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ABSTRACT: In this study, melt-crystallization behaviors
of poly(butylene terephthalate) (PBT) composites including
different types of inorganic fillers were investigated. Com-
posite samples having 5 wt % of fillers were prepared by
melt processing in a twin screw extruder using commer-
cial grades of calcite (CA), halloysite (HL), and organo-
montmorillonite (OM) as filler. Depending on the filler
type and geometry, crystallization kinetics of the samples
was studied by differential scanning calorimetry (DSC)
methods. Effect of filler type on the nonisothermal melt-
crystallization kinetics of the PBT was analyzed with vari-
ous kinetic models, namely, the Ozawa, Avrami modified
by Jeziorny and Liu-Mo. Crystallization activation energies
of the samples were also determined by the Kissinger,
Takhor, and Augis–Bennett models. From the kinetics
study, it was found that the melt-crystallization rates of

the samples including CA and HL-nanotube were higher
than PBT at a given cooling rate. On the other hand, it
was also found that organo-montmorillonite reduced the
melt-crystallization rate of PBT. It can be concluded that
organic ammonium groups in the OM decelerate the crys-
tallization rate of PBT chains possibly due to affecting the
chain diffusion through growing crystal face and folding.
This study shows that introducing organically modified
alumina-silicate layers into the PBT-based composites
could significantly reduce the production rate of the injec-
tion molded parts during the processing operations. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 123: 77–91, 2012
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INTRODUCTION

Poly(butylene terephthalate) (PBT), one of the most
widely used semicrystalline thermoplastics polyest-
ers, has many applications in various application
areas of engineering materials due to its superior ther-
mal and mechanical properties and excellent dimen-
sional stability. PBT exhibits two different crystal
structures, the a- and b-forms which both with a tri-
clinic unit crystal cell. b-Form crystals develop only
under special processing conditions (e.g., application
of stress to un-oriented crystals).1 Furthermore, two
different types of spherulites could be formed on PBT
crystallization from the melt state, which both has the
same crystalline structure (a). It is well known that
physical properties of a semicrystalline polymer are
governed by the supramolecular structure, which in
turn is controlled by the crystallization.

Improved thermal, mechanical, and barrier prop-
erties of PBT composites and nanocomposites have

been reported so far.2–6 In recent years, isothermal
or nonisothermal crystallization kinetics of PBT
blends and composites has also been studied.7–11

Wu et al.12 studied the nonisothermal crystallization
kinetics of PBT/organo-montmorillonite nanocompo-
sites by differential scanning calorimetry (DSC)
method. They reported that small amounts of clay (1
wt %) could accelerate the crystallization process,
whereas higher clay loadings reduced the rate of
crystallization. Chen et al.13 studied the isothermal
crystallization kinetics of PBT/organo-attapulgite
nanocomposites and concluded that the addition of
attapulgite did not alter the crystal structure of PBT,
whereas accelerated the isothermal crystallization
rate of PBT. They also pointed out that organo-atta-
pulgite could behave as a good nucleating agent for
the crystallization of PBT by reducing fold surface
free energy during the crystallization but it could
also restrict the segmental motion of PBT. Al-Mulla
et al.14 investigated the nonisothermal crystallization
kinetics of PBT, PBT/nanoclay, and PBT/carbon
nanofiber composites. Li et al.4 studied the effects
of nano-TiO2 and surface-modified nano-TiO2 on
the impact properties and crystallization behavior
of PBT.
To the best of our knowledge, a comprehensive

study has not been published yet to understand
the effects of filler type and geometry on the
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crystallization behavior and kinetics of PBT. In this
study, nonisothermal crystallization behaviors of
PBT-based composites including 5 wt % of micro-
size spherical [calcite (CA)], nanosize tubular [hal-
loysite (HL)], and nanosize layered [organo-mont-
morillonite (OM)] inorganic fillers were studied by
DSC method. Effects of filler type and geometry on
the nonisothermal melt-crystallization kinetics of
PBT were quantitatively compared.

EXPERIMENTAL

Materials

A film grade, amorphous PBT homopolymer
(SD85V

R

, intrinsic viscosity value of 0.83 dL/g at
23�C) used in this study was kindly supplied by
Advansa, TR. The inorganic fillers were commer-
cially available products. Trade names and physical
properties of the fillers are listed in Table I. CA
which is a surface coated material was supplied by
Mikron’S, Turkey. HL nanotube was ordered from
Aldrich. Organo-modified montmorillonite employed
in this study (CloisiteV

R

15A) is dimethyl dehydrogen-
ated tallow quaternary ammonium (2Me2HT) salt-
modified clay supplied from Southern Clay,
Gonzales, Texas. The organic content of CloisiteV

R

15A
was reported as 43% by the manufacturer.

