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ABSTRACT: In this study, the melting behavior of isothermally crystallized polytri-
methylene terephthalate (PTT) was investigated. Multiple melting behaviors in DSC
heating trace were found because two populations of lamellar stacks were formed
during primary crystallization and the recrystallization at heating process, respec-
tively. This fact could be also confirmed from the result of optical microscopy observa-
tion. The Hoffman–Weeks equation was applied to obtain equilibrium melting temper-
ature (Tm

0 ). The Tm
0 value of PTT is about 525 K, which is 10 K higher than that

reported. Combining the enthalpy of fusion from the DSC result and the degree of
crystallinity from WAXD result, the value of the equilibrium-melting enthalpy �Hf

0

was deduced to be approximately 28.8 kJ mol�1. © 2002 John Wiley & Sons, Inc. J Appl
Polym Sci 83: 2426–2433, 2002
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) was re-
cently introduced as a commercial polymer, join-
ing the polyester family with others such as poly-
(ethylene terephthalate) (PET) and poly(butylene
terephthalate) (PBT). The synthetic method of
PTT was first reported by Whinfield and Dick-
son.1 The products are difficult to commercialize
because of the lack of an economical source of
trimethylene glycol, also called 1,3-propandiol
monomer. Nevertheless, the synthesis of PTT is
now available in industrial quantities for use in
fiber and engineering thermoplastic applications
developed by Shell Chemical Co.2–6 Because PTT
is a relatively new material, little structural in-
formation is reported in the literature. Some
studies7,8 have reported that the unit cell of PTT

crystal is triclinic and each cell contains two
monomers of one polymer chain each, of which
methylene bonds are in the gauche conformation
(i.e., 3 GT conformation).

Owing to the methylene groups in the main
chain, the flexibility of PTT chain should be
higher than that of PET chain. This may give rise
to the fast crystallization of PTT compared with
that of PET. Recently, Pyda et al.9 reported some
thermal parameters such as heat capacity, equi-
librium temperature, and enthalpy of PTT in
their article. From their results, we were very
interested in the value of the equilibrium temper-
ature Tm

0 (510 K) that they used to calculate the
heat capacity, because this value is only 9 K
higher than the melting temperature Tm (501 K)
of the sample crystallized from the partial-
quenched state (the data shown in Fig. 4 of their
article). Generally, the difference between Tm

0 and
Tm values for flexible polymers is above 20 K, if
the crystallization does not occur at extremely
high temperatures to form a very large size la-
mellar thickness. Thus, the Tm

0 value may need to
be reconfirmed through thermal analyses.
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The melting behavior of isothermally crystal-
lized polymers was one of the most important
studies in the field of polymer engineering. The
multiple melting behaviors identified by the ther-
mal effect leading to recrystallization or reorga-
nization processes are generally carried out dur-
ing DSC scanning and the secondary crystalliza-
tion in the Avrami curve at the nonlinear stage.
Recently, many studies10–13 reported that there
may be dual populations of lamellar stacks
formed from the recrystallization, resulting in
multiple melting behaviors. However, there are
still many arguments in the proposed models for a
controversy over the multiple melting behaviors.
Generally, terephalate polyesters often exhibit
multiple melting peaks in the DSC results; how-
ever, up to now there is no information about the
melting behavior for PTT.

In this study, the multiple melting behavior of
PTT is discussed to clarify the relation between the
crystallization and melting behaviors. Then, some
equilibrium values of thermal parameters such as
the equilibrium melting temperature, the equilib-
rium melting enthalpy, and entropy were calculated
compared with those reported in the literature.

EXPERIMENTAL

Materials

PTT was kindly supplied by Industrial Technol-
ogy Research Institute (ITRI), Hsin-Chu, Tai-
wan, China. The PTT used in this work was
obtained by the direct esterification of 1.3-pro-
panediol (PDO) with terephthalic acid (TPA) in
the melt phase with tetraisopropyl titanate as
the catalyst. The intrinsic viscosity of the PTT
obtained from a phenol/tetrachloroethane (60/
40)-mixed solution at 298 K is � 0.84 mL/g.
According to published results reported by
Chuah et al.,14 the relationship between num-
ber-average molecular weight and intrinsic vis-
cosity of the PTT is [�]phenol/tetrachloroethane
� 5.36M0.69. Therefore, the number-average
molecular weight of � 43,000 can be estimated.
All specimens were dried at 363 K for 3 h under
vacuuming before any new thermal treatment
or experimental characterizations.

