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ABSTRACT: The approach to determine crystallization ki-
netic parameters based on the DSC nonisothermal crystalliza-
tion experiments is applied to poly(butylene terephthalate)
(PBT) and poly(ethylene-2,6-naphthalate) (PEN). The differ-
ential form of the Nakamura equation and master curve
approach are used. The isothermal induction times are ob-
tained from nonisothermal induction times according to the
concept of induction time index. The correction of temperature
lag between the DSC furnace and the sample is incorporated.
The corrected nonisothermal crystallization kinetic data is

shifted with respect to an arbitrarily chosen reference tempera-
ture to obtain the master curve. By fitting the obtained master
curve with the Hoffman-Lauritzen equation, the model
parameters for the crystallization rate constant are obtained.
The relative crystallinity measured at different cooling and
heating rates is described by these model parameters. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 102: 2847-2855, 2006
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INTRODUCTION

In various polymer processing operations, different
degrees of crystallization occur in different positions
of the part as a result of the nonuniform temperature
distribution created by the rapid cooling and the
heat of crystallization. The mechanical properties of
the product are influenced by the developed micro-
structure, which is determined by the extent of crys-
tallization. Therefore, it is very important to take into
account the crystallization kinetics in the process
modeling of crystallizing polymers.

For isothermal crystallization, the overall crystalli-
zation kinetics has been widely described by the
Avrami-Kolmogoroff equation.'” For nonisother-
mal crystallization, a number of mathematical models
have been proposed based on this equation. Ozawa®
has developed an equation to analyze nonisothermal
crystallization by introducing a cooling rate term into
the kinetic equation. However, the Ozawa equation is
not suitable in process modeling because a constant
cooling rate is assumed. Nakamura et al.*® have
extended the Avrami equation to describe noniso-
thermal crystallization kinetics, customarily called
the ““Nakamura model,” on the basis of isokinetic
assumptions that the number of activated nuclei is in-
dependent of temperature and that the nucleation rate
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and the growth rates follows the same time depend-
ence. Schneider et al.® proposed differential first-order
rate equations for describing the nonisothermal crys-
tallization kinetics by combining the work of Avrami.'
Chan and Isayev’ considered the problems and diffi-
culties involved in the prediction of nonisothermal
crystallization kinetics based on the isothermal data
alone. The differential form of the Nakamura equation
and the rate of crystallization as a function of tempera-
ture in Hoffman-Lauritzen equation® were used. They
showed good agreement between the nonisothermal
crystallinity results obtained from DSC experiments
and the predicted data. Chan et al.” tried to obtain the
model parameters of crystallization kinetics based on
the nonisothermal experimental data using a shift fac-
tor. The kinetic data was corrected for the effects of
temperature lag between the DSC sample and furnace
using the Eder and Janeschitz-Kriegl approach'®!
that was based on experimental data alone without
resorting to any kinetic model.

Several studies of the crystallization kinetics have
been done for various polyesters, including poly-
ethylene terephthalate (PET),””'*'* polybutylene ter-
ephthalate (PBT),'* and polyethylene-2,6-naphthalate
(PEN).">"7 Most of these studies were developed
based on the modification of the Avrami equation.
Chan et al.”” proposed a method to obtain the noniso-
thermal crystallization kinetic parameters based on the
isothermal” and nonisothermal” experiments for PET.
Zhang and Cao'?® derived a kinetic equation for noniso-
thermal crystallization by extending the Avrami equa-
tion. A few studies have been carried out on isother-
mal'*'*!” and nonisothermal® crystallization kinetics



2848

for PBT and PEN. Bian et al.'* investigated the isothermal
crystallization kinetics of PET, PBT, and various copoly-
mers and determined the crystallization rate constant
and the Avrami exponents. Lee and Cakmak'® used the
models proposed by Ozawa and Nakamura to describe
the nonisothermal crystallization kinetics of PEN. All
these studies were carried out without a correction
for temperature lag and in a narrow range of tem-
peratures being insufficient for use in simulation of
polymer processing.

