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ABSTRACT: The melting, isothermal and nonisothermal crystallization behaviors of poly(3-hydroxybutyrate) (PHB) have been studied
by means of temperature modulated differential scanning calorimetry (TMDSC) and conventional DSC. Various experimental condi-
tions including isothermal/annealing temperatures (80, 90, 100, 105, 110, 120, 130, and 140°C), cooling rates (2, 5, 10, 20, and 50°C/
min) and heating rates (5, 10, 20, 30, 40, and 50°C/min) have been investigated. The lower endothermic peak (T;,;) representing the
original crystals prior to DSC scan, while the higher one (T;,,) is attributed to the melting of the crystals formed by recrystallization.
Thermomechanical analysis (TMA) was used to evaluate the original melting temperature (Tp,.,) and glass transition temperature
(Ty) as comparison to DSC analysis. The multiple melting phenomenon was ascribed to the melting-recrystallization-remelting mech-
anism of the crystallites with lower thermal stability showing at T;,;. Different models (Avrami, Jeziorny-modified-Avrami, Liu and
Mo, and Ozawa model) were utilized to describe the crystallization kinetics. It was found that Liu and Mo’s analysis and Jeziorny-
modified-Avrami model were successful to explain the nonisothermal crystallization kinetic of PHB. The activation energies were esti-
mated in both isothermal and nonisothermal crystallization process, which were 102 and 116 kJ/mol in respective condition. © 2015
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42412.
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kinetics of the crystallization process.'' To summarize the stud-
ies of crystallization of different polymers in the past, there are
two main conditions: (i) the isothermal crystallization, keeping
the external environments (i.e., cooling/heating rates and ther-
mal gradients) constant and (ii) the nonisothermal crystalliza-
tion as a compensation to (i), considering the changes of

INTRODUCTION

Polyhydroxyalkanoates (PHAs) is a family of renewable bioplas-
tics which are produced by microbial biosynthesis and stored by
bacteria as energy reserves.' Poly(3-hydroxybutyrate) (PHB), the
predominate biopolymer of PHAs, has been studied most exten-
sively and considered as rigid material with thermal properties
close to polypropylene.”” Its biodegradation but low permeabil-
ity for water vapor have great potential in food packaging
industry.* However, its high degree of crystallinity (~60%)
resulting in the formation of large crystal spherulites and the
mechanical properties are poor if the size of these spherulites
exceed a critical level, and therefore PHB is always considered
as brittle thermoplastic.>>® Therefore, improving the thermo-

mechanical Propertles of .PHB and/or its t?lends w1th othe‘r nat- molded PHB products always occurred at temperatures much
ural/synthetic polymers is a popular subject, especially in the

L .. ) . . . lower or higher than its T.. Therefore, to understand the
field of crystallization studies in relation to its semicrystalline L . L .
210 kinetics of isothermal crystallization in a wider temperature

range is necessary to give guidance to process PHB effectively.

external conditions which can reflect industrial processing situa-
tion."" Most studies on PHB just focused on a relatively narrow
range of isothermal temperatures that is close to or just slightly
above its cold crystallization onset temperature (7.) in case
(i).'* However, in the processing of PHB (or its copolymer)
products from melt, such as injection molding and extrusion,
the temperature of the mold is set far lower or higher than the
T.."” In other words, isothermal crystallization of the injection

structure.

The crystallization behavior of a polymer tells whether the poly-
mer crystals can be present under certain external conditions,
while its speed to finish crystallization is determined by the
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In either (i) or (ii) of conditions of different classes of polymers
including PHB, various theories/models have been proposed,
modified and reviewed.'"'* Generally, in these studies the
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samples are quenched below their glass transition temperature
(Ty) from melt then heated to melt the sample again, which is
namely known as cold crystallization process. Nevertheless, in
the industrial scale polymers are usually processed in the molten
state and the properties of polymer are determined by the
resulting crystalline structure of the product from melt, while
the melting behavior is influenced by the crystallization process
history.>® To explain the phenomena models are developed
such as the classic Avrami model to evaluate the kinetics of iso-
thermal crystallization; while the Ozawa analysis model is
widely used for nonisothermal crystallization of polymers but
always failed because it neglects secondary crystallization.'”
Other models have been developed to improve model predict-
ability. For example, Liu and Mo’s model was found to be suc-
cessful to explain the nonisothermal crystallization of the
bioplastic, poly(lactic acid) (PLA)/PHB blends,” while Jeziorny-
modified-Avrami model was applicable to poly(butylene tereph-
thalate) (PBT) and its composite.15 Hence, nonisothermal crys-
tallization behavior of semicrystalline PHB is also expected to
be explained by these models.