Measurements

The measurements of differential scanning calo-
rimeter (DSC) were carried out by using a DuPont
2000 Thermal Analyzer. Typically, the sample

was first melted at 553 K for 5 min to make an
isothermal crystallization and then liquid nitro-
gen was used to quickly cool (ca. 100 K/min) the
sample to ambient crystallization temperature.
The subsequent heating curves at a heating rate
of 10 K/min were recorded for various crystalliza-
tion times. All measurements were performed at
a dry nitrogen atmosphere. The instrument was
calibrated in both the temperature and the melt-
ing enthalpy with a standard sample of indium.
The heat of fusion of indium (28.45 J g�1) was
used to calibrate the thermal response of the cal-
orimeter. To avoid an uneven thermal conduction
of the samples, which may cause different amounts
of broadening and shifting of the peak positions, the
aluminum pans were always filled with the same
quantity of specimen, about 10 � 1 mg.

The radial growth of PTT spherulite was ob-
served by using polarized light microscopy (PLM)
(Leica Laborlux 12 Pols) with a hot stage (Link-
man CI93). The specimens were first melted at
553 K for 5 min and then rapidly cooled to the
selected crystallization temperature with liquid
nitrogen. When the crystallization temperature
was reached, the radial growth of the spherulite
was recorded with a camera.

The wide-angle X-ray diffraction (WAXD) in-
tensity curves of the samples were measured by
using a Rigaku D/max diffractometer with a
graphite-monochromatized CuK� radiation work-
ing at 40 KV and 100 mA at a scanning rate of
1°/min. The amorphous PTT was prepared from
quick quenching of melted PTT. This sample is
indeed amorphous from the results of WAXD and
DSC, as shown in Figure 1. In DSC heating trace,
the total exothermic enthalpy of crystallization is
almost the same with the melting enthalpy. On
the other hand, the WAXD profile only exhibited
an amorphous scattering pattern without any
crystalline diffraction.

RESULTS AND DISCUSSION

Figure 2 shows the DSC heating traces where the
isothermal crystallization of PTT has completely
taken place at various crystallization temperatures,
Tc. The endothermic peaks labeled I, II, and III
change their position with Tc. At Tc � 463 K, only
two melting peaks were observed (i.e., the highest
temperature peak I at ca. 501–503 K and low tem-
perature peak II at around 490 K). For the sample
crystallized at Tc � 463 K, a small peak III ap-
peared. Meanwhile, at Tc � 473 K, peak I suddenly
disappeared and then peak III and peak II gradu-
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ally developed with Tc. The only single peak is ob-
served for sample crystallized at Tc � 488 K. How-
ever, the multiple melting behaviors were reported
in many polymers.10–13,15–20 There still exists some
disagreement concerning the origins of multiple

melting behaviors. Generally, the multiple melting
behaviors could be considered to be related to the
formation of various crystal structures or the dual
lamellar stack during primary crystallization, the
effect of secondary crystallization and the recrystal-
lization or reorganization during DSC heating
trace. The different crystal structures were formed
when the polymer exhibits polymorphism of crystal
structure such as Nylon-6,621 and it-PP.22 The sec-
ondary crystallization can usually be identified by
the deviation of an Avrami plot at the nonlinear
stage where the spherulites may impinge with each
other and their growth may either be related to
subsidiary lamellae or to thickening of lamellae.
Another reason is the reorganization of metastable
crystals during heating, which may result in only
crystal perfection and/or crystal thickening concern-
ing the heating rate. Under these backgrounds
mentioned above, we suggest several experimental
methods for obtaining a clear understanding of mul-
tiple melting behaviors for PTT.

