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ABSTRACT: The isothermal crystallization and subse-
quent melting behavior of poly(trimethylene terephthalate)
(PTT) composites filled with nano-CaCO3 were investi-
gated at designated temperatures with differential scan-
ning calorimetry. The Avrami equation was used to fit the
isothermal crystallization. The Avrami exponents were
determined to be 2–3 for the neat PTT and PTT/CaCO3

composites. The particles of nano-CaCO3, acting as nucle-
ating agents in the composites, accelerated the crystalliza-
tion rate, with the half-time of crystallization decreasing or
the growth rate constant (involving both nucleation and
growth rate parameters) increasing. The crystallization
activation energy calculated from the Arrhenius formula
was reduced as the nano-CaCO3 content increased from 0
to 2%, and this suggested that nano-CaCO3 made the mo-
lecular chains of PTT easier to crystallize during the iso-
thermal crystallization process. Subsequent melting scans
of the isothermally crystallized composites exhibited triple

or double melting endotherms: the greater the content was
of nano-CaCO3, the lower the temperature was of the melt-
ing peak. The degree of crystallization deduced from the
melt enthalpy of composites with the proper concentration
of nano-CaCO3 was higher than that of pure PTT, but it
was lower when the nano-CaCO3 concentration was more
than 2%. The transmission electron microscopy pictures
suggested that the dispersion state of nano-CaCO3 par-
ticles in the polymer matrix was even when its concentra-
tion was no more than 2%, whereas some agglomeration
occurred when its concentration was 4%. Polarized micros-
copy pictures showed that much smaller or less perfect
crystals formed in the composites because of the interac-
tion between the molecular chains and nano-CaCO3 parti-
cles. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106: 1557–
1567, 2007
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is a new type
of linear aromatic polyester first synthesized by
Whinfield et al. in 1940,1 but it was not commercially
available then because of the high cost of 1,3-pro-
panediol, one of the raw materials used to produce
PTT. With a breakthrough in the synthesis of 1,3-
propanediol at a much lower cost, PTT is now com-
mercially available and is produced by Shell Chemi-
cals under the trade name Corterra.2 PTT offers sev-
eral advantageous properties, including good tensile
behavior, resilience, outstanding elastic recovery,
and dyeability. Moreover, PTT fibers have the resil-
iency and softness of nylon fibers, as well as the
chemical stability and stain resistance of poly(ethyl-
ene terephthalate) counterparts, and this makes them
ideal candidates for applications such as carpets and

other textile fibers. Hence, engineering plastics prob-
ably will be an important application field of PTT (a
semicrystalline polymer).3–6 With the industrialized
production of PTT, it has received much attention
from researchers.5–10

To extend the application fields of polymers,
researchers are devoted to obtaining polymers with
higher performance, and there has been much
research on preparing organic/inorganic composites
through the addition of inorganic particles into a
polymer matrix. Inorganic particles have contributed
to greatly improving crystallization, mechanical, and
rheological properties.11–16 Various inorganic par-
ticles, such as SiO2,

17,18 TiO2,
19,20 CaCO3,

21–24 and
montmorillonite, are usually used as fillers in or-
ganic/inorganic composites. The benefit of inorganic
particle fillers is high rigidity with an improved
yield strength or modulus, which mainly is induced
by a change in the crystallization of the polymer. An
adequate amount of inorganics usually promotes
nucleation with an increasing crystallization rate of
the polymer.25

CaCO3 is one of the most commonly used inor-
ganic fillers for thermoplastics, such as poly(vinyl
chloride) and polypropylene;26 however, nanopar-
ticles less than 0.7 lm in size tend to aggregate and
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show very poor dispersion in composites, and
agglomeration becomes worse as the particle size is
reduced.27 Therefore, there are many efforts devoted
to surface-modified CaCO3 particles to increase the
interactions between the polymer and filler. Usually,
the modifier has a long alkyl chain with one hydroxyl
end group, and it is believed that the polar group is
absorbed onto the surface of nanoparticles and that
the long alkyl chain is compatible with polymer mo-
lecular chains.28,29 The addition of a modifier reduces
the particle/particle interaction by lowering the sur-
face free energy of nanoparticles, and there is better
dispersion of the nanoparticles in the polymer matrix.
The effects of surface modifications are positive on
the mechanical properties of composites.

