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ABSTRACT: With increasing environmental awareness,
evaluating the potential of biopolymers as a substitute for
traditional materials has been of great interest. Crystalliza-
tion kinetics provides fundamental knowledge required
for evaluation, playing vital role in determining the final
properties of the product. In this study, the isothermal
and nonisothermal crystallization kinetics of poly(e-capro-
lactone) (PCL) were investigated with the help of various
models. The Avrami model best described the isothermal
crystallization ~ kinetics, suggesting three-dimensional

spherulitic growth, which was in agreement with the mor-
phology studies; whereas the Liu model fit well under noni-
sothermal crystallization conditions. The failure of the
Kissinger model to determine the activation energy was
overcome with the Friedman model. The kinetic crystalliz-
ability determined by the Ziabacki model indicated a higher
crystallization ability of PCL at lower cooling rates. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 124: 1333-1343, 2012

Key words: biopolymers; crystallization; morphology

INTRODUCTION

The crystallization process significantly influences
polymer properties through the crystal structure and
morphology established during the phase transition
from the viscous molten state to the semicrystalline
solid state. In the conventional melt processing of
polymers, the crystallization behavior and kinetics
provide insight into the underlying molecular proc-
esses and the resulting morphology. Crystallization
from the melt proceeds at a finite rate under none-
quilibrium conditions after a process of nucleation
and crystal growth until a pseudo-equilibrium of
crystallinity is achieved.' In practical processing,
crystallization usually proceeds under isothermal
and nonisothermal conditions. Therefore, kinetic
crystallization treatments can be used to elucidate
the mechanism of nucleation and growth in poly-
meric crystals, which is, without doubt, of great the-
oretical interest. Isothermal crystallization measure-
ments are usually used to study the crystallization
behavior of polymers because their theoretical analy-
sis is relatively easy.” The treatment of nonisother-
mal crystallization data, in which the samples are
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observed at a constant cooling rate (%), is theoreti-
cally more complicated,® although very important,
because this type of crystallization approaches more
closely the industrial conditions of polymer process-
ing. To control the rate of crystallization (t1,,) and
the degree of crystallinity and obtain materials with
better physical properties, a great deal of effort has
been devoted to studying crystallization kinetics
with the help of various mathematical models and
determining the change in material properties.*

The crystallization behavior*® and kinetics of
polymeric materials have been reviewed previ-
ously.6*8 In particular, the isothermal and noniso-
thermal crystallization kinetics of commodity and
engineering polymers, such as isotactic polypropyl-
ene,”"? filled polypropylenes,'™'* poly(ethylene ter-
ephthalate),™'® poly(trimethylene terephthalate),'”"'®
poly(butylenes terephthalate),'” nylon,*>** and pol-
y(sulﬁdes),B*25 have been investigated in detail, and
to much lesser extent, those of biopolymers, such as
poly(lactic  acid)**** and  poly(e-caprolactone)
(PCL),*>* have been studied, although they have
found wide commercial importance.

Biodegradable PCL is an aliphatic polyester with
semicrystalline characteristics. PCL can be degraded
by hydrolysis of its ester linkages alone in the poly-
mer chains in physiological conditions and has, there-
fore, found a wide range of possible applications,
such as biodegradable packaging materials, implant-
able biomaterials, and microparticles for drug
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delivery. Many researchers have attempted to study
the crystallization behavior of PCL; however, to our
knowledge, in almost all of the reported literature,
studies on the crystallization kinetics and morphology
of pure unblended PCL exists only as a part of copoly-
mers,** % blends,***° and composites.%_49 Moreover,
the research has mostly been aimed at evaluating the
isothermal crystallization kinetics and growth rate
phenomena. In this study, an effort was made to
extend the crystallization kinetics study to nonisother-
mal conditions also, as common industrial processes
usually occur under these realistic circumstances, and
to validate the findings over a wide range of mathe-
matical models, as this may provide insight into
understanding the isothermal and nonisothermal
crystallization kinetics of PCL. On the basis of the
results obtained, a comparative analysis between dif-
ferent models was also performed.