The WAXD patterns corresponding to the iso-
thermally crystallized samples are shown in Figure
3. There is no shift of the position (2�) in the diffrac-
tion peaks, indicating that the crystal unit cell of
PTT does not change with crystallization tempera-
ture. Therefore, the formation of the polymorphism
of crystal structure is not the origin of multiple
melting behaviors for PTT. Simultaneously, Figure
3 also shows the same crystal structure for PTTs of
the present study and Shell Co.

Figure 1 WAXD pattern (a) and DSC trace (b) for
completely amorphous PTT.

Figure 2 DSC traces of PTT at various Tc (heating
rate, 10 K/min).

Figure 3 Evolution of WAXD pattern as function
of Tc.
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Figure 4 shows the DSC heating trace as a
function of the heating rate for PTT after isother-
mal crystallization at 468 K. The triple melting
peaks are still found for the heating rate of 10 and
5 K/min. Meanwhile, it only shows two melting
peaks beyond the heating rate of 30 K/min. As the
heating rate is further increased, only one
broader peak could be found. Summarizing, in the
melting peaks for the samples with various heat-
ing rates at Tc � 468 K, three melting peaks
could be detected (i.e., peak III at ca. 486 K, peak
II at ca. 500 K, and peak I at around 505 K). Peak
II overlaps with peak I to produce one broader
peak at a heating rate of 30 K/min, leading to dual
melting peaks. There is a small exotherm at
� 408 K in Figures 2 and 4. We do not agree that
the recrystallization can take place at such a high
temperature during the heating process when the
isothermal crystallization was completed. This
peak III may be related to a slight ordering exo-
therm that causes partly premelting of crystals to
give rise to less metastability due to thermal fluc-
tuation. In fact, the faster heating rate may shift
the peak temperature because of the superheat-
ing due to the effect of thermal lag. As the heating
rate is further increased, three melting peaks
shift significantly to much higher temperatures.
For this reason, peak II was not related to the
subsequent recrystallization or reorganization
during heating process.

We still doubted whether the secondary crys-
tallization and recrystallization (or reorganiza-

tion) cause the multiple melting behaviors. How-
ever, this is not so easy to judge from the results
in Figure 4 because the faster heating rate would
lead the melting peak shift to a higher tempera-
ture and the recrystallization or secondary crys-
tallization was not discriminated from the DSC
traces. Based upon Avrami theory, it generally
defines the linear stage as the primary crystalli-
zation and the nonlinear stage as the secondary
crystallization. Therefore, we set a limit of the
isothermal crystallization at linear stage (i.e., the
sample was quickly quenched by liquid nitrogen
to inhibit the secondary crystallization). To mea-
sure the original melting of the primary crystal-
lization, the higher heating rate is necessary to
prevent the effect of recrystallization during the
heating process. The heating traces of the sam-
ples crystallized at Tc � 468 K with various
heating rates are shown in Figure 5. The peak-
fitting procedure was used to separate three melt-
ing peaks. In Figure 5, a relatively clear curve of
the triple melting peaks was found for the sample
at the heating rate of 10 K/min. Owing to the fast
crystallization, it does not have enough time to
restrain the recrystallization. A slight recrystal-
lization peak depending on the heating rate was
found in the temperature range from 333 to 383 K
and its exothermic enthalpy corresponds well to
the endothermic enthalpy of peak III. For this
reason, peak III was considered attributed to the
recrystallization during the heating process.
However, peak I and II, found in Figure 5, should
be concerned with the primary crystallization.
This result is in agreement with that in Figure 4,
which leads us to consider that two populations of
lamellar stack were formed during the primary
crystallization, resulting in the dual melting be-

Figure 5 DSC heating traces as a function of heating
rate for 468 K crystallized PTT at Avrami linear stage.