Meantime, the subsequent melting behavior after crystallization
can attract more attention in the fields of both academia and
industry. Double or multiple melting endothermic behaviors are
usually found in semicrystalline polymers melts by differential
scanning calorimetry (DSC), which are crystallized isothermally
at selective crystallization temperatures or nonisothermal condi-
tions at various cooling rates.'® However, the documented data
on multiple or double melting behavior of PHB following the
isothermal or nonisothermal crystallization processes is limited.
Temperature modulated DSC (TMDSC) experiments can obtain
more accurate heat capacity measurements and separate ther-
modynamic phenomena (e.g., glass transition, crystallization
and melting behavior) with better resolution and sensitivity."®
This technique was used to examine the crystallization and mul-
tiple melting behavior of PHB by Guanratne et al.'” In their
study, the effects of isothermal crystallization and crystallization
rates on the multiple melting behavior of PHB were deter-
mined, but conducted in a relatively small temperature range
(100-120°C) and the kinetics were not addressed. Whereas
many industrial processes, such as injection molding and extru-
sion, involve isothermal crystallization in the mold or die in
which the temperature was generally set beyond the range stud-
ied for PHB." Isothermal/nonisothermal crystallization proc-
esses were also shown to play a crucial role in the melting
behavior of other semicrystalline polymers, such as poly(buty-
lene succinate) (PBSU) and poly(ethylene succinate) (PES),'®
poly(ethylene terephthalate) (PET) and poly(ethylene 2,6-naph-
thalene dicarboxylate) (PEN)," and isotactic polystyrene
(iPS).?° Various reasons have been attributed to the multiple
melting behavior of semicrystalline polymers, such as the melt-
ing, recrystallization, and remelting (MRR) during DSC heating
scans, resulting in the presence of crystal modifications and dif-
ferent molecular species present in the polymer systems.”' How-
ever, controversies still exist as to the exact origins of the
multiple melting behavior of PHB.

The aim of this study was to investigate the influence of isother-
mal annealing of PHB (over a wide temperature range) on the
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nonisothermal cold crystallization process from melt at different
cooling rates by DSC and TMDSC. Meanwhile, the cold crystal-
lization behavior and the kinetics were studied using different
models including the Liu and Mo’s and Jeziorny-modified-
Avrami models to evaluate the nonisothermal crystallization
kinetics of PHB for the first time. The developed models will
give insight as to the mechanism of the crystallization process
for PHB and its multiple melting behavior, especially the noni-
sothermal crystallization induced multiple melting phenom-
enon. Thermal mechanical analysis (TMA) was employed to
identify the original (or true) melting temperature (7T,e) as a
comparison to the DSC and TMDSC melting transitions.

EXPERIMENTAL

Materials and Sample Preparation

The commercial grade PHB was obtained from Tianan Biopoly-
mer Inc. (Ningbo, China). The PHB was purified to remove any
additives in the commercial preparation before analysis. PHB
powder was dissolved in chloroform, precipitated in cold petro-
leum ether (boiling point range 35-60°C), recovered by filtra-
tion and dried under vacuum for at least one week prior to use
in order to remove any excess moisture/solvent. The weight
average molar mass (M,) =290 kg/mol and polydispersity
(PD) = 2.3 was determined by size exclusion chromatography
(SEC).*

Thermomechanical Analysis

The thermomechanical properties were characterized using Per-
kin Elmer TMA?7 instrument equipped with a penetration probe
(0.01 N applied load). PHB sample was molded into a rectangu-
lar bar using a Dynisco Lab Mixer Extruder. For the thermome-
chanical analysis (TMA) analysis a small piece (in triplicate, 2
X 1 X 1 mm?) was cut from the molded bar and heated from
—50 to 190°C at a rate of 5°C/min. The T, and T,a were
determined from the onset point of softening.

Differential Scanning Calorimetry and Temperature
Modulated DSC

Conventional DSC and TMDSC were performed on PHB (4—
6 mg, in triplicate) using a TA Instruments model Q200 DSC
with refrigerated cooling. All the samples were heated rapidly at
100°C/min to 180°C to remove any thermal history.

For the isothermal crystallization kinetics study, samples were
held isothermally at 180°C for 5 min to allow for complete
melting to occur, followed by rapid cooling (50°C/min) to the
target isothermal crystallization temperature (75, = 80, 90, 100,
105, 110, 115, 120, 130, and 140°C). All samples were held at
Tiso for 1 h after which PHB crystallization was believed to be
complete. The relative degree of crystallinity, X, after time ¢,
was determined according to the equation:

X = J(dH/dt)dt/ J(dH/dt)dt (1)

where the first integral is the heat released after time ¢ and the
second integral is the total heat of the whole crystallization pro-
cess, for t = oo; the activation energy of crystallization, E,, was
calculated as follows:
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V.=Aexp (—Ei/RTis0) 2)

where V is the crystallization rate determined from the slop of
the linear region of X, vs. t plot, A is an arbitrary pre-
exponential factor, R is the gas constant.

In order to investigate the effect of isothermal annealing on the
subsequent melting behavior of PHB, a wider range of isother-
mal annealing temperature (T, = 80, 90, 100, 105, 110, 120, 130
and 140°C) was selected. In this study, PHB melts were rapidly
cooled to T, at —50°C/min and held for 1 h followed by the
heating TMDSC measurements to 200°C, at an average heating
rate of 2°C/min with a period of 60 s and modulation ampli-
tudes of *£0.6°C. The control (unannealed) sample was treated
with a similar procedure in that the polymer melt was cooled to
—50°C and then heated to 200°C directly without being
annealed.

The nonisothermal crystallization test of PHB melts was per-
formed at various cooling rates (¢) of 2, 5, 10, 20, and 50°C/
min, respectively, to —50°C. The T, crystallization peak tem-
perature (7T,) and the temperature at which crystallization was
complete (1.) were determined from the cooling scan. The
effects of nonisothermal crystallization on the melting behavior
of PHB were investigated by reheating the samples from —50 to
200°C at a heating rate of 10°C/min by either the conventional
DSC or TMDSC measurements with an average heating rate of
2°C/min with a period of 60 s and modulation amplitudes of
70.6°C. From the heating scan the T, was determined.

The effect of heating rate (®) on the multiple melting behaviors
was investigated after polymer melts were cooled down to
—50°C rapidly at a cooling rate of 80°C/min and held for 5
min, and then heated to 200°C at ® =5, 10, 20, 30, 40, and
50°C/min. Both conventional DSC and TMDSC data were ana-
lyzed using TA Universal Analysis v4.4A software.

