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ABSTRACT: On the basis of the previous observations
that the ultrasonic signals are sensitive to the crystalliza-
tion of polymers (Tatibouet and Piché, Polymer 1991, 32,
3147), we have expanded our efforts to study the detail
relationship between the ultrasonic signals and crystalliza-
tion process in this work. The nonisothermal and isother-
mal crystallization of virgin poly(ethylene terephthalate)
(PET) and PET samples after degradation were studied by
using a specially designed pressure-volume-temperature
(PVT) device, with which an ultrasonic detector was
combined. The results showed that the evolution of the ul-
trasonic signals not only can be used to probe the crystalli-

zation process but also can qualitatively characterize the
crystallization rate, crystallinity, crystallite size, and amor-
phous. DSC measurement was used to verify such results.
Ultrasonic signals could be as a complementary tool to
polymer chain movement and well be applied to charac-
terize the crystallization behavior. Furthermore, the ultra-
sonic measurement has the potential use to characterize
crystallization of products in-line during processing (i.e.,
injection molding, micromoulding). VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 114: 2731–2739, 2009
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INTRODUCTION

Semi-crystalline polymer has complex structures of
crystallite and amorphous regions. It is known that
polymer crystallites have significant effects on prod-
uct properties, such as brittleness, strength, defor-
mation temperature, solvent endurance, and
penetrability. Being able to measure the crystalliza-
tion behavior and control the crystallization process
is important not only for process development but
also for quality control of production. Polymer crys-
tallization involves many aspects, such as crystalliza-
tion kinetics (including the formation of nuclei and
their subsequent growth), crystallite size and shape,
crystallinity, and crystallite microstructures. But a
single measurement method is often insufficient to
describe the polymer crystallization process. Differ-
ential scanning calorimetry (DSC) is the most widely
used technique for studying polymer crystalliza-
tion.1,2 Also available are other techniques such as
dilatometry,3 density measurement,4 infrared (IR)
spectroscopy,5 X-rays diffraction,6 light scattering,7

and optical microscopy.8 However, some of the
above-mentioned techniques cannot be implemented
to perform or simulate the real processes. Tempera-
ture and pressure sensors are widely used in-line to
control the polymer processing. However, it is diffi-
cult to measure the details of crystallization (i.e.,
crystallization temperature, crystallinity, crystalliza-
tion rate), and the feedback information from them
is far away sufficient for many of our purposes. But
they are still good measurements to help in control-
ling crystallization process. In the past decades, the
fluorescent,9 visible optical detectors,10 and laser11

have been used in adopting the investigation of in-
line polymer processing, but transparent slit is
needed to support these techniques.
Ultrasonic technique is an excellent tool for in-

line, real-time, noninvasion, and nondestructive in
polymer characterization. It has been more and more
widely used to diagnose polymer processing and
characterize polymer properties. Many researches
have found that acoustical properties (ultrasonic ve-
locity and attenuation) can characterize polymer’s
physical properties, including the correlation
between ultrasonic parameters with density,12 relax-
ation and transition,13,14 elastic modulus,15 the mor-
phology of polymer blends,16 and the orientation of
polymer chain in injection molding.17 In particularly,
it is attractive to many researchers to investigate
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in-line ultrasonic applications in recent decades.
Nishiwaki,18 et al. at Tokyo University of Agricul-
ture and Technology, one of the pioneering teams in
this area, introduced the application of in-line ultra-
sonic monitoring for polymer processes in 1985.
They reported that the flight time of ultrasonic
waves through plastics decreases as the plastics
cools down and eventually solidifies. The amplitude
variation of the ultrasonic waves reflecting back
from the mold and plastics interface could detect the
air gap in the interface. Brown,19 et al. at University
of Bradford, UK, developed an ultrasonic transit
time measuring instrument for off-line and in-line
polymer process diagnosis. They reported a strong
interaction between transit time, melt pressure, and
temperature, and verified that ultrasound provided
sensitive indications of melt process and material
properties. Researches conducted at IMI/NRC in
this area started in 1990. Gendron,20 et al. investi-
gated an in-line ultrasonic technique for detecting
filler concentration during extrusion. They found
that increasing the filler concentration caused the
attenuation to increase and ultrasonic velocity to
decrease.