Figure 4 DSC heating traces of 468 K crystallized
PTT at various heating rates.
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havior (peaks I and II). The two populations of
lamellar stack may be associated with the lamel-
lar-branching effect for the growth of the spheru-
lites.23–25

Additionally, we also provide other evidence
from optical microscopy, which was inserted into
the �/4 compensator for spherulite of PTT, as
shown in Figure 6. The sample was isothermally
crystallized at 468 K, as the crystallization time is
kept within the Avrami linear region and then
subsequently heated at a heat rate of 10 K/min.
Actually, after insertion of the �/4 compensator,
the Maltese cross extinction pattern becomes un-
apparent and displays gray, and it is divided into
four quadrants of cross. Based on the optical the-
ory, the differential velocity of propagation of both
rays causes a phase difference �, which depends
both on the magnitude of the effective birefrin-

gence �n and on the thickness d of the object
26–29

:

� � d � �n (1)

Depending on the � value in the specimen, a
specific interference color will appear. If we as-
sume that the birefringence remains constant in
all samples at the same thermal history, the in-
crease in phase difference may be considered due
mainly to the change in thickness.27,30

To account for the relation between the melting
temperature and the lamellar thickness, the
Thomson–Gibbs equation31 is generally used

Tm � Tm
0 �1 �

2�e

�Hf
0l� (2)

where Tm
0 is the equilibrium melting tempera-

ture, �e is the surface-free energy, �Hf
0 is the

Figure 6 The heating traces of PLM photographs of insertion of the �/4 compensator for
468 K crystallized PTT at Avrami linear stage: (a) 468 K, (b) 495 K, (c) 497 K, (d) 500 K,
(e) 503 K, (f) 505 K.
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equilibrium melting enthalpy, and l is the lamel-
lar thickness, respectively. In eq. (2), if the �e
value is assumed constant, the melting tempera-
ture will be directly proportion to lamellae thick-
ness, l. In Figure 6, even though for publication
purposes the micrographs shown are black and
white, the true sequence of the formation of PTT
spherulite was characterized by sequential devel-
opment of the interference colors when there is an
increase of phase difference by changing the la-
mellar thickness at constant birefringence. At
temperatures below 495 K, the interference colors
in the first and third diametrically opposed quad-
rants of the cross are orange and those in the
second and fourth diametrically opposed quad-
rants are green [Figs. 6(a) and (b)]. Meanwhile,
the temperature was heated to 497–500 K, the
interference colors in the first and third quad-
rants of the cross were still orange, but in the
second and fourth quadrants of the cross become
red [Figs. 6(c) and (d)]. Finally, the interference
colors in the first and third quadrants become
black and in the second and fourth quadrants the
interference colors become orange [Figs. 6(e) and
(f)]. A combination of the results in Figures 5 and
6 is in agreement with the discussions in eqs. (1)
and (2) (i.e., two populations of lamellar stack
related peaks I and II can be deduced from the
change in the interference colors with tempera-
ture). It may also imply that the thickest mother
lamellae (peak I) were first formed and then the
branched lamellae (peak II) infill spherulites dur-
ing primary crystallization.27,32 This branched ef-
fect may be analogously reported by Medellı́n-
Rodrı́guez et al.27 On the other hand, less variety
of color was observed by increasing the crystalli-
zation temperature, indicating that the lamellar
thickness became more homogeneous at higher
Tc. This result corresponds well to that of Figure
2, where the triple melting peaks evolve into one
broader peak with increasing crystallization tem-
perature.

Determination of Equilibrium Melting Temperature

The equilibrium melting point Tm
0 denotes the

melting temperature of the infinite crystal with
extended chain conformation and the greatest de-
gree of perfection. Generally, the Tm

0 value could
be determined by using the Hoffman–Weeks
equation,23–25

Tm � 	1/	
Tc 
 	1 � 1/	
Tm
0 (3)

where Tm is the observed melting temperature,
Tc is the crystallization temperature, and 	 � l/l*

is the ratio of the lamellar thickness l to the
thickness l* of the critical nuclei at Tc, respec-
tively. The Tm

0 value and the lamellar thickening
factor 	 could be easily obtained from the inter-
section at the Tm � Tc line and the slope, respec-
tively, from the classic Hoffman–Weeks plot
shown in Figure 7. The melting temperatures re-
lated to various lamellar sizes could finally ex-
trapolate to the Tm � Tc line for obtaining the Tm

0

value of � 525 K. The 	 values are 3.26, 2.28, and
1.66 from the calculations of the triple melting
peaks, respectively. It should be mentioned that
our Tm

0 value of 525 K for PTT is higher that that
(Tm

0 � 510 K) reported in the literature.2,9 The
Tm

0 value of 510 K may be underestimated for
PTT with the melting temperature of about 503–
505 K because PTT chain is not so rigid to easily
form the extended chain crystallite under general
crystallization from the partial quenched state.