RESULTS AND DISCUSSION

Melting Temperature Obtained by TMA

TMA penetration provides excellent means of assessing T, and
Tmere of material in the compression mode by recording the dis-
placement (%) as function of temperature. Below the T, of
PHB the sample undergoes a slight expansion, while the tem-
perature was above the T, the sample softens and if the temper-
ature was above T, the sample melts and the lightly loaded
probe penetrates the sample and a rapid decrease in the thick-
ness of the sample was observed. The T, and T, of the PHB
were determined to be about 5= 1°C and 167 = 0.5°C, respec-
tively (Figure 1). These values were in close agreement with the
literature.®*

Isothermal Crystallization Behavior and Kinetics

One property of a polymer that will have an impact on process-
ing or end use of the final product is the crystallization behav-
ior of the polymer. The primary method used to understand
the crystallization of polymer is isothermal crystallization, espe-
cially the kinetics involved. Therefore, in this section, the iso-
thermal crystallization kinetics of PHB was studied at selected
temperatures (7Tj,). A conventional DSC was used by following
the classical scans that the polymer was first heated to the
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Figure 1. TMA thermograms of PHB samples. Note: arrows pointed to Ty

and T [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

molten state and then quench-cooled rapidly to the desired Ti,
and held for sufficient time (1 h) for the crystallization process
to be complete and the heat flow signal reaches the baseline.
Figure 2(a) shows the relative crystallization evolution (X s, Vs.
time t) of PHB. The crystallization rate (V,), crystallization half
time (fy—1/2) and activation energy (E,) were determined and
summarized in Table I. When the Ty, was increased from 80 to
140°C, the crystallization rate was reduced significantly, hence
the t.,—1/, was increased and a longer overall time was required
to complete the crystallization process. The activation energy
(Eso) of the isothermally crystallized PHB in this study was 102
kJ/mol. Previous kinetic studies of commercial PHB (Sigma-
Aldrich, US) on the isothermal crystallization at a narrower
temperature range (100-120°C) showed a lower activation
energy of 87.3 kj/mol with M,, =230 kg/mol and PD =2.6.**
The higher M,, (290 kg/mol) in this study suggests longer poly-
mer chains present in the polymer system and the more tangled
up they will get, and hence a lot more energy will be required
to diffuse these long chains into the crystalline lattice during
crystallization process.®

The isothermal crystallization kinetics of PHB and its copoly-
mer (polyhydroxybutyrate-co-hydroxyvalerate, PHBV) in a rela-

tively narrower temperature range have been explained
successfully by Avrami equations:*>**
1—X-iso=exp (—kt") (3)

Equation (3) can be written in double-logarithmic form as:
In[~In (1—Xi—is)]=In k+nln ¢ (4)

where k and n are the Avrami rate constant and Avrami expo-
nent at time f, respectively, which depend on both the nuclea-
tion mechanism and the growth geometry.*>*°

The Avrami plot (In[—In(1 — Xi)] vs. Int) of the data from
Figure 2(a) and Table I is shown in Figure 2(b). The experimen-
tal data fitted very well with the Avrami equation at different
Tiso = 80, 90, 100, 105, and 110°C. However, when the Tj,, was
increased to > 115°C the initial linear relationship was observed

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42412

Applied Polymer L


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
100 0 | : | eaas
m P, A o
GGB) &5 ..t‘“‘( ]
! r. g
80- S & 1
v |'. 1
4
v .|‘
S 60 P § —e—80°C
< ) Y Q9 —0—90°C |
2 [ l g —e—100C
gL 40-|> 4 —4—105°C 7
>< & —A—110°C |
Y8 —¥—115°C
201 & ...c" ——120°C
L —&—130°C |
’ . s ““‘Mct“ d— 140°C
0 il 4 (((
0 5 10 15 20 25 30 35 40 45 50 55 60
(a) Time (min)
26 Y T T T T T T T T
v
13- f—
= b0 |
0
1
et
AN A v
v i
£
= 261 ]
= ® 80°C O 90°C @ 100°C i
39 W 105C A 110°C w 115°C
' & 120°C & 130°C O 140°C ]
T T T T T T T T

— r
-16 -08 0.0 0.8 1.6 24 32 40
(b) Int (min)
Figure 2. (a) Plot of relative crystallinity, X, ;,, (%), as function of time,
t, and (b) Avrami plot of In[—In(1 — X_is,)] versus Int at different isother-
mal temperatures (Tj, = 80, 90, 100, 105, 110, 115, 120, 130, and 140°C)
as determined by conventional DSC.

followed by a slight leveling off. This phenomenon could be
contributed to the secondary crystallization of PHB due to
slow crystallization of the crystal defects, or the spherulite
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impingement in the later stage of the whole crystallization pro-
cess at higher Ti,. From the slope and intercept of each fitted
line from Figure 2(b), the Avrami parameters, the Avrami expo-
nent (n) and overall crystallization rate constant (k), were deter-
mined respectively. In addition, the half time, fayrami.1/2> tO
complete the crystallization process was obtained by the
equation:>"?