EXPERIMENTAL
Specimens

The PCL used in this study was supplied by Solvay
Caprolactones Ltd, Warrington, United Kingdom
and had a melt flow index value of 40 g/10 min, a
weight-average molecular weight (M) of 43,000, a
number-average molecular weight (M,) of 28,000,
and a polydispersity of 1.52 as, determined by high-
performance liquid chromatography with polysty-
rene as a calibration standard. The samples were
dried in an air-circulating oven at 40°C for 6 h
before use to remove any residual moisture within
the sample. To prepare films for further characteri-
zation, a solvent casting method was used. The ma-
terial was allowed to dissolve in tetrahydrofuran sol-
vent for 3 h with continuous stirring. The solution
was then transferred to the vacuum oven maintained
at 35°C and kept there for 24 h.

Thermal analysis

The isothermal and nonisothermal crystallization
kinetics were studied with a TA Q100 differential
scanning calorimeter in a dry nitrogen atmosphere.
The apparatus was calibrated with indium stand-
ards. The weight of the sample was kept constant at
8 mg for all measurements. For isothermal investiga-
tion, the samples were initially heated at 10°C/min
from —20 to 90°C and held there for 5 min to elimi-
nate any previous thermal history. Then, the sam-
ples were cooled at 65°C/min to a range of crystalli-
zation temperatures (T.’s), 38, 40, 42, 44, and 46°C,
where they were kept for 60 min to promote isother-
mal crystallization, and the curves for heat flow as a
function of time were recorded for each isothermal
T.. The nonisothermal crystallization was set to
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study the formation of crystallites in PCL, depend-
ing on different A’s. The samples were heated to 90
and 30°C above the melting temperature (T,) of
PCL, at 5, 10, 15, 20, 25, and 30°C/min and held
there for 5 min to eliminate residual crystals in the
melt. The melt was then cooled to —20°C, and the
exothermic curves of heat flow as a function of both
the time and temperature were recorded for each A.
Although Pijpers et al.”’ suggested the use of high-
speed, high-performance DSC for the study of the
kinetics and metastability of macromolecular sys-
tems, it is appreciable for very high heating rates
and A’s. Because the heating and cooling scans used
in this study fell well within the efficiency of the
instrument and also as the mass compensation was
done, the data obtained could be useful in determin-
ing the crystallization kinetics both isothermally and
nonisothermally.

Structural analysis

Optical microscopy was performed with an Olympus
polarizing optical microscope equipped with a cross-
polar and a Mettler hot stage. The sample thickness
for the observation was about 2 pm. The crystallization
process was examined with the following temperature
sequence. The polymer was heated on a hot stage to
90°C, which was 30°C above the melting point of PCL.
It was then kept for 15 min to eliminate any previous
thermal history, and then, it was allowed to cool grad-
ually up to room temperature. The spherulitic mor-
phology was monitored between the crossed polarizer
and recorded at appropriate time intervals by a digital
camera mounted on the microscope. The crystal
growth was observed at the proposed T.’s of 44, 46,
and 48°C, where it was kept for 1 h.

RESULTS AND DISCUSSION
Isothermal crystallization

The isothermal crystallization behavior of PCL was
determined from the plot of the relative degree of
crystallinity [X(f)] versus time (minutes), as shown
in Figure 1. This curve shifted to the right with
increasing T, this suggested that with the increase
in T.'s, the temperature gradient decreased markedly
to the point where sample could not undergo
quenching. However, as T. was decreased and the
sample reached the desired temperature, the onset
time of crystallization decreased accordingly. The
sample was effectively quenched when cooled; thus,
crystallization occurred rapidly over a much shorter
timescale. The crystallization exotherm also became
much sharper as T. was decreased because of the
increased 11,5, a consequence of the larger tempera-
ture gradient between T,, and T..



CRYSTALLIZATION KINETICS OF PCL

1
0.9
0.8
0.7
0.6
=
= 0.5 1
04 1
0.3 1
—t—38°C
0.2 1 ——40°C
——42°C
0.1 1 ——44C
—n—“"c
0
0 5 10 15 20 25

Time(min)
Figure 1 X(t) versus time for isothermal crystallization.
Avrami model for isothermal crystallization

The crystallization process itself is strongly tempera-
ture dependent and is usually treated as a composite
of two stages: primary and secondary crystallization.
With the assumption that X(¢) increases with an
increase in crystallization time (f), the Avrami’'™
equation could be used to analyze the isothermal
crystallization process of PCL as a function of ¢, as

described in eq. (1):
X(t) =1—exp(—Kt") (1)

where X(t) is the relative degree of crystallinity
obtained with the least squares method, which inte-
grates each of the crystallization curves at a set inter-
val of time, between the onset and offset times; K is
the reaction rate parameter; and n is the Avrami
exponent, which determines the crystal geometry
and nucleation type. A double-logarithmic plot of
logf{In[1 — X(t)]} versus log t was produced to obtain
n (from the slope) and K (from the intercept), as
shown in Figure 2. The Avrami plot shows mostly