Many articles about PTT and its blends with other
polyesters have been published recently, focusing on
the crystallization kinetics,5,8,10,30–35 crystal morphol-
ogy,8,9 and melting behavior.30,32 However, there are
few published studies on improving the properties
of PTT.36 To the best of our knowledge, there is no
report on the crystallization kinetics or crystal mor-
phology of PTT/CaCO3 nanocomposites.

In this study, tri(dioctylpyrophosphateoxy) titanate
was used as a modifier to treat nano-CaCO3 to prevent
its agglomeration, and then various PTT/CaCO3 nano-
composites were prepared by melt compounding with
a corotating twin-screw extruder with different nano-
CaCO3 concentrations. As a kind of exterior impurity,
nano-CaCO3 can affect the crystallization behavior of
PTT. In this study, the isothermal crystallization kinetics
and subsequent melting behavior and spherulite mor-
phology of PTT/CaCO3 nanocomposites were investi-
gated. Based on differential scanning calorimetry (DSC)
measurements, a study of the isothermal crystallization
kinetics was performed with the Avrami equation. The
crystallization activation energy (DE) was also calcu-
latedwith the Arrhenius method.

EXPERIMENTAL

Materials

PTT was provided in pellet form by Shell Chemicals
(Montreal, Canada), and its intrinsic viscosity was
measured to be 0.92 dL/g in a solution of phenol and
tetrachloroethane (50/50 w/w) at 258C with an
Ubbelohde viscometer. CaCO3 nanoparticles were
supplied by Guangxi Chemical, Ltd. (Henzhou,
China), with a size in the range of 50–70 nm. A non-
ionic modifier, tri (dioctylpyrophosphateoxy) titanate
(CT-114), which had good stability under 2858C, was
supplied by Jiangsu Lijin Chemical, Ltd. (Changzhou,
China), and was used to treat the nano-CaCO3 particles.

Composite preparation

The nano-CaCO3 particles were dried in an oven at
1108C for 8 h, and then tri(dioctylpyrophosphateoxy)

titanate, dissolved in ethanol (1 : 1 w/w), was added
to the dried CaCO3; the mixture was stirred for
10 min with a high-speed mixer, and then it was dried
in an oven at 608C for 3 h to obtain the modified
nano-CaCO3. PTT was dried in a vacuum oven for
4 h at 1408C to avoid moisture-induced degradation
reactions. The dried PTT pellets and modified nano-
CaCO3 particles were mixed and melt-compounded
in a ZSK 25WLE WP self-wiping (Stuttgart, Ger-
many), corotating twin-screw extruder at a die tem-
perature of 2658C and a screw speed of 140 rpm,
and then the molten composites were quenched with
cold water, cut into pellets, and dried in a vacuum
oven at 1408C for 4 h before being used for DSC or
polarized optical microscopy (POM) measurements.
Corresponding to the weight percentage of nano-
CaCO3, the names of the composites were PTT (0%
CaCO3), PTT1 (1% CaCO3), PTT2 (2% CaCO3), and
PTT4 (4% CaCO3).

Analysis

The dispersion state of the nano-CaCO3 particles in
the polymer matrix was examined with a Hitachi
900 transmission electron microscope (Tokyo, Japan).
Samples for POM measurements were prepared
through the sandwiching of a tiny pellet of a PTT/
CaCO3 composite between two glass plates, com-
pression at 2608C for 5 min, and then annealing in
an oven at 2108C for 3 h. POM observations were
performed with a Leitz SM-LUX-POL (Benshiem,
Germany) with a camera.

The melting and crystallization behaviors of four
samples were investigated with the following pro-
gram: the dried samples were first heated at a heat-
ing rate of 1008C/min from room temperature to
2608C under a nitrogen atmosphere, held for 5 min
and then cooled to 508C at a cooling rate of 2008C/
min to obtain amorphous-state samples, then heated
again at a rate of 108C/min to 2608C, and held there
for 5 min and then cooled to 508C at a rate of 108C/
min. The second heating and cooling processes were
recorded with a PerkinElmer Diamond DSC instru-
ment (Shelton, CT).

Isothermal crystallization and subsequent melting
processes were performed as follows: the samples
were heated at a rate of 1008C/min to 2608C, held
there for 5 min, and then cooled to the designated
crystallization temperature (Tc) rapidly (2008C/min).
After the isothermal crystallization was finished, the
samples were heated to 2608C at a rate of 108C/min.