Sample preparation

Before melt processing, PBT and fillers were dried in
a vacuum oven overnight at 80�C. Samples were
processed in a lab-scale twin screw extruder (Rondol
Micro Lab., UK, D: 10 mm, L/D: 20) with a screw
speed of 75 rpm. Screw configuration used for the
processing is appeared in Figure 1. A temperature
profile of 180–240�C was applied throughout the
barrel from feeding zone to die, and then the extru-
date was granulated. PBT was also processed under
the same conditions. In this study, a sample loading
of 5 wt % was preferred for all types of fillers to
compare effects of filler type and geometry rather

than filler amount on the crystallization behavior of
PBT. Sample denotations and compositions are given
in Table II.

XRD study

X-ray diffractometer (XRD) analyses were performed
with a Rigaku D/Max-2200/PC model (Rigaku, Ja-
pan) wide angle XRD with a Cu anode, running at
40 kV and 40 mA, scanning from 2� to 35� at 2�

min�1. Analysis was performed with compression
molded film samples. Molding conditions were
applied as 5 kg cm�2 for 1 min and 30 kg cm�2 for 2
min at 240�C between Teflon sheets in a hot press.
Molded films were cooled to room temperature
by water circulation with the cooling rate of
� 30�C min�1.

DSC study

Melting and crystallization runs were carried out in
a heat flow type DSC, Perkin–Elmer, Pyris. Tempera-
ture and heat flow calibration of the instrument
were achieved with high purity indium (In), tin (Sn),
and zinc (Zn) metals. Samples weighing about 6–7
mg in an aluminum crucible were heated from 30 to
250�C with the heating rate of 10�C min�1. Samples
were kept at this temperature for 2 min to remove
the thermal history then cooled from 250 to 30�C
with the cooling rate of 2, 5, 10, and 15�C min�1 by
liquid nitrogen device of the instrument. After com-
pletion of the melt-crystallization process, samples
were kept at 30�C for 2 min. Subsequently, noniso-
thermally crystallized samples at different cooling
rates were heated again from the 30 to 250�C with
the heating rate of 10�C min�1. Degree of crystallin-
ity (Xc) was determined from the second melting
enthalpy values using the following equation:

Xc ¼ DHm

1� að ÞDHo
m

� 100 (1)

TABLE I
Some Physical Properties of the Fillers

Physical property

Fillers

Calcite (CaCO3) Halloysite Organo-montmorillonite

Particle geometry Spherical (3D) Nanotube (1D) Layered (2D)
Commercial name FilmplusVR Aldrich 685445 CloisiteVR 15A
Average particle size <7.8 lm (%97) D: 30 nm and L: 0.25–4 lm <13 lm (%90)
aCEC (meq g�1) 0.8 1.25
Density (g cm�3) 2.70 2.53 1.66
Surface area (m2 g�1) 64
Loss of ignition (%) 43
Organic surface modifier þ � þ

a Cation exchange capacity.
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where DHm is second melting enthalpy of the sam-
ples (J g�1), DHo

m is the enthalpy value of melting of
a 100% crystalline form of PBT (145.5 J g�1),15 and a
is the weight fraction of filler. All runs were carried
out under nitrogen (N2) atmosphere at a flow rate of
50 mL min�1 to prevent thermal degradation of the
samples.

RESULTS AND DISCUSSION

XRD results

XRD patterns of the organo-montmorillonite (OM)
and PBT–OM samples in the characteristic region for
layered alumina-silicates (2y ¼ 2–10�) are given in
Figure 2. Two diffraction peaks are observed for the
OM corresponding to basal spacing of d001 ¼ 3.07
nm (2y ¼ 2.88) and d002 ¼ 1.21 nm (2y ¼ 7.31) by
using the Bragg equation given as;

k ¼ 2dSinh (2)

where k is the wavelength of the X-rays (0.154 nm),
y is the diffraction angle, and d is the basal space
between clay layers, respectively. d001 and d002 peaks
are also clearly observed for the PBT–OM, but

shifted to lower angles which indicate the increasing
of the interlamellar distance between clay layers.
Visible and shifted peaks suggest that relatively
large stacks of clay platelets are still present in the
PBT–OM sample showing clay layers being not com-
pletely exfoliated. For the PBT–OM, d001 and d002
values were calculated as 3.62 nm (2y ¼ 2.44) and
1.87 nm (2y ¼ 4.73), respectively.
XRD patterns of the PBT and composite samples

in the higher diffraction angles which is characteris-
tic for the structure of polymer (2y ¼ 5–35�) are also
given in Figure 3. Comparing the XRD patterns of

TABLE II
Sample Compositions

Sample

wt (%)

PBT Calcite Halloysite
Organo-

montmorillonite

PBT 100
PBT–CA 95 5
PBT–HL 95 5
PBT–OM 95 5

Figure 1 Segmented screw profile used in the lab-scale twin screw extruder.