To simulate the polymer processing of semicrystal-
line polymers, such as extrusion and injection mold-
ing, the crystallization kinetic data is required to
determine the developed crystallinity and thickness
of the flow-induced crystallized layer. In the present
study, parameters of crystallization kinetic model for
two polyesters, PBT and PEN, over a wide range of
temperatures, are determined based on the noniso-
thermal DSC experiments corrected for temperature
lag and compared with earlier data obtained on
PET.”” The nonisothermal crystallization kinetic data
obtained by DSC experiments are shifted to obtain a
master curve for crystallization kinetics. By fitting the
master curve, the model parameters for the crystalli-
zation rate constant are obtained and are suitable for
the modeling of injection moldin§ with flow-induced
crystallization proposed earlier.”® Here, Nakamura
equation with the Hoffman-Lauritzen equation is
used to calculate the crystallinity developed during
cooling or heating experiments and compared with
the measured data for PBT and PEN samples. The
kinetic data obtained here will be used for sim-
ulation of injection molding of polyesters in the later
publication.

THEORETICAL
Nonisothermal crystallization kinetics

Nakamura et al.*® extended the Avrami-Kormogor-
off equation to describe nonisothermal crystallization
kinetics. In the differential form, this equation is

D KA - 01— 0" ()
where 0 is the relative degree of crystallinity; n, the
Avrami exponent. The quiescent nonisothermal crys-
tallization rate constant, K(T) is described by the
Hoffman-Lauritzen equation® as

K(T) = (In2)V/" [1]
0
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where T is the equilibrium melting temperature; f
is the correction factor for the reduction in the latent
heat of fusion as the temperature is decreased; R, the
universal gas constant; U*, the activation energy for
segmental jump of polymer molecules, assigned a uni-
versal value of 6284 J/mol; t;,,, the half-time of crys-
tallization; K}, the nucleation exponent.

The original Nakamura equation makes no allow-
ance for the induction time for nucleation. Following
the approach of Sifleet et al.,'* nonisothermal induc-
tion times can be obtained from isothermal induction

time as
- gt
t= — =1 (3)
/o ti(T)

where t(T) is the isothermal induction time as a
function of temperature. When the value of the
dimensionless induction time index, t, reaches unity,
the upper limit of integration is taken as the noniso-
thermal induction time, ¢;.

For cold crystallization, t; is assumed to follow an
Arrhenius-type temperature dependence as

ti =t exp [%] 4)

where t. and T, are material constants independent
of the temperature T.

For melt crystallization, an expression for 20 is
used

L ©)

where t,, and a are material constants independent
of the temperature T.

Master curve approach to crystallization kinetics

A master curve approach to determine crystallization
kinetics described earlier” was used to determine the
crystallization rate constant from the nonisothermal
DSC experimental data. From the heat of fusion of
DSC, plots of the relative crystallinity, 6, and rate of
crystallization, 4%, versus temperature at different
cooling rates can be obtained as shown schematically
in Figure 1. The shift factor at a constant degree of

crystallinity, 0;, is expressed as

(d0/dt);  K(Ty)f (8) K(Ty) .
(d0/dt),; — K(T,)f(0;) K(Ty) ar(Ti)  (6)

where ar(T;) is the shift factor at temperature T
with respect to the reference temperature, T,; for the
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Figure 1 Schematic plots of evolution of degree of crys-

tallinity (a) and the rate of crystallization (b) at different
cooling rates.

ith cooling rate and the jth degree of crystallinity. By
shifting the function, ar(T;), in the vertical direction
with respect to the constant reference crystallinity,
0,, the shift factor function is then

ar(T) = )

By fitting the master curve of eq. (7) with eq. (2), the
material constants, Ky and (t1,2)o will be determined.
Also, the Avrami constant, 1, can be calculated from
plotting the relative crystallinity with respect to the
time. Therefore, the crystallization kinetics can be

expressed by egs. (1) and (2) using calculated con-
stants.

Temperature lag between DSC sample
and furnace

Because of the heat transfer barriers between the
DSC furnace and the pan, and between the pan and
the sample, there is a temperature lag between the
furnace and the sample in nonisothermal experi-
ments. The temperature measured by DSC is not the
sample temperature, but the furnace temperature.
Therefore, an equation for estimating the tempera-
ture lag between the sample and the furnace in non-
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isothermal experiments proposed by Wu et al.*! was
used as

de

— (msCs + m,Cy,) d—T +msAHp X n

— —hA(T —Ty) (8)

where m and C are the mass and specific heat, where
subscripts s and o denote the sample and aluminum
pen, respectively; T and Ty are the temperature of
sample and furnace, respectively; h is the heat trans-
fer coefficient between the pan (containing the sam-
ple) and the furnace; and A is the area of the heat
transfer surface. Product of hA can be obtained by
indium calibration of DSC.