RESULTS AND DISCUSSION

Dispersion state of the nanoparticles

Transmission electron microscopy micrographs of
PTT1, PTT2, and PTT4 are shown in Figure 1. For
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PTT1 [Fig. 1(a)] and PTT2 [Fig. 1(b,c)], a good dis-
persion state of nano-CaCO3 particles in the matrix
can be observed, and no agglomeration occurs; how-
ever, for PTT4 [Fig. 1(d,e)], the dispersion state of
nano-CaCO3 particles is not so good, and some
agglomerations 200–300 nm in size can be observed,
which are several times larger than the primary size
of 50–70 nm. These results indicate that the shear
force of melt extrusion is not enough to break down
all the agglomerations, especially at relatively high
filler concentrations (e.g., 4%). The agglomeration of

nano-CaCO3 may affect the crystallization behavior
of PTT nanocomposites.

Melting and crystallization behavior

Typical melting DSC curves of the four samples are
shown in Figure 2, and the kinetic parameters of the
melting curves are summarized in Table I. The neat
PTT exhibits an apparent glass transition at about
548C, a cold-crystallization peak at about 878C, and a
melting peak at about 2248C. However, neither an

Figure 1 Transmission electron micrographs of nanocomposites with different magnifications: (a) PTT1 (10,0003), (b)
PTT2 (10,0003), (c) PTT2 (50,0003), (d) PTT4 (10,0003), and (e) PTT4 (50,0003).
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obvious glass transition nor cold crystallization is
observed for samples PTT1, PTT2, and PTT4. In the
DSC curve of neat PTT, the cold-crystallization peak
area is smaller than the melting peak area, and this
indicates that at the cooling rate of 2008C/min, the
molten PTT is frozen in the amorphous state
directly, whereas the molten PTT1, PTT2, and PTT4
composites are essentially turned into semicrystalline
ones at the same cooling rate. It is also recognized
that the melting peaks of PTT1, PTT2, and PTT4 shift
to a higher temperature in comparison with neat
PTT. Moreover, an obvious recrystallization peak
can be observed around 2108C in each curve of
PTT1, PTT2, and PTT4, whereas no recrystallization
peak is shown in the curve of neat PTT; this indi-
cates that semicrystalline PTT1, PTT2, and PTT4 are
more likely to undergo a melting/recrystallization
process during DSC scanning.37

The melt-crystallization behaviors of four compo-
sites at the cooling rate of 108C/min are shown in
Figure 3, and the kinetic parameters of the cooling

process are summarized in Table I. At this cooling
rate, the crystallization exothermal peaks of PTT1,
PTT2, and PTT4 are shifted to a high temperature in
comparison with neat PTT, and this indicates that
nano-CaCO3 particles can increase the melt-crystalli-
zation temperature. However, in comparison with
the temperature of the melt-crystallization peak in
the cooling scans of PTT4 and PTT1, the temperature
is reduced by 3.48C, and the effects of heterogeneous
nucleation decrease a little; this may be induced by
the agglomeration of nano-CaCO3 particles.

Isothermal crystallization kinetic analysis

Isothermal crystallization behavior

Exothermal diagrams of the isothermal crystalliza-
tion analysis for PTT and PTT/CaCO3 composites
are shown in Figure 4(a,b). With Tc increasing, the
exothermal peaks of each curve are shifted to longer
times, and this indicates that Tc is an important

Figure 2 Second-heatingDSC curves of the nanocomposites.

TABLE I
Kinetic Parameters of Melting and Crystallization for Various Samples

Sample

Heating scan Cooling scan

Tg (8C)
a Tc,c (8C)

b DHc (J/g)
c Trec (8C)

d Tm (8C)e DHm (J/g)f Tc,h (8C)
g DH (J/g)

PTT 54.0 87.0 229.0 — 224.1 59.7 177.6 250.5
PTT1 — — — 214.5 229.6 56.6 185.1 251.4
PTT2 — — — 210.6 229.7 58.7 181.2 247.2
PTT4 — — — 211.1 228.5 56.8 181.7 249.6

a Glass-transition temperature.
b Temperature of the cold-crystallization peak in the heating scan.
c Cold-crystallization enthalpy in the heating scan.
d Temperature of the recrystallization peak in the heating scan.
e Melting temperature.
f Melting enthalpy.
g Temperature of the melt-crystallization peak in the cooling scan.