0.5
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Figure 2 Avrami plots for isothermal crystallization.
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Figure 3 Superposition of the experimental and calcu-
lated amounts of uncrystallized material as a function of
time for PCL at 38°C.

linear characteristics, justifying that the Avrami
equation best described the isothermal crystallization
kinetics of PCL. All lines were almost straight and
parallel to each other, shifting to a higher time with
increasing temperature. However, this linear charac-
teristic subsequently tended to level off, creating a
possibility for the existence of a secondary crystalli-
zation stage if the entire crystallization range is con-
sidered. So the fit to eq. (1) was performed in the
range 1-80% (i.e., in the entire primary crystalliza-
tion range), where correlation coefficients of 0.9999
were obtained. Also, to avoid any error while esti-
mating various parameters, we prepared plots that
compared the experimental and calculated curves of
the unconverted PCL fraction to evaluate the quality
of the fit, as depicted in Figure 3. The values of n
and K determined from the slope and intercept of
the initial linear portion of the plots in Figure 2 are
listed in Table I. n was in the range from 2.6 to 3.4;
this indicated a three-dimensional heterogeneous
nucleation with a spherical crystal geometry, which
was in good agreement with the values of 2.5-3.5
reported by Goulet and Prud’homme® for tempera-
tures ranging from 40 to 49°C for M,, = 48,000 and
the n values of 2.2-2.8 published by Priftis et al.”
for M,, = 29,000 in a temperature range of 42-48°C.
Skoglund and Fransson found an n value of 3 for
M, = 55,000 at 47°C, whereas Balsamo et al.”’
reported n values between 3 and 3.7 in a 35-48°C
temperature range for a similar molecular weight
PCL. The Avrami index for the PCL homopolymer
was confirmed as 3 by Muller et al.”®

Table I also lists other important parameters for
this analysis, including the half-time of crystalliza-
tion (t1,2), which is defined as the time taken from
the onset of crystallization until 50% completion,
which was determined from Figure 1.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Isothermal Parameters for PCL Determined from the DSC Curve

Temperature (OC) t1/2(experimental) (mln) tl/Z(calculated) (mln) T1/2 (minil) frmax (mln) n l/Tc 1/nInK K (minﬂl)
38 1.50 1.52 0.65 1.46 2.67 0.026 —0.25 0.225
40 2.12 2.06 0.48 2.01 2.79  0.025 —-0.14 0.0911
42 3.61 3.56 0.28 3.44 273 0.023 —0.09 0.0216
44 7.90 791 0.12 7.95 340 0.022 —0.03 0.0006
46 10.9 10.75 0.09 10.41 273 0.021 —0.05 0.0001

The relationship between the K and t; /, is as follows:

@)

The dependence of t;,, obtained experimentally
and that calculated with eq. (2) with T, is shown in
Figure 4, and as is the case for all polymeric materi-
als, t,, increased with increasing T. for a relatively
lower degree of supercooling.

Usually, 11/, is described as the reciprocal of t;,5;
these values were used to calculate the time required
for the maximum crystallization rate (f,,) because this
time corresponded to the point where the rate of change
of heat flow with time was equal to zero, as given by

n—1\1/n
toos = (o)

®)

The values of t,,,, determined are listed in Table I.

As seen from Table I, with increase in T, the
Avrami rate constant (Z;) decreased; this was evi-
dent from the literature published.”® This suggests
that at low T.’s, the high degree of undercooling
overcame the energy barrier quickly and easily con-
tributed toward less time and faster crystallization.