A criterion for the applicability of eq. (8) can be
obtained by defining a modified Nusselt number:

. hL

Nu " )
where L and ky, are the thickness and heat conductivity
of the sample, respectively. Equation (8) can be used to
determine the temperature lag between the sample and
the furnace if the modified Nusselt number is less than
unity."” The calculated Nusselt number for PBT and
PEN samples, as shown below, were 0.31 and 0.43, res-
pectively. Since the Nusselt number is less than 1, eq.
(8) can be applied for the temperature lag calculations.

EXPERIMENTAL

Two polyesters, polybutylene terephthalate (PBT) and
polyethylene-2,6-naphthalate (PEN), were used. PBT,
Ultradur KR 4036-Q692, was provided by BASF AG
(Wyandotte, MI), and PEN, VFR-40046PEN, was sup-
plied by Shell Chemical Company (Houston, Texas).
Some fundamental properties of these samples are listed
in Table .

TA DSC, DSC-Q100, was used to perform the noniso-
thermal crystallization experiments. The calibration
was done by using indium, sealed in aluminum pans.
The indium sample was heated from 25 to 180°C at the
rate of 20°C/min. For cooling experiments, each sample
prepared from pellets was heated from room tempera-
ture to around 30°C above the melting temperature and
annealed for 10 min to remove the previous thermal
history. Then, the sample was cooled down at various
cooling rates, 2.5, 5, 10, 20, and 40°C/min for PBT and
1.25, 2.5, 5, 10, and 15°C/min for PEN by using the

TABLE I
Fundamental Properties of Materials
PBT PEN
IV (dL/g) 1.24 0.64
T, (°C) 55%2 110%
AH,, (K] /mol) 32.0% 25.0%
Th(°C) 245% 337%
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Figure 2 Heat flow curves of the nonisothermal crystalli-
zation of PBT at various cooling rates.

liquid nitrogen. Also, the heating experiments for PEN
samples were done at various heating rates, 1.25,2.5, 5,
and 10°C/min. Similar heating and cooling experi-
ments were done to get the baseline by using empty
pans in both reference and sample compartments of
DSC. The baseline was subtracted from the experimen-
tal heat flow curve at the same cooling rate.
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Figure 3 Heat flow curves of the nonisothermal crystalli-
zation of PEN at various cooling (a) and heating (b) rates.
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Figure 4 Total heat release of the nonisothermal crystalli-
zation of PBT and PET” at various cooling rates, and PEN
at various cooling and heating rates.

RESULTS AND DISCUSSION
Heat flow curves

Figures 2 and 3(a) show the typical heat flow (normal-
ized to the weight of the samples) curves of the non-
isothermal crystallization of PBT and PEN at various
cooling rates, respectively. Figure 3(b) illustrates the
heat flow curve of the nonisothermal crystallization of
PEN at various heating rates. As results, Figure 4
shows the total heat release of the nonisothermal crys-
tallization of PBT (cooling), PET (cooling),” and PEN
(cooling and heating). Ultimate crystallinity, X.,, was
calculated based on AH in Figure 4 and values of
AH?Y , heat of fusion of a perfect crystal, given in Table
I for PBT and PEN. Generally, as the cooling rate
increases, the peak and starting temperatures for crys-
tallization decrease [Figs. 2 and 3(a)]. Results are typi-
cal of nonisothermal crystallization®* and were also

In(dH/dt) (mW)

-4 T T T T T
158 160 162 164 166 168 170

Furnace Temperature (°C)

Figure 5 Evaluation of heat transfer coefficient between
the aluminum and furnace from the high temperature
decay side of the heat flow curve.
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TABLE II
Material Properties for Temperature Lag Correction
PBT PEN Aluminum