Figure 3 Melt-crystallization DSC curves of four nano-
composites.
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influencing factor determining the crystallization
time. From the data listed in Table II, the crystalliza-
tion enthalpy (DH) of each sample increases slightly
with increasing Tc, and this implies a dependence
of the crystallinity on Tc; however, in a comparison
of the DH values of PTT1, PTT2, and PTT4 with
that of neat PTT, PTT1 increases but PTT2 and PTT4
decrease a little, and this indicates that the proper
concentration of nano-CaCO3 can improve the total
crystallization, but too much can have a negative
effect.

Figure 5(a,b) shows the relative crystallinity at
time t [Xc(t)] integrated from Figure 4 as a function
of the crystallization time (t) for samples PTT and
PTT1 at various Tc values. In Figure 5(a,b), the char-
acteristic sigmoidal isotherms are shifted to the right
along the time axis with increasing Tc, and this indi-

cates a progressively slower crystallization rate as Tc

increases.
Another important parameter is the half-time of

crystallization (t1/2), which is defined as the time
taken from the onset of Xc(t) until 50% completion.
The dependence of t1/2 on Tc for various samples is
shown in Figure 6 and is also listed in Table II. t1/2
of neat PTT increases much as Tc increases from 188
to 1948C, and this indicates that neat PTT is a ther-
mally activated crystallization polymer. PTT1, PTT2,
and PTT4 show slow changes of t1/2 with increasing
Tc, and this indicates a lower dependence on Tc than
that of the neat polymer. When Tc is 1908C (Table II),
t1/2 of neat PTT is evidently longer than that of PTT1,
PTT2, and PTT4, and this suggests an apparent
increase in the crystallization rate as nano-CaCO3 par-
ticles fill into the polymer matrix. From the results,
we also found that PTT4 has a larger t1/2 value than
PTT1 and PTT2; that is, the crystallization rate of
PTT4 decreases compared with that of PTT1 and
PTT2, and this might be caused by an agglomeration
effect of nano-CaCO3, as shown in Figure 1(d,e).

Analysis based on the Avrami equation

If we assume that Xc(t) increases with the crystalliza-
tion time (t), the Avrami equation can be used to
analyze the isothermal crystallization process of the
neat PTT and PTT/CaCO3 composites as follows:38,39

1� XcðtÞ ¼ expð�Ztt
nÞ (1)

logf� ln½1� XcðtÞ�g ¼ n log tþ logZt (2)

where Avrami exponent n is a mechanism constant
with a value depending on the type of nucleation
and the growth dimension and Zt is a growth rate

Figure 4 Heat flow versus the time during the isothermal
crystallization of (a) PTT and (b) PTT1 nanocomposites at
different Tc values by DSC.

TABLE II
Kinetic Parameters of Isothermal Crystallization

for Various Samples

Sample Tc (8C) n Zt 3 1027 (s2n) t1/2 (s) DH (J/g)

PTT 188 2.4 170 249 236.9
190 2.6 57.5 355 243.8
192 2.5 6.9 516 243.8
194 2.7 3.5 626 245.0

PTT1 190 2.5 234 64 253.1
192 2.6 136 87 258.0
194 2.5 91.2 95 258.9
196 2.7 17.0 133 260.9

PTT2 188 2.4 363 58 238.4
190 2.4 260 69 240.1
192 2.5 73.0 97 243.3
194 2.6 31.0 130 245.0

PTT4 188 2.3 204 68 234.9
190 2.5 89.1 87 235.9
192 2.6 36.3 111 236.4
194 2.8 7.08 148 237.3
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constant involving both nucleation and growth rate
parameters.

The plots of log{2ln[1 2 Xc(t)]} versus log t
according to eq. (2) are shown in Figure 7(a,b). The
experimental data appear to fit very well with the
Avrami equation at the primary crystallization stage,
and plots of log{2ln[1 2 Xc(t)]} versus log t at differ-
ent Tc values and nano-CaCO3 concentrations are
shown in a good linear relationship in the first line
part.

n and Zt can readily be extracted from the Avrami
plots in Figure 7, and their values for various sam-
ples are listed in Table II. In this work, the values of
n range from 2.4 to 2.7 for pure PTT in this tempera-
ture range, which, according to the definition of n,40

may correspond to two-dimensional growth with a
combination of thermal and athermal nucleation
mechanisms (to pacify the fractional values of n

observed). Without any heterogeneous nucleating
agent, the crystal nucleus forms slowly, and the mo-
lecular chains arrange very slowly at these Tc values.
As a result, crystals with a lamellar form are the pre-
dominant components of the polymer. Intuitively,
the temperature dependence of n should be such
that n increases with increasing Tc within the nuclea-
tion control region. This is because the number of
athermal nuclei increases tremendously with
decreasing Tc,

41,42 and this causes the nucleation
mechanism to be more instantaneous in time and
decreases the values of n.