Determination of Equilibrium Melting Enthalpy

The equilibrium melting enthalpy for the 100%
crystalline sample was estimated by using a com-
bination of DSC and WAXD analyses. In analyz-
ing WAXD data, the background scattering was
subtracted from total intensity curve. The value
of the crystalline fraction Wc is then obtained
from33–35:

Wc �
Ic

Ic 
 kIa
(4)

Figure 7 Hoffman–Weeks plot for the PTT. Filled
circle, hollowed circle, and triangle indicate the melting
peaks I, II, and III, respectively.
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where Ia is the intensity of amorphous scattering,
Ic is the intensity of the crystalline diffraction,
and k is the correct factor, respectively. This pro-
cedure involves the separation of X-ray scattering
intensities into amorphous and crystalline com-
ponents. To separate the crystalline fraction from
the total intensity, the Gaussian function was
applied to fit each crystalline diffraction peak.
The intensity curve of the completely amorphous
sample shown in Figure 1(a) was used for the
peak separation. We should first assume that the
positions (2�) and FWHM (full width at half-max-
imum) of the amorphous scattering peak must be
constant (i.e., the structure of amorphous phase
has no change with various crystallization condi-
tions).

Figure 8(a) shows the amorphous scattering
peaks, which the FWHM was fixed at 10.8° and
6.5° at the constant 2� of 20.3° and 42.7°, respec-
tively. The pattern of peak separation is shown in
Figure 8(b). The degree of crystallinity was esti-
mated by using this procedure. Figure 9 shows a
series of WAXD curves for the samples with var-
ious degrees of crystallinity. The corresponding
melting enthalpy of the sample was obtained from
DSC measurement. Combining WAXD and DSC
results, Figure 10 shows the relation between the
melting enthalpy and crystallinity. A linear rela-
tionship was well obtained, and then the extrap-

olation to 100% crystalline sample could give a
value of 28.8 kJ mol�1 for equilibrium melting
enthalpy �Hf

0 of PTT. This value is in good agree-
ment with that reported by Pyda et al.9 The equi-
librium melting entropy �Sf

0 from the calculation
in Tm

0 � �Hf
0/�Sf

0 is � 54.8 JK�1 mol�1.

CONCLUSION

In this work, the melting behavior for isother-
mally crystallized PTTs was investigated. The tri-

Figure 8 Profile analysis of WAXD intensity curve:
(a) the scattering profile for amorphous PTT; (b) the
profile analysis for the sample crystallized at Tc � 488
K for 3 h.

Figure 9 The crystallinity of PTT crystallized at Tc

� 488 K for various crystallization times, t � 0, 0.5, 1,
3, 7, and 12 h, respectively.

Figure 10 The plot of the heat of fusion versus the
degree of crystallinity for PTT.
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ple endotherms were found for PTT at various
conditions of crystallization. Peaks I and II with
higher melting temperatures were considered at-
tributed to primary crystallization. On the other
hand, peak III was related to the recrystalliza-
tion. These melting peaks evolve into one peak at
high-crystallization temperature, because the or-
der of lamellae structure was increased due to a
lower degree of undercooling. Presumably, the
branched effect may take place in the primary
crystallization to bring about two populations of
lamellar stack. The equilibrium melting temper-
ature of PTT Tm

0 was determined from the Hoff-
man–Weeks equation, being 525 K. Combining
the heat of fusion from DSC with the crystallinity
from WAXD, the equilibrium enthalpy of PTT
�Hf

0 was deduced to be 28.8 kJ mol�1.
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