Quantity samples samples pan
m (mg) 5.2 4.6 56.8
A (m?) 28.26 x 107° 28.26 x 107° 28.26 x 107°
L (m) 1.965 x 104 1.965 x 104 -
C(Ukg'K™ 214 x 10°% 217 x 10*% 8.97 x 10%28
ki 0 s 'm 1KY 1.750 x 107'% 2300 x 1071%° 237 x 10?28
hA (J/K) 8.45 x 1072 8.45 x 1072 -
Nu* 0.31 0.43 -

obtained for PET* and PP,* respectively. This is due
to the degree of supercooling, which is the driving
force for crystallization.”* At higher cooling rates, the
degree of supercooling is higher, which allows the
polymer chains less time to crystallize. Because of
the greater amount of time at the slower cooling rate,
the polymer chains have a greater chance to transform
to higher degrees of crystallinity. As shown in Figure 4,
the total heat release of PBT and PET does not depend
on the cooling rate, whereas that of PEN decreases
when the cooling (or heating) rate increases, espe-
cially at the cooling rate of 15°C/min. This finding
can be explained as follows. PET and PBT crystallize
faster than PEN. Thus, at the cooling rates used in the
present study, the heat release of PET and PBT is not
a function of cooling rate. However, because of the
bulkiness of polymer chains of PEN, its crystallization
process is very slow. In particular, if time for crystalli-
zation is not sufficient, as typically occurs at high heat-
ing or cooling rate, complete crystallization of PEN is
not possible. Therefore, its crystallinity, instead of
increasing, is reduced. Furthermore, at very high heat-
ing or cooling rate, the condition could be attained
such that PEN would not crystallize at all and would
rather vitrify into the amorphous state. This explains
reduction of the heat release of PEN at a cooling rate
of 15°C/min as shown in Figures 3(a) and 4.

Temperature lag correction

The DSC heat flow curve of the indium calibration
was obtained. Indium calibration is used not only to
calibrate the heat flow but also to obtain the overall
heat transfer coefficient between the DSC furnace and
the pan for the temperature lag correction. The overall
heat transfer coefficient obtained from the slope of the
plot of In4 as a function of furnace temperature is —
0.48591 ] K ' s~ as shown in Figure 5. The necessary
data for calculation of the overall heat transfer coeffi-
cient is listed in Table II. The temperature lag between
the sample and the furnace for PBT and PEN during
cooling experiments is given in Figures 6 and 7(a),
respectively. The temperature lag for PEN during
heating experiments is given in Figure 7(b). It is seen

from these figures that a faster cooling or heating rate
will give a larger temperature lag.

Induction time from nonisothermal experiments

Figures 8 and 9 show the measured and calculated
nonisothermal induction times at different cooling
and heating rates, respectively. The nonisothermal
induction time is calculated according to the concept
of induction time index in eq. (3). Corresponding ex-
perimental data was obtained from nonisothermal
DSC experiments. The material constants are t,, = 9.46
x 10" s and a = 9.333 for melt crystallization of PBT,
t. =450 x 107 ¥ s and T, = 1.245 x 10* K for cold
crystallization of PEN, and t,, = 5.59 x 10* s and a
= 5.336 for melt crystallization of PEN. From Figures
8 and 9, it can be seen that eq. (3) fits the nonisother-
mal induction times quite well.

Master curve approach for nonisothermal
crystallization

Figures 10 and 11 show the relative crystallinity, 6, as
a function of the sample temperature for PBT and
PEN, respectively, after the temperature lag correction

PBT ——— -2.5°C/min
-5°C/min

-10°C/min
-20°C/min
-40°C/min

T-T, (°C)
H

T T T T T T
130 140 150 160 170 180 190 200
T, (°C)

Figure 6 Temperature lag correction between the sample
temperature (T) and DSC furnace temperature (T for PBT
in cooling experiments.
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Figure 7 Temperature lag correction between the sample
temperature (T) and DSC furnace temperature (Ty) for PEN
in cooling (a) and heating (b) experiments.

at different cooling rates. In addition, Figure 12 illus-
trates the relative crystallinity, 0, at different heating
rates for PEN corrected for the temperature lag. Induc-
tion times determined by eq. (3) are incorporated.