Activation energy for crystallization

If the crystallization process is assumed to be ther-
mally activated, K can be approximately described

25
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E
~
g
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0 »
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Figure 4 Plot of t;,, versus T..
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by an Arrhenius-type equation as reported by Cebe
and Hong:*

K/ :koexp—( AE)

RT. @)
where kj is the pre-exponential factor or simply the
prefactor. The units of the pre-exponential factor are
identical to those of the rate constant and will vary
depending on the order of the reaction; R is the uni-
versal gas constant; the Kissinger activation energy
(AE) can be determined by the slope of a plot of 1/
n(In K) versus 1/T, and the value of AE for PCL was
found to be —223.7 kJ/mol. As the polymer had to
release energy while transforming from the melt to
the crystalline state, the value of AE was negative.
Also, as the activation energy for crystallization is
very temperature dependent, extrapolation above
the measured boundaries was not possible. Chen
and Wu®' reported a somewhat higher activation
energy value of —333.8 kJ/mol for PCL with an M,
of 42,000; this may have been due to the difference
in M,,.

Nonisothermal crystallization

From the DSC curves of samples crystallized from the
melt state at a given A, some useful parameters can be
obtained to describe the nonisothermal crystallization.
These parameters include the peak T, which is the
temperature at which the value of the heat flow is
maximum; the temperature at the intercept of the tan-
gents at the baseline and the high-temperature side of
the exotherm (T,on); and the end temperature of crys-
tallization (T of). All of these parameters were deter-
mined from the typical DSC curves of heat flow as a
function of the temperature at various A’s, as shown
in Figure 5, and the results are depicted in Table IL
When A was increased, this caused T.on, Teofr, and
T. to shift to lower temperatures. Conversely, this
caused the time taken to reach onset, peak, and off-
set T,'s to decrease. This implied that lower the A
was, the earlier crystallization started. From the DSC
cooling cycle, information on the values of the rela-
tive crystallinity as a function of both temperature
and time were determined. The percentage crystal-
linity of the sample [X(T)] was calculated by the
integration of the crystallization exotherms with the
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Figure 5 Schematic representation of all of the parame-
ters of crystallization during the nonisothermal crystalliza-
tion process.

least squares method at specific intervals of tempera-
ture. X(T) was then obtained with the quotient of
the total number of squares under the curve and the
number of squares between T.,, and the specified
temperature for that A. Therefore, a range of values
of X(T) between T,,, and T, for each A was con-
verted to X(t) (see Fig. 6). A similar plot was found
when a graph of X(T) versus temperature was pro-
duced and is shown in Figure 7, and for both Fig-
ures 6 and 7, a series of S-shaped curves were
obtained. In the primary crystallization region, that
is, below X(T) = 0.8, 11,2 was high, as shown by the
steepness of the gradient of the curve in this region.
Above X(T) = 0.8, 11, then slowed, and the curve
reached a plateau, with the curves finally having a
distinctive sigmoidal (S) shape. At higher L’s, the
transition between the primary and secondary crys-
tallization regions was less pronounced; however, it
was clear that there was a change in the crystalliza-
tion rate. This change in rate was attributed to
spherulite impingement, as previously described by
Wunderlich! and Poisson.® They reported the pri-
mary growth stage to continue unrestricted until a
point where the individual crystals begin to touch
and, therefore, restrict their rate of growth.
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Figure 6 Change of X(t) as a function of time.

To more accurately describe the mechanism of the
stages of crystallization experienced by PCL, a num-
ber of models have been developed to describe the
nonisothermal crystallization kinetics of polymers.
Their applicability to the PCL used in this study was
investigated with models such as the Jeziorny-modi-
fied Avrami, Ozawa, Liu, AE, Friedman, and Zia-
bicki models.

Jeziorny-modified Avrami model

The analysis of the time-dependent relative crystal-
linity function, X(t), for nonisothermal crystallization
was carried out with the modified Avrami equation,
which can be written as follows:

X(t) =1—exp(—2Zit") (5)
where 1 is a mechanism constant that depends on the
type of nucleation and growth process and Z, is the
Avrami rate constant, involving nucleation and growth
parameters. Because the process is nonisothermal, Jez-
iorny®® suggested that Z, should be corrected for the
influence of A of the polymer. When X is assumed to be
constant or approximately constant, the final form of
the parameter characterizing the kinetics of nonisother-
mal crystallization is given as follows:

TABLE II
Nonisothermal Parameters for PCL Determined from the DSC Curve
A (OC/min) Tcon (OC) Tcoff (OC) Tcmax (OC) tor\ (mln) toff (mln) tmax (mln) Xc (D/O) AHC (rnW)
2 40 29.03 38.02 82 93 86.97 50.25 68.34
5 38.18 29.93 34.7 36 44 39.13 44 .88 61.04
10 37.14 20.23 30.75 21 25 23 41.66 55.65
15 38.23 18.57 28.89 16 18.7 17.48 46.62 63.4
20 38.45 12.23 25.85 13.5 15 14.47 45.27 61.57
25 41.1 8.48 25.49 12 14 13.06 46.15 62.77
30 43.45 4.03 24.22 11 13 11.94 50.95 69.3

Temax, peak crystallization temperature; t.,, onset time; f.g, offset time; X, percent crystallinity; and AH,, entalpy of

crystallization.