The values of n for PTT1, PTT2, and PTT4 are
about 2.6 6 0.1, 2.5 6 0.1, and 2.6 6 0.2, respec-
tively. These may be average values of various
nucleation types and growth dimensions occurring
simultaneously in a crystallization process in this
temperature range. For PTT1, PTT2, and PTT4 with
nano-CaCO3 as a heterogeneous nucleus, the nuclea-
tion type should mostly be heterogeneous nuclea-
tion, and its growth dimension should mostly be a
three-dimensional space extension. As a result, crys-
tals with a spherical form are the predominant com-
ponents in PTT composites.

As shown in Table II, another overall rate parameter
(Zt), which determines both the nucleating and
growth processes, is extremely sensitive to tempera-
ture for each sample; that is, the higher the tempera-
ture is, the lower the crystallization rate is. Comparing
the Zt values of PTT, PTT1, PTT2, and PTT4 at the
same Tc (e.g., 1908C), we find that Zt of PTT1 and
PTT2 increases sharply versus that of neat PTT, but Zt

of PTT4 is much lower than that of PTT1 and PTT2.
These facts indicate that with the proper concentration
of nano-CaCO3 nucleating agents in a composite, the
crystallization rate will be greatly increased; however,
too much nano-CaCO3 will reduce the crystallization

Figure 6 Plot of t1/2 versus Tc for the isothermal crystalli-
zation of various PTT/CaCO3 nanocomposites.

Figure 5 Development of Xc(t) with t for the isothermal
crystallization of (a) PTT and (b) PTT1 nanocomposites at
different Tc values.
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rate. There are probably two reasons. First, although
the nanoparticles are surface-treated with tri(dioctyl-
pyrophosphateoxy) titanate, the dispersion state in the
PTT matrix may not be as even as expected, as shown
in Figure 1(d,e), and agglomeration phenomena will
occur, especially at high particle concentrations; sec-
ond, the number of nanoparticles is so large that only
a small fraction of them serve as nuclei, whereas most
particles may cause an increase in the melt viscosity,
resulting in the restriction of molecular movement
into an orderly packing state.

Subsequent melting behaviors

The triple melting phenomenon of PTT has previously
been reported.30–32,34,37 The occurrence of peak I at a
lower temperature has been attributed to recrystalliza-
tion during the reheating process, and peaks II and III
at higher temperatures have been attributed to the

melting of the primary crystallites of two populations
of lamellar stacks.30 In a separate investigation about
multiple melting behavior in isothermally crystallized
PTT using DSC and wide-angle X-ray diffraction tech-
niques,31 it was observed that the subsequent melting
thermograms for PTT isothermally crystallized within
the Tc range of 182–2158C exhibited a triple (for Tc val-
ues lower than ca. 1928C), double (for Tc values
greater than ca. 1928C but lower than ca. 2108C), or
single (for Tc values greater than ca. 2108C) endother-
mic melting phenomenon. For the triple melting phe-
nomenon, it was postulated that the occurrence of
peak I was a result of the melting of the primary crys-
tallites formed at Tc, peak II was a result of the melt-
ing of recrystallized crystallites that formed during a
heating scan, and peak III was a result of the melting
of recrystallized crystallites of different stabilities that
formed during a heating scan.

Figure 8 Melting endotherms of (a) PTT and (b) PTT1
nanocomposites recorded at a heating rate of 108C/min af-
ter isothermal crystallization at the specified temperatures.

Figure 7 Plots of log{2ln[1 2 Xc(t)]} versus log t for (a)
PTT and (b) PTT1 nanocomposites at the indicated temper-
atures.
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Figure 8(a,b) presents DSC heating thermograms
of neat PTT and PTT/CaCO3 composites annealed at
different Tc values, and the melting parameters are
summarized in Table III. From Figure 8(a) and Table
III, it is apparent that the neat PTT endotherms ex-
hibit three melting peaks at a lower Tc value (1888C),
but they show only two melting peaks when Tc is
higher than 1908C because peak II and peak III tend
to combine. Moreover, peaks I and II shift to higher
temperatures as Tc increases from 188 to 1948C, but
peak III changes little. As shown in Figure 8(a), the
area of peak III is larger than that of either peak I or
II, and this indicates that the major crystallization of
PTT is predominantly composed of primary crystals.