Figure 2 XRD patterns of the organo-montmorillonite
and PBT–OM in the characteristic region (2y ¼ 2–10�) for
the state of organo-montmorillonite dispersion. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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the samples given in Figure 3, it can be seen that the
characteristic diffraction peaks of crystalline planes
of PBT become sharper with higher intensity com-
pared to the extruded PBT. This result clearly indi-
cates that fillers acted crystallization accelerator in
the composite samples. It was also observed that all
samples crystallized in a-form. Furthermore, crystal-
lite sizes of the samples were determined by the
Scherrer equation based on the diffraction pattern;

Lhkl ¼ Kk
bhkl cos hhkl

(3)

where Lhkl is the crystallite dimension, or coherence
length, perpendicular to the (hkl) plane, K is the
Scherrer constant (0.9), and bhkl is the diffraction
half-width. First, diffraction patterns of the samples
were deconvoluted into five peaks by a Lorentzian
function after performing a linear baseline correction
in the 2y range of 10–28�. As an example, deconvo-
luted patterns of PBT and PBT–HL are compared in
Figure 4. Crystallite dimensions of the samples are
also listed in Table III. In Figure 4, it is seen that
composite sample yielded more intense and sharper
peaks than extruded PBT. The diffraction intensities
of (010) and (100) crystalline planes are related to
the crystal size along the b-and a-axes. The ratio
between the intensities of these crystalline planes
also provides information of the crystal growth in
the b- and a-axes directions.16,17 Refraction of (010)
plane is also known to be the preferred growth
plane of a lamellae growth direction, as well as
(111).18 It was found that crystallite sizes of the com-

posite samples exhibit a significant increase in 010
plane compared with the PBT. Similarly, crystallite
size of 100 plane was found to be slightly increased
for the composite samples. But it was also interest-
ingly found that OM enhanced the spherulite size
(8.0 nm) compared with the PBT (4.2 nm). This phe-
nomenon can be related with the fact that less effec-
tive nucleation effect of organically modified clay
layers. Krikorian and Pochan19 reported the same
effect of organo-clay for the isothermal crystalliza-
tion of poly(L-lactic acid) (PLLA) nanocomposites.
They surprisingly observed that exfoliated nanocom-
posite retarded nucleation but resulted in bigger

Figure 3 XRD patterns of the PBT and composite sam-
ples in the diffraction region (2y ¼ 5–35�) of polymer
matrix to compare crystal structure of PBT. Symbols of (*)
and (^) indicate kaolinite phase in the halloysite and
characteristic peak of calcite, respectively. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 Deconvoluted XRD patterns of the PBT and
PBT–HL samples. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE III
Crystallite Dimensions of PBT and Composite Samples

Determined from the Scherrer Equation (nm)

Samples L011 L010 L110 L100 L111

PBT 5.7 4.2 2.9 4.8 8.2
PBT–CA 6.4 8.7 2.2 6.2 7.4
PBT–HL 6.7 10.3 1.6 7.1 6.9
PBT–OM 6.9 8.0 2.3 5.6 7.3
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crystals compared with the intercalated sample.
Therefore, they entitled their paper as ‘‘unusual crys-
tallization behavior.’’ Based on the XRD analysis and
kinetic study reported in the present work, XRD
analysis and kinetic study are convenient with their
findings. Retardation of nucleation due to the pres-
ence of organic groups on the filler surfaces means
less number of nucleus is occurred at the first stage
of crystallization. This could result in more open
volume for crystal growing until spherulite impinge-
ments. Thus, a growing crystal could geometrically
improve even though the growth rate is slow. Con-
sequently, these results indicate that the crystal
growth is relatively favored during the crystalliza-
tion of PBT in the composite samples due to the
presence of inorganic fillers. Similar result has been
reported before for the isothermally crystallized
poly(ethylene terephatalate) (PET)/clay nanocompo-
sites.20 We also reported that un-modified alumina-
silicate layers enhanced the crystallization rate of
PET under nonisothermal conditions compared with
organically modified counterpart.21

Premelt or cold crystallization

Heat flow curves of the PBT and composite samples
recorded during the first heating scan at the heating
rate of 10�C min�1 are given in Figure 5. Premelt-
crystallization exotherms as a small shoulder before
the melting endotherms observed for all the samples
at the heating rate employed. Premelt-crystallization
behavior can be attributed to formation of smaller
crystals within the amorphous region or re-arrange-
ment of disordered or uncompleted crystals by the
chains which gain mobility at the temperatures
before melting. It was found that premelt-crystalliza-
tion peaks of PBT, PBT–CA, PBT–HL, and PBT–OM

are 208.0, 210.7, 208.6, and 206.4�C, respectively. It is
seen that peak temperature of premelt-crystallization
exotherm of PBT–OM is lower than that of PBT and
other composite samples. This could be originated
from the fact that organic groups between montmo-
rillonite layers enhance the segmental mobility of
PBT chains. In our previous study, it has been also
observed for the PET/montmorillonite nanocompo-
sites.21 Similar behavior has been reported for the
nonisothermal cold crystallization of PLLA with and
without additives.22,23