Journal of Applied Polymer Science DOI 10.1002/app
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ant

InZ. = (6)

where Z, is the rate parameter with respect to cool-
ing rate.

If the double-logarithmic plot of eq. (5) adequately
describes the nonisothermal crystallization behavior
of a polymer, the plot of log{—In[1 — X(#)]} versus
log t would be straight lines, and one should be able
to obtain the values of n and Z; from the slopes and
intercepts, respectively. The Jeziorny-modified
Avrami plot for PCL is shown in Figure 8. From this
figure, it was evident that the linearity of the plots
was poor; this indicated the existence of a two-stage
crystallization process for PCL, and the crystalliza-
tion process could be divided into primary and sec-
ondary stages. The values of n, Z;,, and Z. for both
stages are listed in Table III. At the primary stage of
crystallization, n; decreased from 4.7 to 2.5 with
increasing A; this closely resembled the findings of
Wu and Chen,63 with n values between 4.3 and 3.5,
and Wu et al.,** who suggested average 1 value of 4
for pure PCL. This trend showed that more crystal
perfection was achieved at lower A values because
low Vs provide more fluidity, more diffusivity, and,
especially, more time at high temperatures for per-
fect crystallization. n corresponding to the primary
stage of crystallization was essentially greater than
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Figure 8 Avrami plot for PCL.

2, which revealed that the PCL polymer chains were
apt to take three-dimensional crystallization growth
with heterogeneous athermal nucleation. In com-
mon, at the secondary stage, the form of spherulites
growth transformed into the lower dimensional
space extension, and the corresponding n, values
ranged from 1.4 to 2.6. This was attributed to the
effect of slower crystallization or the further perfec-
tion of crystal caused by spherulitic impingement or
to the reorganization of initially poorly crystallized
macromolecules or small and metastable crystals.

Ozawa model

Generally, the Ozawa theory® has been used to
describe the nonisothermal crystallization kinetics of
polymers and is based on Avrami theory. Ozawa
modified the Avrami equation for nonisothermal
treatment, assuming that the polymer melt was
cooled at a constant rate. According to Ozawa
theory, the degree of conversion or X(T) at tempera-
ture T could be calculated as follows:

1-X(T)=exp {_ig)] (7)

where m is the Ozawa exponent, which depends on
the dimension of crystal growth, and k is the cooling

TABLE III
Avrami Parameters for the Crystallization of PCL
A (°C/min) t1/2 (min) 1 1y Zn Za Zp Zeo
2 22 473 1.49 0.01 0.006 0.39 0.197
5 1.2 3.66 1.51 0.34 0.068 0.97 0.195
10 1.0 3.48 2.77 0.67 0.067 0.78 0.078
15 0.87 3.19 2.28 1.11 0.074 1.06 0.070
20 0.85 3.17 2.37 1.11 0.055 1.04 0.052
25 0.83 3.10 2.44 1.32 0.053 1.26 0.050
30 0.70 2.53 2.64 1.78 0.059 2.07 0.069

Journal of Applied Polymer Science DOI 10.1002/app
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crystallization function, which is related to overall
crystallization rate and indicates how fast crystalliza-
tion occurs.

Equation (7) can be written as

In{—In[1 — X(T)]} = Ink(T) —mInk (8)

From the plots of In}—In[1 — X(T)]} against In A,
the kinetic parameters k(T) and m should be obtain-
able from the intercepts and slopes of the lines,
respectively. A graph for Ozawa theory was con-
structed from the data points taken at different tem-
peratures in the range 22-34°C during the crystalli-
zation process and is shown in Figure 9. The Ozawa
plot shows nonlinearity over the entire temperature
range considered and indicates a failure to provide
an adequate description of the crystallization of
PCL. This was also confirmed from the values of
regression coefficients, which were below 0.9. In
Ozawa analysis, comparison is to be carried out on
the experimental data representing widely varying
physical states of the system66; however, these differ-
ences have not been taken into account in the model.
Thus, if the A’s vary in the range and if a large
amount of crystallization occurs as a result of sec-
ondary processes, the Ozawa model would not be
adequate in describing the nonisothermal crystalliza-
tion behavior because Ozawa assumed a negligible
effect of secondary crystallization. Because we
observed a breakdown of the Ozawa model, we did
not further analyze the data in the context of this
model to extract m or the crystallization rate
parameter.