Z’Avrami-l/ZZ(ln z/k)l/n (5)

and the overall rate of crystallization was evaluated by k"". These
values are summarized in Table I. The k"' values decreased with
increasing Tj,,, suggesting the whole crystallization process can be
finished in a shorter time period, which was supported by lower
tavrami-1/2 aNd fery-1/2 Values at lower Tig,. The calculated fxyrami-1/2
values were close to the data from f.,.,,>. For example, the t.y.1/,
at T, =80 and 90°C was only seconds, while 40 min was
required to reach 50% crystallization at Tj;, = 140°C. These val-
ues were slightly higher than other studies, which may be attrib-
utable to its higher M,, in this study resulting in the relative lower
crystallization rates. At different Tj,’s the n values varied between
1.8 to 4.8, which could be attributed to the heterogeneous nu-
cleation mechanism and geometry of PHB crystal growth.”*
These studies indicated the isothermal crystallization tempera-
tures in accompanied with the crystallization kinetics strongly
influence the end-use thermomechanical properties (tensile
strength, elongation to break, and transition temperatures) of
pure PHB. It is therefore concluded that the isothermal crystalli-
zation temperatures could greatly determine practical applica-
tions of PHB.

Influence of Isothermal Annealing Temperatures to Melting
Behavior of PHB

Isothermal annealing temperatures have a significant impact on
the melting behavior of PHB. Figure 3 shows the melting curves
of total and reversing heat flow curves by TMDSC for samples
annealed at different temperatures. The annealing time was 1 h.
The results show clearly that the melting behavior was different
for different annealing temperatures at the same fixed annealing
time and identical cooling/heating rate. The melting enthalpy
was higher after annealing as compared with the control sample.
From Figure 3, three endothermic peaks were observed after

annealing (labeled as T, Ty, and T, in the order of

Table I. The Crystallization Rate (V;, Determined from InV; vs. 1/T,), Crystallization Half Time (fy.1/2, Determined from X, vs. ¢ plot), Isothermal

Activation Energy (E,), Crystallization Half Time (fpyrami.1/2> Calculated from Avrami Parameters, n and k), and the Overall Rate of Crystallization, K

Tiso (°C) Ve (min~?) tery-1/2 (min) Eiso (kd/mol) tavrami-1/2 (Min) n kY % 107* (min~1)
80 3.8 <1.0 0.1 2.09 42 177

90 3.3 <1.0 0.2 2.01 39,634

100 0.38 1.2 1.1 1.82 7479

105 0.34 3.6 102 2.2 1.83 3678

110 0.16 6.1 3.7 2.01 2252

115 0.13 10.1 8.7 2.00 956

120 0.10 154 14.4 2.08 583

130 0.05 27.2 28.8 2.22 294

140 0.04 38.8 38.6 4.80 240
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Figure 3. (a) TMDSC total heat flow curves and (b) reversing (Rev.) heat
flow curves of control sample and samples isothermally annealed at differ-

120 140 160

ent temperatures. The curves are shifted vertically for clarity.

temperature from low to high). T,,; and T;,, were easier to be
identified in the reversing heat flow curve [Figure 3(b)] than in
the total heat flow curve [Figure 3(a)]. The annealing peak
(T,p) shifted to higher temperature with increasing T, and the
T,, was always at about 15-20°C above T,. The similar phenom-
enon was observed for isothermally crystallized PET.>”*® They
concluded that the annealing peak was associated with the
fusion of defective secondary lamellae, which melt earlier
because of their lower stability.

The variations of the melting transition (T,,; and T,,,) with T,
are shown in Figure 4. T,; decreased to a minimum value
when T, <100°C; when T, >100°C, with increasing T, the T,
shifts to higher temperatures and finally merges into the highest
endotherm (T,,,). With an increase of T, T,,, remains constant
at ca. 170°C. Tp,; was attributed to the melting of original crys-
tals formed before the DSC scan, and the T, was associated
with the melting of the recrystallized components during heat-
ing scan.” The origin of double melting was probably due to
the MRR mechanism during the TMDSC reheating scan,”
whereas the initial decrease of T,,; could be attributed to the
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Figure 4. Plot of melting temperatures (T,,; and T,,,) versus different T,’s
for PHB. The transition temperatures were determined and averaged from
triplicate TMDSC reversing heat flow curves as shown in Figure 3b with
standard deviation showed as error bars. Extrapolation of T," from the
melting temperature as a function of T,’s of PHB.

thicker crystal lamella formed at lower T, (<100°C) in this
study. These results are in agreement with the isothermally
induced multiple melting behavior of PET.>” When measuring
the crystallinity of a polymer, TMDSC observes the formation
of crystalline structures as soon as the sample starts to melt,
and this phenomenon is known as recrystallization and might
not be detected by conventional DSC.*>*' The recrystallization
process is evaluated by the degree of undercooling, AT = T;,° —
Ty, where the T, is the ideal equilibrium melting temperature
of PHB. According to the method of Hoffman and Weeks,”” the
T,." was obtained by plotting the Ty, versus T, extrapolation of
experimental data (used T, for T, >100°C) to the intersection
of T,, = T, yields T,,° which was estimated to be 177.3°C (Fig-
ure 4). T, was the experimental melting temperature (Ty,; was
used). The AT is interpreted as the driving force of recrystalliza-
tion in semicrystalline polymers.”™*® At higher T, T, was
shown to increase, resulting in a decrease of AT so that less
driving force was available to move PHB toward recrystalliza-
tion. Hence, the double melting peaks started to merge gradu-
ally when T, increased from 100 to 140°C; while two melting
endotherms were clearly observed for T, <100°C. In other
words, at higher T,, the rate at which the equilibrium state is
reached will be faster. Therefore, higher isothermal annealing
temperature will inhibit the recrystallization behavior.