Each of the melting endotherms of PTT1, PTT2,
and PTT4 exhibits only two primary melting peaks:
peaks I and III [e.g., the endotherms of PTT1 in Fig.
8(b)]. According to a comparison of the melting
endotherms of neat PTT with those of PTT1, PTT2,
and PTT4 at the same Tc (e.g., 1908C), the tempera-
tures of peak I vary with various nano-CaCO3 con-
centrations, and their values are 212.3 (PTT), 210.5
(PTT1), 211.6 (PTT2), and 211.58C (PTT4), respec-
tively. Therefore, it might be concluded that nano-
CaCO3 particles can increase the formation of crys-
tallites with a smaller or poor morphology.

According to Figure 8(a,b) and Table III, a recrystalli-
zation exotherm can be observed during DSC heating,
and it tends to shift to a higher temperature as Tc

increases. A comparison of the recrystallization peak
locations of the four samples at the same Tc (e.g.,

1908C) shows that those of PTT1, PTT2, and PTT4 are
all lower than that of neat PTT, and this indicates that
the crystallites of PTT1, PTT2, and PTT4 are smaller or
less prefect and more likely to undergo a melting/
recrystallization process during a heating scan. Accord-
ing to the values of DHfII1III in Table III, the crystallinity
is highest when the CaCO3 concentration is 1 wt % at
the same Tc (e.g., 1908C), and this indicates that the
degree of crystallization of the composites is dependent

TABLE III
Melting Endotherm Parameters of Various Samples

Sample Tc (8C) TmI (8C)
a DHfI (J/g)

b TmII
c (8C) TmIII

d (8C) DHfII1III (J/g)
e Trec (8C)

f

PTT 188 210.4 0.46 225.3 227.2 44.6 213.6
190 212.3 1.44 — 227.0 41.9 214.9
192 213.5 2.36 — 227.2 37.8 216.5
194 215.0 3.53 — 227.3 34.3 218.0

PTT1 190 210.5 0.87 — 226.1 53.4 213.2
192 211.8 1.52 — 225.7 47.6 214.5
194 213.3 2.96 — 226.1 51.0 216.0
196 214.8 5.00 — 226.3 46.2 217.7

PTT2 188 210.3 0.27 225.0 227.5 48.2 213.1
190 211.6 0.66 — 227.1 44.9 214.3
192 212.9 1.43 — 226.9 40.8 215.7
194 214.2 2.45 — 227.0 38.3 217.1

PTT4 188 210.0 0.22 224.3 226.3 36.4 213.0
190 211.5 0.63 — 226.5 33.1 214.4
192 212.8 1.15 — 226.6 30.3 215.7
194 214.2 2.00 — 226.9 30.0 217.3

a Melting temperature of the Peak I.
b Melting enthalpy of Peak I.
c Melting temperature of the Peak II.
d Melting temperature of the Peak III.
e Melting enthalpy of Peak II and Peak III.
f Temperature of the recrystallization peak in the heating scan.

Figure 9 Plot of (1/n)(ln Zt) versus 1/Tc for the different
nanocomposites.
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on the concentration of nano-CaCO3, and too many
nanoparticles will reduce the formation of the crystals.

DE

The crystallization process of neat PTT and PTT/
CaCO3 composites is assumed to be thermally acti-
vated. Crystallization rate parameter Zt can be
approximately described by the following Arrhenius
equation:43

Z
1=n
t ¼ Z0 exp

�DE
RTc

� �
(3)

