallization temperature has 
a significant effect on the crystallization behavior. Crystal-
linity is not affected by the 4HB content at lower isothermal 
crystallization temperatures, but at higher isothermal crys-
tallization temperatures it is drastically decreased with an 
increase in the 4HB content. From these results, it appears 
that the crystallization behavior of P(3HB-co-4HB) can be 
controlled by a change in the irregularity through the change 
in 4HB content, the isothermal crystallization temperature, 
and the melt processing temperature. To overcome the brittle 
property of P(3HB) both an increase in the crystallization 
rate and a decrease in crystallinity are needed and it appears 
that this may be achieved through processing crystalline 
P(3HB-co-4HB) of high 4HB content at lower processing 
temperatures and solidifying products at higher crystalliza-
tion temperatures.

Figure 10 shows the changes in the melting peaks in DSC 
heating thermograms of P(3HB-co-4HB) samples processed 
at 180 ℃ and 190 ℃ then quenched to the respective iso-
thermal crystallization temperature and crystallized. Exclud-
ing the PHA10 processed at 180 ℃, double melting peaks 
are observed. Two melting peaks appear as a result of both 
the crystallization of the 4HB rich phase with the recrys-
tallization of imperfect crystals by second heating of DSC 
scanning and the crystallization of the 3HB rich phase in 
the random copolymer. The double melting peak appears 
in PHA2.1 regardless of the processing temperature, except 
at the high isothermal crystallization temperature of 110 ℃ 
with processing at 180 ℃. When PHA10 is processed at 
180 ℃, the single melting peak related to imperfect crys-
tals in the 4HB rich phase is obtained. This means that at 
low processing temperature, the crystallization of 4HB rich 
phase is dominated in PHA10. Thus, it is understood that the 
crystallization behavior of PHA10 at 180 °C which many 
nuclei are formed and grow rapidly to end crystallization 
as seen in Fig. 6b is due to the crystallization of 4HB rich 
phase. From this result, it can be seen that crystallization 
behavior is affected by 4HB content, processing temperature, 
isothermal crystallization temperature, recrystallization of 

Fig. 9   Isothermal crystallization of P(3HB-co-4HB): a crystallization 
half-time (t1/2); b crystallization enthalpy(ΔHc)
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imperfect crystals formed in the cooling process, and the 
crystallization of the 3HB rich phase or 4HB rich phase.

The effect of the processing temperature and the isother-
mal crystallization temperature on the melting temperature 
and enthalpy obtained from Fig. 10 is shown in Fig. 11. 
PHA2.1 exhibits high melting temperatures of the double 
melting peaks regardless of the temperature it was pro-
cessed, suggesting that more perfect crystals are formed in 
the 4HB rich and 3HB rich phases compared with PHA10. 
PHA2.1 processed at 180 ℃ isothermally crystallized at rela-
tively high temperatures and does not show much change in 
the double melting peak with isothermal crystallization tem-
perature compared with PHA10. The melting peak related 
to the crystal of 3HB rich phase even disappeared in PHA10 
processed at 180 ℃. This indicates that the crystallization of 
PHA10 processed at 180 ℃ is due to the crystallization at the 

4HB rich phase. On the other hand, when processed at 190 
℃, PHA2.1 shows a decrease in only the melting tempera-
ture of the 4HB rich phase, but in the case of PHA10 the two 
melting temperatures both decrease with a slight increase 
with increasing of isothermal crystallization temperature. 
This suggests that an increase in chain irregularity with an 
increase in 4HB content and the formation of low molecular 
weight chains at higher processing temperatures are factors 
hindering the crystallization of P(3HB-co-4HB) as a result, 
the lowering of the perfectness of crystal formed.

The change in the melting enthalpy is shown in Fig. 11b. 
In the case of PHA2.1, an increase in the isothermal crystal-
lization temperature results in an increase in the imperfect 
crystals in the 4HB rich phase and a decrease in the crystals 
in the 3HB rich phase regardless of the processing tempera-
ture. PHA10 processed at 180 ℃ shows a similar tendency 

Fig. 10   Second heating DSC thermograms of P(3HB-co-4HB) having different 4HB content: a PHA2.1; b PHA10
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of crystal formation although the total melting enthalpy is 
relatively low due to high 4HB content. On the other hand, 
in the case of PHA10 processed at 180 ℃, only imperfect 
crystals in the 4HB rich phase are present, and an increase 
in the isothermal crystallization temperature results in a 
decrease in these imperfect crystals. The melting enthalpy 
of 3HB rich phase decreases while that of the imperfect 
crystals in the 4HB rich phase increases with an increase in 
the isothermal crystallization temperature, suggesting that 
crystals obtained at higher isothermal crystallization tem-
peratures become imperfect. That is, for samples processed 
at 190 ℃, the crystallization rate at low isothermal crystal-
lization temperatures is low but the crystals become more 
perfect. Contrary to this, for the samples processed at 180 
℃, more imperfect crystals in the 4HB rich phase are formed 
irrespective of the 4HB content. From these results, it is 
found that the processing temperature, 4HB content, and iso-
thermal crystallization temperature affect the crystallization 

behavior and also may be a factor in determining the perfect-
ness of the crystals formed.

4 � Conclusions

The formation of low molecular weight P(3HB-co-4HB) 
by thermal degradation during the melt processing affects 
the isothermal crystallization behavior of P(3HB-co-4HB). 
When processed at 180 ℃ closed the melting temperature, 
less thermal degradation occurs, as a result, high crystalliza-
tion rates and crystallinity can be obtained with crystalliza-
tion occurring at 90–110 ℃. When processed at higher tem-
peratures, thermal degradation occurs to decrease the range 
of crystallization to 40–90 ℃, and the crystallization rate 
decreases resulting in low crystallinity. The effect of thermal 
degradation on the isothermal crystallization behavior of 
P(3HB-co-4HB) is greater in the case of copolymers of high 
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Fig. 11   Effect of isothermal crystallization temperature on thermal properties of P(3HB-co-4HB): a melting temperature; b melting enthalpy
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4HB content. The effect of the melt processing temperature 
on the crystallization behavior also affects the perfectness of 
the crystals. It is confirmed that the crystallization behavior 
in melt processing of P(3HB-co-4HB) can be controlled by 
the control of not only the 4HB content but also the melt 
processing temperature.
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