Montserrat and coworkers showed that the total heat flow was a
suitable parameter to be used to calculate the crystallinity for
PET by TMDSC." Hence, the degree of crystallinity (. %) for
PHB in the isothermal crystallization study was calculated using
the equation:**

7.%=AH,,/AHyX100 (6)
where AH,, is the melting enthalpy obtained from the total heat
flow curve [Figure 3(a)] and AH, is melting enthalpy of 100%

crystalline PHB (146 J/g).* The results of 7.% versus different
T.s, as given in Figure 5, indicate (i) when the T, is <100°C
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tion was shown as error bars.

the degree of crystallinity (y. %) of PHB decreases from 63.3%
to 60.5% with an increase of T, from 80 to 100°C; (ii) when
100°C < T, > 120°C, the crystallinity seems to be around 60%; if
(iii) the T, is >120°C the degree of crystallinity decreases signif-
icantly from 59.3 to 45.6% with increasing the respective
annealing temperature from 120 to 140°C. This shows that at
higher T, a greater driving force was required to align polymer
chains and crystallize accordingly. This result would provide a
profound insight into the relationship between thermal history
during processing and the property of end product (especially
the crystallinity and mechanical properties). In other words, in
the manufacturing of PHB products such as injection molding,
different mold temperatures can be selected to tailor the crystal-
linity of the final products, which will affect their corresponding
thermophysical properties accordingly. This further confirmed
that PHB product properties depending on the crystallinity and
crystallization history of polymers, can be affected by annealing
conditions after PHB samples are prepared and prior to be
tested.

Influence of Nonisothermal Crystallization

Figure 6 shows nonisothermal crystallization exothermic DSC
curves versus temperature at various ¢ for PHB from the melt. It
was seen that increasing ¢ resulted in a smaller exothermic peak.
This resulted in less time being available for PHB crystallization
to occur and less perfect crystals tended to develop at higher ¢.
The onset starting temperature of crystallization ( Tj), crystalliza-
tion peak temperature (7T},), the end crystallization temperature
(T:) and the crystallization enthalpy (AH,.) evolved were deter-
mined and the results given in Table II. It was clearly observed
that as the ¢ increased both the T, and T, shifted towards lower
temperature, as expected. For example, T, and T,, decreased from
119 to 94°C and 113.3 to 76.4°C, respectively, when ¢ was
increased from 2 to 50°C/min. A similar phenomenon was
observed for a PHB/PLA/talc composite.>* If the molten PHB
was cooled down at a higher ¢, there was insufficient time to
overcome the nucleation energy barriers and more enthalpy was
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Figure 6. DSC curves showing exothermic curves in nonisothermal crys-
tallization process at various cooling rates (a: 2; b: 5; c¢: 10; d: 20, and e:
50°C/min). The curves are shifted vertically for clarity.

required for PHB chains to align orderly. Hence, the nucleation
was being activated at lower temperature, which resulted in the
delay of initiation of crystallization, lowering of T, and T, values,
and increasing AH. (J/g) accordingly.” Whereas, upon slower
cooling, the polymer chains have sufficient time to take on a
more orderly configuration, hence the crystallization was initiated
at an early stage so that higher Tj, values were observed. This pro-
vided practical guidance to the PHB products industrial melt
processing. For example, in the injection molding processing, if
the molder’s temperature is set to be higher (slower crystallization
rates), longer crystallization time would be required than samples
are molded at lower temperature (faster crystallization rates). The
properties of the final products would vary because coarser crystal
structures with possible defects may form as compared with those
(with finer crystal structures) being cooled at slower rates.

Nonisothermal Crystallization Kinetics Analysis by Different
Models

Previous nonisothermal crystallization kinetic studies of PHB
were focused on a relatively narrow cooling rate range or used
limited models.”® Therefore, this study used a wider range of
cooling rates and developed models based on Liu and Mo’s
analysis and Jeziorny-modified-Avrami models to investigate
PHB. In order to obtain more systematic kinetic information,

Table II. Values of the Heat Evolved During Nonisothermal Crystallization
(AH,, J/g), the Tp, T, T, and the Half-Time of the Crystallization (tyoniso-1/2)
for PHB Determined from Figure 7(a), and Z. Values Obtained by
the Jeziorny-Modified-Avrami Analysis

Xt-noniso AE oniso-Kinsinger  AEnoniso-Friedman
(%) F(T) a (kJ/mol) (kJ/mol)

20 1001 150 1156 96.1

40 13.02 1.55 97.6

60 14.44 1.57 98.3

80 18.92 1.59 100.8

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42412


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
100 -
804
£ 60
o
1]
c
g 404 —a&— 2°C/min
>E:' —e—5°C/min
—&— 10°C/min
20+ —y— 20°C/min
—— 50°C/min
0+ ——
(a) 0 10 12 14

* ™
* f' AA.‘ .-.

0- *
2
44
2°C/min
] 5°C/min
-6 1 10°C/min
] L 4

20°C/min
-8 ’ 5

50°C/min
(b) -1 0 1
Int (min)

In[-In(1-X¢_honiso)]

¢4 Ppeon

N4
w
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crystallization at different cooling rates (labeled in plot).

the raw data such as those shown in Figure 7 was presented as
the relative crystallinity (X noniso) @s @ function of temperature
as follows:’

T Tso
X noniso = [(dHC/dT)dT/ J (dH./dT)dT 7
i"0 To

where T, and T are the initial crystallization temperature and
an arbitrary temperature, respectively. T, was the end crystalli-
zation temperature and dH./dT was the heat flow rate. Once
this relation was constructed the conversion from raw data into
the Xi_noniso as function of time, t, was obtained by transform-
ing the temperature scale into a time scale according to:

t=(To—T)/(¢) (8)
where T is the temperature at time #, Ty is the temperature at
which crystallization begins (= 0).