Liu model

From the previous analysis, it was evident that the
modified Avrami and Ozawa approaches did not
consider the importance of secondary crystallization

1339

and so less satisfactorily described the behavior of
PCL. So, attempts were made to modify and com-
bine these two basic approaches to study the noniso-
thermal crystallization behavior of polymers. In one
such attempt, Liu et al.*” suggested a convenient
procedure for characterizing nonisothermal crystalli-
zation kinetics by combining the Avrami and Ozawa
equations on the basis of the assumption that the
degree of crystallinity is corrected to A and ¢ (or tem-
perature T). Therefore, their relationship for noniso-
thermal crystallization could be derived by the com-
bination of egs. (9) and (10) as follows:

InK+nlnt=Ink(T) —mInk )
InL=InF(T) —bint (10)
) 1/m

where the parameter F(T) = T} refers to the
necessary value of A to reach a defined degree of
crystallinity at unit t+ and b is the ratio between n
and m, that is, b = n/m. Nonisothermal crystalliza-
tion is difficult to describe with a single equation
because there are a lot of parameters that have to be
taken into account simultaneously. The importance
of this method is that it correlates A with the temper-
ature, time, and morphology. From eq. (10), it fol-
lows that at a given degree of crystallinity (here for
10, 20, 30, 40, 50, 60, 70, 80, and 90%), a plot of In A
against In ¢ was obtained, which is shown in Figure
10. The values of b and F(T) for a certain value of
X(t) were determined from the slope and intercept
of the best fit trend line drawn through the data
points for each A at the assigned value of X(t). The
data for Liu’s analysis is shown in Table IV. It was
evident from Figure 10 and Table IV that there was
good agreement between the Liu analysis and the
experimental data for PCL, as the values of the coef-
ficient of determination for trend lines (R?) were in
excess of 0.95 for each plot at the assigned value of
X(t). In agreement with that reported by Liu, the val-
ues of F(T) systematically increased with rising

4
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Figure 10 Combined Avrami/Ozawa plots for PCL.
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TABLE IV
Values of b and F(T) as a Function of X(#)

X(t) (%) b In F(T) F(T) R?
10 1.983 1.352 3.866 0.9503
20 2117 1.733 5.657 0.9661
30 2.196 2.016 7.509 0.9633
40 2.116 2.163 8.698 0.9537
50 2.447 2.433 11.400 0.9777
60 2.482 2.625 13.805 0.9562
70 2.467 2.824 16.855 0.9586
80 2.546 3.111 22.452 0.9652
90 2.523 3.440 31.202 0.9514

relative crystallinity; this indicated that at a unit ¢, a
higher A should be used to obtain a higher degree of
crystallinity. Liu, Mo, et al.*®® stated that the values
of b remained almost constant, independent of the
value of X(t). However, the values listed in Table IV
showed a small increasing trend as the value of X(t)
increased. This change in the exponent b was deter-
mined by the time taken for crystallization to reach
completion. In Figure 10, it can be seen that the
slower A’s resulted in a longer time over which crys-
tallization occurred; conversely, increasing A reduced
the time of crystallization.

AE

Accounting for the influence of various A’s in the
nonisothermal ~crystallization process, Kissinger®
reported that the activation energy could be deter-
mined on the basis of the following equation:

ki = Aexp L;ﬂ (1)

where A is the pre-exponential factor or simply the
prefactor.

As the temperature changes, so does 1,5, the
maximum value of the reaction rate during crystalli-
zation occurs at T,, and the derivative at that point
with respect to time is zero. Kissinger, therefore,
determined the activation energy (AE) with the fol-
lowing equation:

—E E dT
which can be rewritten as
d ln(l)

)T
AE/R was determined from the slope of the best fit

trend line of A/ Tg versus 1/T, plot. As the polymer
has to release energy while transforming from the
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melt to the crystalline state, the value of AE is nega-
tive on the basis of the concept of heat quantity in
physical chemistry. The individual values of 1/T, de-
pendent on A were found to show good agreement in
this study. AE for the nonisothermal crystallization of
PCL was found to be 148.9 kJ/mol, which satisfacto-
rily agreed with the literature.®® It is noted that the
AE obtained from the nonisothermal crystallization
was smaller than those obtained from the isothermal
crystallization (333.8 kJ/mol). This indicated that the
dominant factor of crystalline formation in PCL was
changed from the crystal growth mechanism of iso-
thermal crystallization into the nucleation mechanism
of nonisothermal crystallization.