Melt-crystallization kinetics

The crystallization exotherms of PBT and composite
samples at various cooling rates are illustrated in
Figure 6(a–d). The melt-crystallization onset (Tco)
and peak temperatures (Tcp) of the samples at which
the crystallization rate is maximum at all cooling
rates are listed in Table IV. As expected, the Tcp val-
ues shift to lower temperatures with an increasing
cooling rate for all the samples. At a given cooling
rate, the Tcp values of the PBT–CA and PBT–HL
samples are higher than that of neat PBT. On the
other hand, Tcp values of the PBT–OM are lower
than that of PBT at all the cooling rates employed.
This result refers to deceleration effect of organo-
montmorillonite on the crystallization rate of PBT.
This effect can be clearly seen in Figure 7. In this fig-
ure, crystallization onset temperatures (Tco) of the
samples are compared for a cooling rate of 5�C
min�1. Tco value of PBT–OM is lower than those of
all samples as well as Tcp. This is due to apparently
reducing of surface free energy of the alumina-sili-
cate layers by organic modification and therefore,
lack of effective nucleating ability of such layers.
Similar effect was recently reported for different
type of organically surface treated fillers.24

This is due to apparently reducing of surface free
energy of the alumina-silicate layers by organic
modification and therefore, lack of effective nucleat-
ing ability of such layers. Figures 8(a-d) and 9(a-d)
show the Xc-T and Xc-t plots for the samples,
respectively. The most important rate parameter,
crystallization half-time (t1/2) which is defined as the
time taken the crystallinity of the sample reaches the
value of 50% of the relative crystallinity, can be
obtained from the Xc–t curves. The values of t1/2
directly indicate the rate of crystallization process
and usually the reciprocal of crystallization half-time
(1/t1/2, time�1) is used to compare crystallization
rates of different systems. If t1/2 is short or recipro-
cal half-time is high, it means crystallization is fast.
1/t1/2 values of the samples at the cooling rates are
given in Table IV. Crystallization rates of the sam-
ples decrease in the order of PBT–HL > PBT–CA >
PBT > PBT–OM. As the samples could have enough

Figure 5 First melting endotherms of the PBT and com-
posite samples recorded at the heating rate of 10�C min�1.
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time for proceeding the crystallization at low cooling
rates independently from the composition, it is diffi-
cult to distinguish variation in crystallization rates of
the samples regarding the values of t1/2. 1/t1/2 val-
ues of the samples are quite similar at low cooling
rate (2�C min�1 for the present study). But for the
other cooling rates employed, effect of filler type
and geometry on the 1/t1/2 values are obviously
seen. Furthermore, one could assume that compar-
ing of 1/t1/2 values for the higher cooling rates than
15�C min�1 might be more significant for the real
cooling conditions for the commercial processing
operations. It can be inferred that variations in the
crystallization rate become more pronounced in the
case of real processing and solidification conditions
depending on the filler type and geometry. This
result implies that PBT composite containing inor-
ganic fillers modified with relatively high amount of
organic groups presumably crystallizes lower than a
sample having no modifiers.
Enthalpies of melt-crystallization exotherms (DHc),

second melting endotherms (DHm), and degree of
crystallinity (Xc) values of the samples are also listed
in Table IV. As expected, Xc values of the samples
decrease with the increasing of cooling rate for all
samples. It was found that Xc values of the PBT–HL
samples are higher than those of PBT, PBT–CA, and
PBT–OM at a particular cooling rate.
Most used kinetic approach for nonisothermal

crystallization process of semicrystalline polymers is
Ozawa model.25 It is based on the extended form of
Avrami approximation assuming that the noniso-
thermal crystallization process could be composed of
small isothermal steps. Ozawa equation is as follow:

vc ¼ 1� exp
�K Tð Þ
/m

� �
(4)

where Xc is the relative crystallinity, K(T) is the crys-
tallization rate function, / is the cooling/heating
rate (�C min�1), and m is the Ozawa constant
depends on the dimension of crystal growth and
nucleation mechanism. If double logarithmic form of
the equation is taken, a linear relationship is
obtained to calculate kinetic constants.

ln � ln 1� vcð Þ½ � ¼ lnK Tð Þ �m ln/ (5)

Plotting ln[�ln(1 � vc)] against ln / at a given
temperature, a straight line should be obtained.
Slope of the line is Ozawa constant, m, and intercept
of that is K(T). Ozawa plots of the samples are given
in Figure 10. As seen in Figure 10, Ozawa model
successfully fits the nonisothermal crystallization
behavior of the samples, although the model
could not be used for modeling of nonisothermal
crystallization kinetics of some polymer/clay

Figure 6 Crystallization exotherms of the samples
recorded at various cooling rates, (a) PBT, (b) PBT–CA, (c)
PBT–HL, and (d) PBT–OM.
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nanocomposite systems.26,27 Ozawa kinetic parame-
ters are listed in Table V. It was found that Ozawa
constant (m) increases with the crystallization tem-
perature up to 197�C. K(T) values are also listed in
Table V. It is seen that K(T) values decrease with the
increasing of temperature for the PBT and PBT–OM
samples. This result suggests that PBT and PBT–OM
composites crystallized slower at higher tempera-
tures. But, a correlation between temperature and
crystallization rate function [K(T)] was not obtained
for the PBT–CA and PBT–HL samples. This indicates
that crystallization mechanism may differ depending
on the undercooling for these samples.