2000

PBT
PET
PEN
- PBT
PET
— PEN

1500

1000

t (s)

500

Cooling Rate (°C/min)

Figure 8 The measured (symbols) and predicted (lines)
nonisothermal induction times as a function of cooling rate
for PBT, PET,” and PEN.
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| O PET
\ O PEN

2000 A

1500 -
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500

Heating Rate (°C/min)

Figure 9 The measured (symbols) and predicted (lines)
nonisothermal induction times as a function of heating rate
for PET” and PEN.

As seen from Figures 10 and 11, the measured
and predicted crystallinity coincides well up to
-20°C/min in case of PBT, and up to —-10°C/min in
case of PEN. However, lack of the fit is evident at
higher cooling rates. This deviation is more signifi-
cant for PEN, which is a slow crystallizing polymer.
Presently, a complete explanation of this deviation is
not possible. However, it is clear that when the PEN
melt cools down very fast, it does not have sufficient
time for crystallization. In other words, because of
the lack of crystallization time, the PEN melt at this
high cooling rate has already passed through the
temperature corresponding to the highest crystalliza-
tion rate, as indicated by the bell-shaped curve in Fig-
ure 17 below. In this case, cold crystallization at
higher cooling rates may not provide accurate infor-
mation about crystallization kinetics. Therefore, the
melt crystallization upon heating from room temper-
ature is more desirable. Accordingly, the lack of the
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-40 °C/min “o wna\ o\ o
0.0 ‘ . ‘ e .
140 150 160 170 180 190 200

Sample Temperature (°C)

Figure 10 The measured (symbols) and predicted (lines)
relative crystallinity as a function of sample temperature at
various cooling rates for PBT.
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Figure 11 The measured (symbols) and predicted (lines)
relative crystallinity as a function of sample temperature at
various cooling rates for PEN.

fit between the measured and predicted crystallinity
at higher cooling rate does not mean that the model
would not be adequate for application to polymer
processing (extrusion, injection molding, and fiber
spinning) taking place at high cooling rates. In fact,
this model was applied to PEN injection molding.*’
In agreement with experiments, the model indicated
that PEN moldings do not crystallize at all under typ-
ical molding conditions, as obtained in molding
experiments.

To get more accurate crystallization kinetic parame-
ters, the data obtained at cooling and heating experi-
ments should be combined. Therefore, heating experi-
ments were carried out in case of PEN. Then, both
cooling and heating experiments were combined to-
gether to predict overall crystallization kinetics. The
measured and predicted relative crystallinity of PEN
at a heating rate of 10°C/min was well fitted, as illus-
trated in Figure 12.

s v
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140 200 220 240 260
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Figure 12 The measured (symbols) and predicted (lines)
relative crystallinity as a function of sample temperature at
various heating rates for PEN.

Sample Temperature (°C)

Figure 13 Shift factors as a function of temperature at
various degrees of crystallinity for PBT in cooling experi-
ments.

As indicated in schematic Figure 1, on the curves of
0 versus T for each material, the line of constant
degree of crystallinity is drawn at different cooling
rates. This is typically done at 6 = 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9. Then, the corresponding values of T
and (%]i- [i = cooling rates (1-5), j = crystallinity (1-
9)] are evaluated. For each 0;, the reference tempera-
tures, T,;, are chosen as Tj; at cooling rate of 10°C/min
for PBT and T»; at a cooling or heating rate of 2.5°C/
min for PEN. Therefore, the corresponding shift fac-
tor, ar(T;), is determined by using eq. (6). The
obtained shift factors, ar(T}), as a function of the sam-
ple temperature are shown in Figures 13 and 14 for
cooling experiments of PBT and for cooling and
heating experiments of PEN, respectively. Then by
taking the curve with 0; = 0.5 as the overall reference
curve and shifting all the other curves along the log ar
axis with respect to the reference curve, the master
curves of log ar versus T are obtained as shown in

0.3

Heating

0.2+ ﬁy

o ®

Cooling
®RLRA,0

0.1+

@4dHrOLCOPO
o
o

0.0 ~ @/i¢i0)

loga,

024 43%7 %@

-0.3 T T T T
160 180 200 220 240 260

Sample Temperature (°C)

Figure 14 Shift factors as a function of temperature at
various degrees of crystallinity for PEN in cooling and
heating experiments.
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Figure 15 Master curve of shift factor as a function of
temperature for PBT in cooling experiments.