Friedman analysis

Because the Kissinger’s procedure to obtain AE was
formulated for only heating experiments (i.e., positive
values of 1), the differential isoconversional methods
of Friedman’ were the most appropriate for the
investigation of the effective activation energy.

The Friedman equation is expressed as follows:

dX AE,
In(—| = B — 14
n ( o > y Constant RT,, (14)

where dX/dt is the instantaneous crystallization rate
as a function of temperature at a given conversion
(X). According to this method, the X(t) function
obtained from the integration of the experimentally
measured crystallization rates is initially differenti-
ated with respect to time to obtain the instantaneous
crystallization rate (4X/dt). Furthermore, by select-
ing appropriate degrees of crystallinity (i.e., from 5
to 95%), the values of dX/dt at a specific X were cor-
related to the corresponding T. at this X, that is, T,.
Then, when the left-hand side of eq. (14) is plotted
against 1/T,, a straight line must be obtained with
the slope equal to AEx/R; the respective data is
given in Table V. As the isoconversional method
accounts for the temperature program in its most

TABLE V
Data Determined from the Friedman Analysis
Temperature Activation
Crystallinity (%) range (K) R? energy (kJ/mol)

5 307-312 0.9 1128.54
10 307-312 0.93 996.34
20 304-312 0.93 737.78
30 301-311 091 536.50
40 300-311 0.93 496.01
50 297-312 0.95 381.36
60 295-311 0.94 394.66
70 293-311 0.95 392.58
80 290-310 0.93 356.08
90 287-309 0.96 457.76
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Figure 11 Plot of X(t) versus crystallization activity energy.

general mathematical form, T,, and imposes no limi-
tations; so it can be used for heating as well as for
cooling. Apart from this, it also permits the estima-
tion of effective activation energies for a complex
process whose temperature dependence of the over-
all rate cannot be described by a single Arrhenius
equation over a wide temperature range. The evalu-
ation of the effective activation energy as a function
of the extent of X has the additional benefit of
detecting changes in the process mechanism that are
likely to occur in such a complex process as polymer
crystallization. Figure 11 shows that the crystalliza-
tion activation energy takes large values at a lower
extent of X, which corresponds to the melting point;
then becomes stable; and then increases again. This
shows that with the start of the crystallization pro-
cess, to achieve the slightest X initially, a higher
amount of energy is required for the transport of
molecular segments to the crystallization surface.

Ziabicki analysis

Ziabicki’'”? developed a theory based on the
assumption that crystallization can be presented by
means of the equation for first-order kinetics, where
the crystallization rate constant [K(T)] is only tem-
perature-dependent.

ax
= = 1= XIK(T) (15)

The change of K(T) as a function of temperature is
illustrated by a curve resembling a Gaussian curve.
Here, for a given 2, the changes in K(T) as a function
of the temperature can be described by a Gaussian
function of the following form:

K(T) ~ Kunax exp{f4ln2[(T — TmaX)Z/DZ]} (16)

where K. is the maximum value of the rate corre-
sponding to Tiax, D is the half-width of the crystalli-

1341

zation curve, and Tpay is the temperature at which
the crystallization rate is at a maximum. With the
isokinetic approximation integration method over a
crystallization range of temperatures (T, < T < T),)
for a given X, the equation enables one to calculate
the characteristic quantity understood as the kinetic
crystallizability (G):

Tiax
G= / K(T)dT = (n/In2)"*KnaxD/2  (17)

8

where G is the parameter characterizing the kinetics
of the nonisothermal crystallization process and rep-
resents the degree of crystallinity transformation
when the polymer is cooled at a unit arbitrary cool-
ing rate (¢) from T, to T,. In the case of a noniso-
thermal crystallization process where A is changing,
K(T) is replaced with a derivation function of the rel-
ative crystallinity, (dX/dt)¢, which is specific for
each A. Therefore, the equation is replaced by