An alternative approach, Avrami model,28–30 was
used in this study to compare crystallization rates of
the samples. Avrami equation is as below:

vc ¼ 1� exp �Ztt
nð Þ (6)

where n is Avrami constant depending on crystal
growth mechanism and Zt is the rate constant
involving both nucleation and growth rate parame-
ters. Avrami model is used to analyze isothermal
crystallization kinetics of polymer taking into
account of developing relative crystallinity with
time. Therefore, it should be noted that in noniso-
thermal crystallization Avrami kinetic parameters do
not have the same physical meanings as in the iso-
thermal crystallization, since the temperature
changes steadily in the nonisothermal processes.
Both nucleation and crystal growth processes are
temperature dependent in the nonisothermal crystal-
lization. However, Avrami model can provide useful

insights into the kinetics of nonisothermal crystalli-
zation processes. Taking double logarithmic form of
eq. (7):

ln � ln 1� vcð Þ½ � ¼ lnZt þ n ln t (7)

and plotting ln[�ln(1 � vc)] versus ln t for each cool-
ing rate, straight line should be obtained to deter-
mine kinetic constants. Avrami plots generally fit
the experimental data linearly at low degree of

TABLE IV
Melt-Crystallization Onset (Tco) and Peak (Tcp) Temperatures, Crystallization Rates, Enthalpy and Degree of

Crystallinity Values of the Samples

Sample / (�C min�1) Tco (�C) Tcp (�C) 1/t1/2 (min�1) aDHc (J g
�1) bDHm (J g�1) cXc (%)

PBT 2 203.9 200.4 0.335 33.4 42.2 29.0
5 200.2 196.3 0.583 50.0 40.6 27.9

10 196.5 192.1 0.881 49.9 38.9 26.7
15 194.6 189.5 1.278 37.6 36.6 25.1

PBT–CA 2 205.1 201.8 0.334 38.9 41.0 29.7
5 202.6 198.8 0.619 44.5 40.8 29.5

10 198.5 194.3 1.099 38.2 38.4 27.8
15 196.5 191.9 1.472 39.0 35.2 25.5

PBT–HL 2 204.7 201.9 0.340 34.4 42.8 31.0
5 201.4 198.2 0.743 39.7 39.4 28.5

10 198.4 194.5 1.103 51.7 38.3 27.7
15 195.9 191.8 1.480 42.0 33.9 24.5

PBT–OM 2 203.1 198.9 0.170 49.1 42.7 30.9
5 197.2 192.9 0.425 45.3 38.3 27.7

10 193.4 188.8 0.763 38.6 34.4 24.9
15 191.9 186.3 1.077 33.7 28.3 20.5

a Enthalpy of melt-crystallization.
b Enthalpy of second melting recorded at the heating rate of 10�C min�1.
c Degree of crystallinity calculated from the enthalpy of second melting.

Figure 7 Comparing of crystallization exotherms of the
samples depending on the filler geometry. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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crystallinity and deviate from the linear regression
at higher crystallization ratio as possibly, it does not
account the secondary crystallization. In nonisother-
mal crystallization, temperature change at a given
constant cooling rate affects the rate of both nuclea-
tion and spherulite growth which are temperature
dependent parameters. Considering the temperature
dependent character of the nonisothermal crystalliza-
tion process, the rate parameter, Zt was modified by
Jeziorny.31

lnZc ¼ lnZt

/
(8)

Avrami plots of the samples were illustrated in
Figure 11, and the kinetic constants by Jeziorny
modification were listed in Table VI. As shown in
Figure 11, Avrami model was able to fit the primary
crystallization stage of the samples, and it deviated
from the linearity due to the secondary crystalliza-
tion in all cooling rates. Changes in Avrami con-
stants (n) with cooling rate imply that crystallization
of the samples has occurred in various growth
forms. It was found that n was in the range of 4.10–
7.0 for the PBT, PBT–CA, and PBT–HL samples,
whereas it was about 3.0 for the PBT–OM. These
results show that heterogeneous nucleation effect of
inorganic fillers might be more pronounced for the
PBT–CA and PBT–HL samples than PBT–OM. But,
n values varied depending on the cooling rate and
filler type. Consequently, it is difficult to infer the
nucleation mechanism and crystal growth analysis
based on the Avrami constants of the samples. On
the other hand, crystallization rate parameters (Zc)
of the samples increase with the increasing of cool-
ing rate for all samples. At a given cooling rate, the
PBT–HL yielded the highest Zc values which indi-
cate the fastest crystallization rate. Conversely, the
PBT–OM showed the lowest Zc values.
Another method developed by Liu and Mo32 was

also used to describe the nonisothermal melt-crystal-
lization process. Liu et al. offered a new method
combining the Avrami and Ozawa equations at a
given value of Xc as follows:

lnK Tð Þ �m ln/ ¼ ln Zt þ n ln t (9)

ln/ ¼ ln F Tð Þ � a ln t (10)

where the parameter F(T) ¼ [K(T)/Zt]
1/m refers to

the cooling rate and a is the ratio of the Avrami con-
stant n, to the Ozawa constant m. According to Liu
model, plotting ln / versus ln t, series of straight
lines are obtained at a given value of relative crystal-
linity. The kinetic parameters, F(T) and a, could be
determined by intercept and slope of these lines,
respectively. At a certain value of relative

Figure 8 Relative crystallinity (Xc) as a function of tem-
perature (T) at various cooling rates, (a) PBT, (b) PBT–CA,
(c) PBT–HL, and (d) PBT–OM.