1

n

� �
lnZt ¼ lnZ0 � DE

RTc
(4)

where Z0 is the temperature-independent pre-expo-
nential factor and R is the gas constant. DE can be
determined by the slope coefficient of plots of (1/n)
ln Zt versus 1/Tc [eq. (4)], which are shown in Fig-
ure 9. Because it has to release energy when the mol-
ten fluid is transformed into the crystalline state, the
value of DE is negative on the basis of the concept of
the heat quantity in physical chemistry. In this

study, the DE values for various samples in the pri-
mary crystallization stage are 2298.8 (PTT), 2190.3
(PTT1), 2164.5 (PTT2), and 2180.4 kJ/mol (PTT4).
This result suggests that DE of the composites
decreases as the nano-CaCO3 concentration increases
to 2%, indicating that the proper concentration of
nanoparticles acting as nucleating agents in the poly-
mer matrix will improve the nucleation rate and
induce the arrangement of molecular chains on the
surface of nano-CaCO3; however, too many nanopar-
ticles (e.g., 4%) will increase DE and constrain the
arrangement of molecular chains, probably because
of an agglomeration effect. This result is also con-
firmed by the conclusion of a relationship between
Zt, t1/2, and the nanoparticle concentration in the
polymer matrix, as mentioned previously.

An increase in the crystallization rate and a reduc-
tion of DE are common characteristics for polymer/
nanoparticle composites.27 In addition to the func-
tion of tri(dioctylpyrophosphateoxy) titanate in low-
ering the surface free energy of nano-CaCO3, the
polymer/particle adhesion is also lowered by the
modifier, and this results in a reduction of the con-
straint effect of the nano-CaCO3 particles on the PTT

Figure 10 Polarized microscopy pictures of crystallized nanocomposites: (a) PTT, (b) PTT1, (c) PTT2, and (d) PTT4.
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molecular chains. Part of the modifier also acts as a
plasticizer for PTT, increasing the free volume of
PTT. Therefore, the activation energy for the trans-
port of PTT molecular segments to the crystallization
front is reduced, and this leads to an increasing
spherulite growth rate when the modifier is used.

Crystal morphology

After 3 h of annealing at 2108C, the crystal morphol-
ogy of PTT, PTT1, PTT2, and PTT4 was observed
with polarized microscopy, and four pictures are
shown in Figure 10. For neat PTT, several spherulites,
impinging against one another, are fairly big and per-
fectly grown, with a Maltese cross clearly observed
with a diameter greater than 100 lm, and the interfa-
ces between the spherulites are sharp and clear. How-
ever, the PTT1, PTT2, and PTT4 composites have rela-
tively small or less perfect Maltese crosses, and their
dimensions are reduced to 50, 30, and 20 lm or less,
respectively. Clearly, the dimensions of the spheru-
lites decrease with an increasing number of nanopar-
ticles in the PTT matrix. These results may indicate
that nano-CaCO3 particles in the composites act as
seeds for spherulite growth and that the crystals may
grow on the surface of the nano-CaCO3 particles. As
the spherulites grow, they may be confined by one
another and the nano-CaCO3 particles as well, and
this leads to more spherulites forming in a limited
space. Therefore, with an increasing concentration of
nanoparticles in the PTT matrix, the dimensions of
the spherulites decrease gradually.

CONCLUSIONS

PTT/CaCO3 nanocomposites prepared by melt com-
pounding have been investigated with respect to the
isothermal crystallization kinetics and crystal mor-
phology. The dispersion state of nano-CaCO3 par-
ticles in the polymer matrix is even when the con-
centration is no more than 2%, whereas some
agglomeration is observed when the concentration is
4%. n and Zt, calculated with the Avrami equation,
indicate that the nanoparticles, acting as nucleating
agents, accelerate the nanocomposite crystallization
rate. DE is reduced as the nano-CaCO3 concentration
increases from 0 to 2%, and the nanoparticles make
PTT easier to crystallize during the isothermal crys-
tallization process; however, too high a nanoparticle
concentration (e.g., 4%) will reduce the crystalliza-
tion ability of the PTT matrix. Moreover, the proper
concentration of nano-CaCO3 particles (1%) leads to
the maximum improvement in the crystallinity and
crystallization rate. However, the positive influence
is not increased with an increasing concentration of
nanoparticles when it is more than 2%, and this may
be the reason for agglomerated nano-CaCO3; there-

fore, nano-CaCO3 may be a good nucleating agent
for PTT if agglomeration can be avoided. The obser-
vation of subsequent melting endotherms of neat
PTT and PTT/CaCO3 composites after isothermal
crystallization at the specified Tc values shows dou-
ble or triple melting peaks. The nano-CaCO3 par-
ticles can increase the formation of microcrystallites
with a smaller or poor morphology. POM observa-
tions also confirm that nanocomposites form much
smaller, uniform spherulites than neat PTT, and the
dimensions of the crystal decrease greatly with an
increasing concentration of nanoparticles.
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