Figures 15 and 16. The reference temperatures,
176.8°C for PBT, 228.9°C for PEN cooling, and 182.0°C
for PEN heating experiment are chosen to compare
each material. By fitting the master curve of Figures
15 and 16 by eq. (7), with the Hoffman-Lauritzen crys-
tallization kinetic equation, eq. (2), the kinetic con-
stants, Ky and (f1,2)o, can be determined. Then the
nonisothermal crystallization rate was calculated by
using the obtained kinetic constants. The results of
these calculations are shown in Figure 17 by lines. For
comparison, the calculated crystallization rate for PP*
and PET’ are shown. Figure 17 illustrates that PBT
shows a higher crystallization rate than PET® or PEN,
and PET shows a higher crystallization rate than PEN.
Moreover, the obtained crystallization rates of various
polyesters (PBT, PET, and PEN) are lower than that of
PP.*® This is due to the fact that molecular chains are
easier to arrange in PBT compared to PET and PEN,
and in PET compared to PEN because of their molecu-
lar structure. The difficulty of the arrangement of mo-
lecular chains becomes strong in the case of PEN

04

PEN

0.2 4

@O PoILDP>O
o
w

0.0+

loga;

-0.2 4

160 180 200 220 240 260

Sample Temperature (°C)

Figure 16 Master curve of shift factor as a function of
temperature for PEN in cooling and heating experiments.
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PEN Exp.(Isothermal)
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Figure 17 The measured (symbols) and predicted (lines)
nonisothermal crystallization rate for PP,?° PET,° PBT, and
PEN.

because of the presence of the bulky naphthalene
structure in the molecular chain. To verify the ob-
tained kinetic constants, the isothermal experiments
at 170 and 180°C for PEN were carried out. These two
data points are illustrated in Figure 17. Clearly, they
are close to the crystallization rate obtained by noniso-
thermal crystallization experiments.

The calculated relative crystallinity (lines) by using
Nakamura equation, eq. (1), are compared with the
measured data (symbols) in Figures 10 and 11 for vari-
ous cooling rates for PBT and PEN, respectively. Crys-
tallinity development is well predicted by using the
obtained material constants in Hoffman-Lauritzen
equation with the incorporation of induction time,
although as the cooling rate becomes higher, a dis-
crepancy starts to occur. Similarly, the measured
(symbols) and predicted (lines) relative crystallinity at
various heating rates for PEN are shown in Figure 12
and are found to be in good agreement. Therefore, the
Hoffman-Lauritzen equation is suitable to use to pre-
dict the nonisothermal crystallization kinetics of vari-
ous polyesters over a wide range of temperatures,
which is otherwise unattainable through experiments.
The obtained material constants for crystallization
kinetics are K = 2.68 x 10°K* and (t; /2)o = 3.38 x 10*s™
for PBT and K = 1.98 x 10°K* and (t1 ) = 8.94 x 10%s™"
for PEN.

CONCLUSIONS

The crystallization kinetic parameters were obtained
based on the nonisothermal DSC experiments for PBT
and PEN samples. The crystallization rate parameters
in Hoffman-Lauritzen equation are obtained based on
the master curve approach. The temperature lag
between the furnace and the sample due to the heat
transfer barriers between the DSC furnace and the
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pan, and between the pan and the sample is calcu-
lated to obtain the sample temperature. The noniso-
thermal crystallization kinetic data corrected for tem-
perature lag are shifted with respect to an arbitrary
reference temperature to obtain the master curve. By
fitting the master curve of crystallization kinetic data,
the model parameters for Hoffman-Lauritzen equa-
tion were obtained. Two isothermal experimental
data points for PEN sample were obtained to verify
the nonisothermal crystallization kinetic data. The
comparison of the nonisothermal crystallization rate
between various polyesters including PET, in which
the crystallization kinetic was obtained earlier,” was
made. PBT showed a higher crystallization rate than
the PET or PEN samples. The predicted relative crys-
tallinity based on the Nakamura equation with the
incorporation of nonisothermal induction time was
compared with the experimental data and found to be
in good agreement. These crystallization kinetic data
will be used for description of crystallization behavior
during injection molding.
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