84 OBUROĞLU ET AL.
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crystallinity, Xc, higher value of F(T) means that
high cooling rate is needed to reach this Xc in a unit
time which also indicates the difficulty in crystalliza-
tion process.

Liu-Mo model was applied to the samples at the
relative crystallinity values of 20%, 40%, 60%, and
80%. Table VII summarizes the values of Liu-Mo pa-
rameters for the samples. As shown in Figure 12,
Liu-Mo model was successful to fit the crystalliza-
tion kinetics of the PBT and composites. Values of a
increased with the increasing of relative crystallinity
for the PBT–OM, whereas those values decreased
with the increasing of Xc for the other samples. This
implies that crystallization mechanism varies by the
presence of organically modified inorganic filler
within the PBT phase. In Table VII, it can be seen
that F(T) values increase with the developing of Xc.
From Liu-Mo modeling of the samples, F(T) values
of PBT are higher than those of PBT–CA and

PBT–HL samples. It was found that the PBT–OM
yielded the highest F(T) values at a given relative
crystallinity value. This indicates that organic groups
between the clay layers decelerate the crystallization.
Our results are consistent with the reported kinetic
data for the crystallization of PET/clay nanocompo-
sites. Chung et al.33 studied nonisothermal crystalli-
zation behavior of exfoliated PET/layered silicate
nanocomposites prepared by solution mixing
method. They examined the effects of organic modi-
fier onto clay layers on the crystallization of PET by
DSC method. They found that PET nanocomposites
had shorter crystallization half-times than PET
because of dispersed silicate layers, which acted as a
nucleating agents. In their study, it was also
reported that PET nanocomposite excluding organic
modifier by solvent–nonsolvent system showed
higher crystallization rate than the nanocomposite
including organic modifier. Based on this result, they

Figure 9 Relative crystallinity (Xc) as a function of time (t) at various cooling rates, (a) PBT, (b) PBT–CA, (c) PBT–HL,
and (d) PBT–OM.
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have concluded that organic groups physically hinder
the packaging of the PET chains in regular manner
and interrupt the lamellar pathway. In our previous
study, it was also shown that organic groups between
clay layers make the crystallization difficult because of
possibly decelerating nucleation by reducing the sur-
face free energy of filler surfaces and hindering the
packaging of PET chains and slowing the chain trans-
fer toward the developing crystal face during the crys-
tal growth.21

Another simple and quantitative approach for com-
paring effects of fillers on the nonisothermal crystalli-
zation rate of the samples is to calculate the crystalli-
zation rate parameter (CRP) which can be determined
slope of a linear plot of 1/t1/2 versus the cooling rate
(/).34,35 Figure 13 shows the plots of 1/t1/2 versus
cooling rate for the samples. The values of CRP were
found to be 0.071, 0.088, 0.085, and 0.069 for the PBT,
PBT–CA, PBT–HL, and PBT–OM, respectively. The
higher CRP values for the PBT–CA and PBT–HL indi-
cate that CA and HL effectively enhanced the crystal-

lization of the PBT. On the other hand, CRP value of
the PBT–OM sample refers that organo-montmorillon-
ite impeded the crystallization due to the presence of

Figure 10 Ozawa plots of the samples, (a) PBT, (b) PBT–CA, (c) PBT–HL, and (d) PBT–OM.

TABLE V
Ozawa Kinetic Parameters

Sample Temperature (�C) m K(T) [(�C min�1)m] r2

PBT 192 3.26 7.23 0.997
195 4.02 7.04 0.999
197 4.34 6.30 0.999
200 3.45 2.56 0.998

PBT–CA 192 1.86 4.85 0.974
195 3.33 6.82 0.995
197 4.52 8.15 0.998
200 3.71 3.70 0.998

PBT–HL 192 3.73 9.54 0.999
195 4.17 8.36 0.980
197 6.24 10.92 0.982
202 4.43 2.87 0.999

PBT–OM 192 3.38 5.82 0.999
195 3.26 3.86 0.999
197 3.49 3.20 0.998
200 3.80 1.83 0.999
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organic groups. This result is convenient with the ki-
netic findings mentioned above.