Figure 7(a) shows the plots of relative degree of crystallinity
(Xt-noniso %) as function of crystallization time at various ¢.
From this plot the half-time of crystallization, toniso-1/2> Was
obtained (Table II). It was clearly shown that by increasing ¢,
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fhoniso-172 values were reduced. For example, at ¢ = 50°C/min,
fhoniso-1/2 Was only 1 min, suggesting that such a high ¢ can
encourage the crystallization to occur faster. This implies the
use of “nucleation agent” could be avoided if PHB is processed
under higher cooling rates, because the crystals formed at earlier
crystallization stage could play a role of “crystal seeding”. This
can be applied to explain the flash t.;/, at Tj;, = 80 and 90°C.

As mentioned above, the Avrami equation was applied to
explain the isothermally induced crystallization, whereas during
the nonisothermal crystallization process the parameters k and
n will depend upon both the rates of nucleation and crystal
growth process.>*® This was further confirmed by the straight
line obtained from the plot of In[—In(1-X noniso)] Versus Int at
the early stage of crystallization followed by a large deviation
[Figure 7(b)]. Jeziorny modified this model to describe the non-
isothermal crystallization process with changing ¢. Most
recently Deshmukh and his coworkers successfully used this
model to investigate the nonisothermal crystallization kinetics
of PBT (based composites).'” Hence, semicrystalline PHB was
expected to be explained by Jeziorny-modified-Avrami model.
To consider the effect of ¢ on the rate constant, k was corrected
by assuming a constant, Z., and then the modified form of the
parameter to characterize the kinetics of nonisothermal crystalli-
zation was established:"

InZ.=Ink/(¢) 9)
where Z_ is the Jeziorny constant.

From Table II, Z. values reflecting the crystallization rate were
increased with increasing ¢. The crystallization rate depends on
the rates of nucleation and nuclei growth.” Higher ¢ induces a
higher extent of undercooling, resulting in an increase of nuclea-
tion density, and hence the crystallization rate will be increased
accordingly. Thus, the Avrami model did not describe the kinetics
of nonisothermal crystallization observed. However, the Jeziorny-
modified-Avrami theory was able to describe successfully the
kinetic behavior of nonisothermal crystallization of PHB.

By simple modification, Ozawa extended the Avrami equation
to describe the nonisothermal crystallization kinetics.*’ Based
on his assumption, the nonisothermal crystallization process
was to be comprised of infinitesimally small isothermal crystalli-
zation steps at a conditional temperature (T) and expressed as:

17thfnoniso\T: exp[fK(T)/((ﬁ)m] (10)

and this equation can be rearranged to be in double-
logarithmic form:

ln[_ln(lfxtfnonisoﬂ)] =In [K( T)] 7mln(¢) ( 1 1)
where K(7) is the cooling function and m is the Ozawa exponent
depending on the crystal growth. If the Ozawa model is valid, the
explanation of the nonisothermal crystallization of PHB in this study
would give a straight line for the plot of In[-In(1 — X_noniso|7)] Versus
In(¢p), from which the K(T) and m can be obtained. The Ozawa plot
based on eq. (11) at specific temperatures of PHB is shown in Figure
8. The Ozawa plots clearly shows deviation from linearity and m
varies at various ¢, suggesting the Ozawa analysis was not successful
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thermal crystallization of PHB.

in explaining the nonisothermal crystallization kinetics of PHB. This
may be ascribed to either a change in crystallization mechanism or
secondary crystallization which has been ignored in Ozawa’s

model."”

To further explain the nonisothermal crystallization kinetics of
PHB, a new model was proposed by Liu and Mo which com-
bined the Avrami and Ozawa’s equations as follows:'*

In¢p=InF(T)—alnt (12)

where F(T)=[K(T)/k)"'™ is the ¢ that needs to reach a
defined degree of crystallinity at a unit of crystallization time, o
is the ratio between the Avrami exponent, #n, and the Ozawa
exponent, m, namely n/m. By plotting In¢ versus Int at selected
relative degree of crystallinity (Xi_noniso)> the F(T) and o can be
obtained from the intercept and slope of the fitted straight line,
respectively. These values are listed in Table III. It can be seen
that PHB exhibits a linear relationship between In¢ and Int at
given X, noniso Values of 20, 40, 60, and 80%, and o values varies
from 1.50 to 1.59. The variation in o was small, indicating that
the Liu and Mo’s model was appropriate to describe the noniso-
thermal crystallization kinetics of PHB. The value of F(T)
increased with an increase of X noniso» Suggesting that at a unit
crystallization time a higher degree of crystallinity will be
achieved with a higher ¢. Similar findings were reported for
polylactic acid/PHB blends,” polybutyleneterphalate,'” and poly-
propylene.*®  This consistent with the Jeziorny-
modified-Avrami analysis. It can be concluded that the Liu and
Mo’s analysis is a suitable model to explain the nonisothermal
crystallization behavior of PHB in this study. As a result, the
nonisothermal crystallization kinetics studies implied the degree
of crystallinity of PHB final products could be monitored by
the nonisothermal conditions (cooling rates). This also
explained why nucleation agents are commonly added to facili-
tate the crystallization process of PHB based copolymers, PHBV.

result is

Activation Energy in Nonisothermal Crystallization Process
To evaluate the activation energy involved during the noniso-
thermal crystallization process with different ¢, the Kissinger’s
method was primarily used:’
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d [ln (qﬁ/T;)] /d(1/T,) = Constant —AEoniso—Kinsinger/ RTp
(13)

where R is the universal gas constant and AEqpiso-Kinsinger 1S the
activation energy of crystallization. From the plot of In(¢/ sz)
versus 1/T, [Figure 9(a)], the AE, niso-Kinsinger Was determined
from slope of the fitted straight line as 115.6 kJ/mol (Table III).
This value was slightly higher than the result of 92.6 kJ/mol
reported by An et al,’ which might be caused by differences of
M,, and molecular weight distribution.