Tma)(
dX I 1/2 dX D(p

Gr)e = 02 Gplomar (18)

Tg

where (dX/dt)ymax is the maximum crystallization
rate and D, is the half-width of the derivative rela-
tive crystallinity as a function of dX/dt. G, is the ki-
netic crystallizability at ¢, which again can be
normal for ¢ by the division of Gy by ¢:

— G‘P
¢ dT/dt

(19)

where G, represents the ability of a semicrystalline
polymer to crystallize when it is cooled from the
melt (T,,) to a glassy state (T,) at ¢. The calculation
of the G4 parameter was made possible by knowl-
edge of the values of (dX/dt)ymax and Dy, appearing
in eq. (19). Dy could be easily determined from the
crystallization thermogram. The (dX/dt)ymax value
corresponding to Ty at which the crystallization
rate is at a maximum, could be calculated, and these

TABLE VI
Values of the Parameters Obtained from the Ziabacki
Analysis
A (CC/min)  Tpax (K)  (dX/dt) ¢ max Dy Go G,
2 3114 0.33 3.11 2.18 1.09
5 308.2 0.20 4.49 1.91 0.38
10 304.4 0.17 8.87 3.21 0.32
15 303 0.085 12.44 2.25 0.15
20 300 0.064 16.39 2.23 0.11
25 299.8 0.053 18.52 2.09 0.08
30 298.4 0.048 20.11 2.05 0.06

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12 Optical micrographs between crossed polars for (a—c) gradual evolution of the spherulites with respect to time
and T, = (d) 44, (e) 46, and (f) 48°C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

values were then used to calculate G.. The parame-
ters characterizing G are listed in Table VI as
follows.

It is evident from Table VI that Dy showed an
increasing trend with increasing A; this suggested a
broader crystal size distribution at higher Ws.
Although the Gy values dud not show any specific
variation with respect to A, when normalized for the
effect of A to obtain G, the kinetic crystallizability at
¢ suggested that G, was a decreasing function of A.
The physical meaning of G is to characterize the
ability of polymers in crystallizing when cooled
from T,, toward the glass-transition temperature at
¢. With higher G, values, the polymer crystallized
more readily; this indicated that at lower A’s, the
crystallization ability of PCL was greater.

Morphology

As mentioned previously, morphology during iso-
thermal crystallization was studied with a polarizing
microscope and is shown in Figure 12. Figure 12(a-
c) shows the gradual evolution of spherulites with
respect to time, and Figure 12(d—f) shows spherulites
formed during isothermal crystallization at proposed
temperatures of 44, 46, and48°C.

It was observed from Figure 12 that when the
melt was allowed to cool gradually to room temper-
ature, initially, a large number of small nuclei
appeared, increasing the crystalline density, which
hindered the further growth of the crystals. How-
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ever, when the crystallization was carried out iso-
thermally at the proposed temperature, the evolution
of crystals took place to a larger extent. With the
increase in temperature, the thermal gradient
decreased; this resulted in a large crystal size as
seen in Figure 12(d-f).

CONCLUSIONS

A through investigation into the crystallization
kinetics of PCL revealed that the Avrami model best
described the isothermal crystallization kinetics and
an indicative of existence of a secondary crystalliza-
tion stage. n was in the range 2.5-3; this suggested a
three-dimensional heterogeneous nucleation with a
spherical crystal geometry. The decreased crystalli-
zation rate with increasing isothermal temperature
was a result of an increase in the total f.

During nonisothermal crystallization, n; varied
from 2.53-4.73 at the primary stage; this indicated
that the mode of spherulitic nucleation and growth
was more complicated than the isothermal process.
However, because of the reduced crystallization rate
during secondary crystallization, the spherulites
grew in a lower dimensional space extension.
Although the Ozawa model singly failed to describe
the nonisothermal crystallization process, the com-
bined Avrami and Ozawa equation modeled the
process successfully. The lowering of the activation
energy for the nonisothermal process (148.9 kJ/mol)
as compared to the isothermal process (223.7 kJ/
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mol) may have been due to a change in the mecha-
nism. The Friedman model overcame the drawback
of the Kissinger model for evaluating the activity
energy and showed that with the onset of crystalli-
zation, a higher amount of energy was required to
achieve the slightest X. The crystallization ability of
PCL was greater at lower A, as observed from the
Ziabicki model data.
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