Nucleation activity of fillers

Dobreva and Gutzow36,37 suggested a simple
method to calculate the nucleation activity of foreign
substrates, additives, etc. in a polymer melt. This
method has also been used for silica nanoparticle-
filled PEN,38 surface-modified talc-polypropylene
(PP) composites,39 and PP/SiO2 nanocomposites.40

Nucleation activity (u) can be defined as a factor by
which the work of three-dimensional nucleation
decreases with the addition of a foreign substrate. If
the foreign substrate is extremely active for nuclea-
tion, value of u approaches 0, whereas it is about 1
for inert particles. Mathematically, the nucleation ac-
tivity is the ratio of B parameters in heterogeneous
and homogenous medium;

u ¼ B�

B
(11)

B parameter is defined as;

B ¼ xr3V2
m

3nkBT0
mDS

2
m

(12)

Figure 11 Avrami plots of the samples, (a) PBT, (b) PBT–CA, (c) PBT–HL, and (d) PBT–OM.

TABLE VI
Avrami–Jeziorny Kinetic Parameters

Sample / (�C min�1) n Zc (min�1) r2

PBT 2 4.10 0.08 0.9987
5 4.74 0.55 0.9977

10 5.95 0.88 0.9987
15 4.98 1.05 0.9986

PBT–CA 2 4.54 0.07 0.9999
5 5.53 0.54 0.9997

10 5.41 1.01 0.9999
15 5.39 1.12 0.9985

PBT–HL 2 4.27 0.09 0.9973
5 4.77 0.69 0.9998

10 6.82 1.03 0.9996
15 6.96 1.18 0.9994

PBT–OM 2 2.84 0.03 0.9952
5 2.92 0.42 0.9995

10 2.96 0.76 0.9981
15 3.02 0.90 0.9977
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where x is a geometric factor, r is a specific energy,
Vm is the molar volume of the crystallizing substance,
n is the Avrami exponent, DSm is the melting entropy,
and T0

m the equilibrium melting temperature.
However, B parameter could be determined exper-

imentally by using the simple definitions of noniso-
thermal crystallization. For homogenous nucleation,
B parameter can be calculated from the following
equation:

ln/ ¼ C� B

DT2
c

(13)

where / is the cooling rate, C is a constant, and DTc

is the supercooling (Tm � Tc). For heterogeneous
nucleation eq. (14) becomes:

ln/ ¼ C� B�

DT2
c

(14)

TABLE VII
Liu-Mo Kinetic Parameters and Crystallization

Activation Energies of the Samples

Sample Xc (%) a ln F(T)

DEA (kJ mol�1)

Kissinger Takhor Augis–Bennett

PBT 20 1.60 2.10 �341.8 �334.0 �284.4
40 1.55 2.32
60 1.54 2.49
80 1.53 2.65

PBT–CA 20 1.37 1.91 �367.3 �359.0 �306.6
40 1.35 2.12
60 1.34 2.26
80 1.34 2.41

PBT–HL 20 1.43 1.87 �373.6 �365.5 �312.8
40 1.38 2.06
60 1.37 2.19
80 1.37 2.33

PBT–OM 20 1.07 2.38 �296.8 �289.3 �243.0
40 1.09 2.55
60 1.09 2.64
80 1.11 2.76

Figure 12 Liu-Mo plots of the samples, (a) PBT, (b) PBT–CA, (c) PBT–HL, and (d) PBT–OM.
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B and/or B* can be obtained by plotting ln / ver-
sus the 1/DT2

c . These plots of the samples are given
in Figure 14. From the calculation, B* values were
found to be 0.897, 0.896, and 0.970 for the PBT–CA,
PBT–HL, and PBT–OM samples, respectively. The
PBT–OM yielded higher B* value than the PBT–CA
and PBT–HL, whereas almost the same values of B*
were obtained for the CA and HL filled samples. It
is also interesting that the B* value of PBT–OM is
slightly lower than unit which refers to inert particle
criteria for the nucleation. It can be concluded that
organic groups blocking the nucleation activity of
inorganic structure by covering up the alumina-sili-
cate layers. Papageorgiou et al.40 reported that the B*
value were 0.917 6 0.069 for the 2.5 wt % organo-sil-
ane treated silica (particle size of 12 nm and specific
surface area of 170 m2 g�1) filled PP nanocomposite.
But, Alonso et al.39 calculated the nucleation activity
value as 0.45 for the %2 organo-silane treated talc
containing PP composite. Considering reported val-
ues, it could be pointed out that fillers having no or
very little amount of organic modifiers act more
active nucleators than the counterparts including rel-
atively high amount of organic groups. It can be
deduced that the surface character of a filler, which
particularly refers to surface free energy, is also de-
cretive on the nucleation as well as particle size and
geometry. Based on our results, it is difficult to con-
clude effect of filler geometry (1D, 2D, and 3D) on
the nucleation activity of various types of particles
for the nonisothermal melt-crystallization of PBT.