Recently, the differential isoconversional method of Friedman
and the advanced integral isoconversional method of Vyazovkin
were found to be more appropriate than the Kissinger’s
method.”” In this study, the method of Friedman was used to
validate the activation energy of the nonisothermal crystalliza-
tion process.

The Friedman equation is expressed as follows:>’

ln[dXt—noniso/dt]X, i: constant _AEnoniso—Friedman/RTX, i

where dX, noniso/dt is the instantaneous crystallization rate as a
function of time at a given conversion X ,oniso- The dXi noniso/
dt was obtained by integrating the X oniso With respect to
the time that needed to reach to a relative degree of crytallinity
(X¢ noniso)- By selecting an appropriate X noniso (i.€., from 2 to
98%) the values of dXiponiso/dt at a specific X poniso are
correlated to the corresponding crystallization temperature at
this X noniso> that is, Tx ;.

The Friedman plot of In[dX noniso/dt] versus 1/Tx; for PHB at
different relative crystallinities (X noniso = 20, 40, 60, and 80%)
is shown in Figure 9(b). The AE, oniso-Friedman Values determined
from the straight lines (R*=0.99) at selected X, noniso are shown
in Table III. It can be seen that AE oniso-Friedman ranges from
96.1 to 100.8 kJ/mol. This is slightly lower than the activation
energy obtained from Kinsinger’s model.

Crystallization activation energy was a good indicator for the
crystallization ability of polymers, hence the higher AE, 50 val-
ues reveal that it was more difficult for PHB to transport poly-
mer chains segments to grow on the surfaces of previously
formed crystals. However, apart from the higher activation
energy obtained, the other kinetics parameters such as foniso-1/2
and Z. clearly showed that the higher ¢ could enhance the PHB
crystallization rate. By comparing the activation energy between
different polymers (e.g., PHB and PHBV), the flexibility of these
materials can be predicted. If the work of chain-folding is less,
then the material would be more suitable as packaging because
of higher flexibility.

Effect of Cooling Rate on the Melting Behavior

Semicrystalline polymers are usually processed nonisothermally
from melt; hence it was important to investigate the subsequent
melting behavior of PHB after it had finished nonisothermal
crystallization at different ¢. The DSC curves of the melting
behavior of PHB are shown in Figure 10. After the nonisother-
mal crystallization process from melt at different ¢, ranging
from 2 to 50°C/min, the conventional DSC heating scans were
recorded at @ of 10°C/min [Figure 10(a)]. If the ¢ was set at

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42412
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Table III. Nonisothermal Crystallization Kinetic Parameters at Different Degree of Relative Crystallinity (X noniso) Determined from Liu and Mo’s Analy-

sis and Activation Energy Values Based on Kinsinger’s (Eponiso-Kinsinger) and Friedman (Eyoniso-Friedman) Models

Cooling rate (°C/min) To (°C) T, (C) Te (°C) troniso-1/2 (Min) AH. (J/g) Ze

2 119.1 NSRS 107.2 7.4 86.4 0.7424
5 114.3 106.8 99.4 3.0 84.2 0.7803
10 109.3 100.4 92.9 2.5 779 0.7943
20 103.1 92.2 78.3 1.4 72.4 0.8122
50 94.1 76.4 52.7 1.0 59.9 0.8831

2°C/min, only one broad melting peak was observed. Whereas
by increasing the ¢ to 5°C/min or higher, two endothermic
peaks (labeled as T;,; and T,,, in the order of low to high tem-
perature) started showing up and the higher endotherm (T;,,)
was more clearly to be seen at higher ¢ (10 to 50°C/min). The
Ty values shifted from 165.0 to 161.5°C when ¢ was increased
from 5 to 50°C/min, while T,,, was not changed and located at
170°C that is close to the T obtained by TMA. The similar
multiple melting behavior was also observed in other noniso-
thermally crystallized semicrystalline polymers from melt, such
as PBSU and PES which was regarded as the evidence for the
melting-recrystallization mechanism.'® The effect of ¢ on the
degree of crystallinity (X,oniso-mer) of PHB was determined
according to eq. (6) from the melting enthalpies of the endo-
thermic curves [Figure 10(a)]. The X oniso-mere Values were 54,
56, 58, 60, and 63%, respectively, when ¢ =2, 5, 10, 20, and
50°C/min. This confirmed that the higher ¢ results in more
crystalline PHB, which agrees with the kinetic study by Liu and
Mo’s model.