Activation energy for melt-crystallization

Several mathematical models have been proposed to
calculate activation energy of the crystallization

process. In this study, the Kissinger,41 Takhor,42 and
Augis and Bennett43 methods were used. These
methods are based on the finite relationship between
the peak temperatures Tc obtained from the noniso-
thermal crystallization exotherms and the heating/
cooling rates used.
Kissinger [eq. (16)], Takhor [eq. (17)], and Augis–

Bennett [eq. 18)] equations can be described as
follows:

d ln /
T2
c

� �h i

d 1
Tc

h i ¼ �DEA

R
(15)

d ln /ð Þ½ �
d 1

Tc

h i ¼ �DEA

R
(16)

d ln /
To�Tc

� �h i

d 1
Tc

h i ¼ �DEA

R
(17)

where / is the cooling rate (�C min�1), Tc is the
crystallization peak temperature (K), To is an initial
temperature which is taken 232�C for PBT and com-
posite samples, DEA is the activation energy of crys-
tallization process (kJ mol�1), and R is the universal
gas constant (8.314 kJ mol�1 K�1). In each model,
when the parameter of ln(//Tc

2) or ln(/) or ln(//(To

� Tc) is plotted against 1/Tc, slope of the curve gives
activation energy of the process. Kissinger, Takhor,
and Augis–Bennett plots of the samples are given
in Figures 15(a–c), DEA values are listed in Table VII.
DEA is negative due to exothermic nature of
the transition from melt to crystalline state and
negative activation energy values also imply that

Figure 13 Plots of reciprocal crystallization half-time as a
function of cooling rate for the samples. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 14 Nucleation activity plots of the samples. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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crystallization mechanisms are accelerated by
decreasing the temperatures. Negative activation
energy values have been reported for nonisothermal
crystallization of PBT/clay nanocomposite systems.14

But, in the literature, an obvious disagreement has

been attracted to conclude activation energy values
for the heterogeneously crystallized systems. Some
authors have reported the DEA values as negative,
whereas some others only compared with absolute
values. Huang44 calculated the dependence of effec-
tive activation energy on conversion and tempera-
ture by Friedman method for the nonisothermal
crystallization of PBT/clay nanocomposites. He
found that at lower Xc, the PBT/clay nanocompo-
sites showed lower activation energy than neat PBT;
however, at higher Xc, nanocomposites exhibited
higher activation energy. In this study, it is seen that
the Augis–Bennett model yielded lower DEA values
than the Kissinger and Takhor models, but the same
trend were observed in all approaches employed
depending on the compositional variation. It was
found that the PBT–OM exhibits the highest DEA

value compared with neat PBT and composite
samples. This result indicates that energy barrier for
the melt-crystallization of organo-montmorillonite
containing sample is higher than the neat PBT and
composite samples including CA and HL as filler. It
was also found that DEA values of PBT–CA and
PBT–HL were lower than PBT which refers to CA
and halloysite act as nucleating agents by lowering
the crystallization activation energy. Wang et al.45

reported higher DEA values for the PET/clay nano-
composites having 1.5 wt % of clay than neat PET
and concluded that introduction of clay into PET
matrix weakens the dependence of the nonisother-
mal crystallization exotherms peak temperatures
(Tcp) on the cooling rates (/).

CONCLUSIONS

The melt-crystallization behavior of PBT and PBT-
based composites prepared by melt processing and
including 5 wt % of different types of filler, HL
(tubular alumina-silicate as 1D filler), organo-mont-
morillonite (organically modified layered alumina-sili-
cate as 2D filler), and CA (spherical CaCO3 particles
as 3D filler), were studied. By comparing effect of fil-
ler type on the melt-crystallization kinetics of PBT, it
was found that the HL and CA enhanced the crystal-
lization rate of polymer matrix. In case of 1D and 3D
fillers, this enhancement in the crystallization rate
could be explained by the fact that geometrically less
efficient restriction effect of such fillers on the poly-
mer chains compared with the platelet-like, 2D lay-
ered filler which has considerably high surface area
during the crystal growth step. DSC studies revealed
that organic modifier between the clay layers inhib-
ited the crystallization because of physically hinder-
ing the packaging of PBT chains and slowing the
chain transfer toward the developing crystal face.
Based on the kinetic study, it can be also concluded

Figure 15 Kissinger (a), Takhor (b), and Augis–Bennett
(c) plots of the samples. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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that surface character of a filler which refers to or-
ganic modification and depending polymer-filler
interactions are important on the crystallization
behavior of polymer composites as well as the parti-
cle size, geometry and dispersion. PBT is one of the
most widely used thermoplastic polyester as injection
molded parts in many types of equipment of electri-
cal devices and automotive parts. Thus it requires a
fast molding cycle for the high production rates in
plastic industry. On the other hand, for many semi-
crystalline thermoplastics, preparing of nanocompo-
sites loaded with several types of nanosize fillers
(mainly organo-clays) is still rapidly growing research
area to improve innovative composite materials in
plastic industry. This study shows the fact that intro-
ducing organically modified alumina-silicate into the
PBT-based composites could reduce the production
rate of the parts during the industrial polymer proc-
essing operation, especially injection molding.

The authors thank Advansa, TR for supplying the PBT and
Mikron’S, TR for supplying the calcite used in this work.
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