Although the MRR was assumed to occur during DSC heating
scans, the exothermic peak was hard to detect by conventional
DSC due to superposition of the recrystallization and the melt-
ing endotherms.”’ Therefore, TMDSC was used to prove the
melting-recrystallization behavior during the heating scan;
meantime, the T, (~5°C) was obtained from the heating scans.
Figure 10(b) shows an example of TMDSC melting scans of

4

-5

-6-

2
In($/T7)

na

255 260 2.65 270 2.75 2.80 2.85 2.90

(a) (T pix1073 (k1)

PHB following the nonisothermally crystallization at ¢ = 10°C/
min. The total heat flow (T) curve was separated into the non-
reversing (Non-Rev) and reversing (Rev) curves. Unlike the con-
ventional DSC traces shown in Figure 10(a) where no recrystal-
lization exotherm was seen at a heating rate of 10°C/min, one
crystallization exotherm [Figure 10(b), labeled as Exo] was
observed by TMDSC between the two endothermic peaks in the
Rev curve because the time was long enough for crystallites
involved in low melting endotherm with low thermal stability
to experience the melting and recrystallization at a heating rate
of 2°C/min. The higher endotherm was the dominant peak
which was in accordance with conventional DSC and similar
finding was observed in literature.”*" All these results con-
firmed the assumption that the multiple melting behavior
observed in the nonisothermally crystallized PHB was ascribed
to the MRR mechanism of crystallites of the low melting endo-
therm with low thermal stability. This finding was in good
agreement with studies on different polymers.'®

Effects of Heating Rate on the Melting Behavior of PHB
Studied by DSC

From the literature, the MRR model is often used to explain
the multiple melting behavior depending on the heating scan
rates.’® In this study, heating scans as function of different ®
were recorded after PHB samples were quenched to —50°C, and
then heated to 200°C using conventional DSC [Figure 11(a)]. It
can be seen that two melting endotherms appear when @ was

6

R®=0.99, X, = 20%

In[dX/dt (min™)]

2 R*=0.99, X =40%
A R®=0.99, X, =60%
14 v R’=0099, X =80%
255 260 265 270 275 280
(b) (1Ty px103 (K1)

Figure 9. (a) Kissinger’s (In(¢/ TPZ) vs. 1/T,) and (b) Friedman (In(dXyoniso/d?) versus 1/Ty; at different degree of crystallinity) plot for nonisothermal

crystallization of PHB.
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Figure 10. (a) Conventional DSC and (b) TMDSC curves of the melting
behavior of PHB after nonisothermal crystallization.

<30°C/min, and when the ® was increased > 40°C/min, the two
melting endotherms merged into one broad peak. The peak val-
ues of these two endotherms (labeled as T,,; and T, in the
order of temperature from low to high) and their corresponding
enthalpies associated were determined and plotted in Figure
11(b). With an increase in @ the T;,; shifted slightly from 164
to 164.5°C, while T,,, was decreased slightly from 172 to 168°C,
and the magnitude of Tj,; was increased as indicated by the
increase of AH,,;. Whereas, AH,,,, was shown to decrease signif-
icantly as @ increased from 5 to 30°C. At higher ®, recrystalli-
zation was limited by less time available to align chains and
form new crystals, consequently the amount and perfection of
the reorganized crystals will be reduced, resulting in a slight
decrease of T,,.>° This further confirms the assumption that
the MRR model can explain the multiple/double melting behav-
ior of PHB. In other words, the slightly lowered T.,; (higher
cooling rates) and Ty, (higher heating rates) suggest a decrease
in processing temperature can be achieved. This means thermal
degradation during melting processing can be avoided to some
extent.
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Tm2) and their corresponding enthalpies (AH,,; and AH,,,) for PHB per-
formed at different heating rates (®).

CONCLUSIONS

The annealing-temperature-dependent multiple melting and
recrystallization behavior of PHB was studied by conventional
DSC and TMDSC. It was found that PHB showed multiple
melting peaks, annealing peak (T,,) and two melting peaks
(T and Ty,,), after being annealed at different temperatures
(T,) and same time. The T;,; was not influenced by T,, but the
To was associated with T,. The degree of crystallinity (y.%)
was shown to depend on annealing temperature. When T, was
<100°C and >120°C the % decreased with increasing T, but
only showed a slight change when 100°C < T, <120°C. It could
be expected that lower annealing temperature will result in
higher crystallinity end products and more amorphous PHB
will be obtained if higher annealing temperature will be applied
in the PHB manufacturing procedure. The higher isothermal
annealing temperature will inhibit the recrystallization behavior,
resulting in a single melting endotherm. It was concluded that
T, = 100°C was a suitable isothermal T, for PHB. Wider isother-
mal temperature range (Tj, =80 to 140°C) was selected to
investigate the isothermal crystallization kinetics of PHB.
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Nonisothermal crystallization studies showed dual melting peaks
at high cooling rates (¢) ~10°C/min. The Jeziorny-modified-
Avrami method and Liu-Mo’s analysis were successful in
describing the nonisothermal crystallization kinetics of PHB,
while the Ozawa model was not. The multiple melting behaviors
were also heating-rate-dependent and at a high heating rate (®,
40°C/min) the multiple melting peaks merged into one. The
higher endothermic peak (7.,,) was not affected by ¢ and T,
decreased slightly with increasing ®. T;,,; was considered to be
related to the original crystals before analysis while the T;,, was
ascribed to the recrystallization of crystals with lower thermal
stability showing an endotherm at T.,;. In brief, the higher
melting peak induced by either isothermally or nonisothermally
was mainly ascribed to melting-recrystallization-remelting
mechanism (MRR) during DSC heating scans, and the TMDSC
technique allows the observation of the recrystallization present
in the heating process more clearly. The activation energies were
estimated in isothermal and nonisothermal crystallization pro-
cess to be 102 and 116 kJ/mol, respectively. This study has pro-
vided insight into the thermal history and property (especially
the crystallinity involved in the isothermal/nonisothermal pro-
cess) relationship, giving theoretical guidance to the PHB indus-
trial processing (e.g., injection molding and extrusion) and
product applications.
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