By combining ultrasonic testing with conventional
pressure-volume-temperature (PVT) device, a mea-
surement system was set up in our group, which
named as ultrasonic PVT or UPVT with U, P, V, and
T standing for respectively ultrasonic, pressure, spe-
cific volume, and temperature. UPVT as a laboratory
tool has been applied to predict polymer dynamic
behavior by simulating polymer processing condi-
tions and to monitor the polymer crystallization ki-
netic.21–24 By using UPVT and by measuring the
ultrasonic velocity and attenuation in the polymer
sample, Tatibouët and Piché22 were able to deter-
mine the melting, chain relaxation, and glass transi-
tion temperatures of the sample as a function of
pressure. Reignier and Tatibouët24 also studied the
effects of dissolved CO2 molecules in the crystalliza-
tion kinetics of poly(lactide) by UPVT, and the
results showed that crystallization rate was found to
significantly increase with a moderate addition of
CO2.

As an important engineering polymer, Poly(ethyl-
ene terephthalate) (PET) is widely used in the forms
of fibers, sheet, and film, whose properties are partly
dependent on the degree and quality of crystalliza-
tion. Many factors could affect PET crystallization
behavior, such as crystallization temperature, degra-
dation, molecular weight, additives, and molecular
chain orientations.25,26 In the literature, the crystalli-
zation of PET was well characterized, and the data
gave us a good reference at good qualitative
conclusions.27,28

In this work, the crystallization behavior of PET
was studied by using the UPVT through comparing

virgin and degraded PET samples. The purpose is to
see how sensitive the ultrasonic approach would be
in measuring crystallization and whether the UPVT
can well distinguish the crystallization behavior for
the polymer with different structures. DSC measure-
ment was used to verify the UPVT results.

EXPERIMENTAL

PET pellets (9921), supplied by Eastman Chemical,
were dried in vacuum at 60�C over 12 h and then
used in the experiments. To use ultrasound and to
understand the crystallization behavior of virgin and
degraded PET, four samples with different degree of
degradation were prepared using internal mixer on
purpose. These four PET samples were prepared
(Brabender mixer PL2000) by kneading 60 g for
20 min, and the processing conditions is listed in
Table I. Roller blades were used as mixing elements.
The torque values and temperatures were recorded
by a computer.
Figure 1 shows a schematic of UPVT system. The

design was described in details previously.21 Charac-
terization of materials is based on the propagation of
small-amplitude diagnostic ultrasonic waves and
their propagation characteristics including velocity,
attenuation, and frequency dispersion of the waves
in the materials. Ultrasonic waves are generated
from one ultrasonic transducer (UT), passing consec-
utively through one steel delay line buffer rod, the
sample, and another steel buffer rod, then received
by the other UT. The polymer sample is confined
between two steel rods. The thickness of samples is
controlled by the displacement of the upper buffer
rod. The position is continuously measured with an
LVDT displacement transducer and controlled with
an accuracy of 1 lm. The sample thickness is then
used for calculating specific volume V and density q
(q : 1/V) of the material. The heating/cooling sys-
tem controls sample temperatures from –100 to
400�C with heating/cooling rates varying from 50 to
0.015�C/min with stability accuracy of �0.1�C in iso-
thermal conditions. A clamping pressure of up to
100 MPa can be applied and the accuracy is �0.02
MPa. The whole system is computer-controlled and
all data concerning the thickness of the specimen,

TABLE I
Processing Conditions and Abbreviations

for PET Samples

Sample codes
Processing

temperature (�C)
Kneading

speed (rpm)

Virgin PET – –
PET1 260 40
PET2 260 70
PET3 270 70
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temperature, pressure, and ultrasonic signals are col-
lected every 10 s. The operating frequency of the
ultrasonic transducers is 2.25 MHz. Here, the
measurement accuracy of velocity is �0.5 m/s.

Both nonisothermal and isothermal crystallization
kinetics of 3–4 g of PET samples were investigated
by using the UPVT system. In all the tests, sample
were first heated up to 280�C at a heating rate of
30�C/min and then kept at 280�C for 5 min to elimi-
nate the thermal history incurred during sample
preparation. Afterwards, samples were cooled down
to 30�C at a cooling rate of 2�C/min for a noniso-
thermal crystallization investigation. According to
the velocity and attenuation changes in nonisother-
mal crystallization, the temperature of crystallization
onset could be obtained. Then, they were also cooled
down to set temperatures (i.e., 225, 230, 237�C for
virgin PET, 230�C for degraded PET, which are
higher than the temperature of crystallization onset)
at a cooling rate of 50�C/min for an isothermal crys-
tallization investigation. Because the weight and
thickness of samples are much more than in DSC
measurement, the cooling rate in ultrasonic testing
should be much slower in order to keep the samples
cooling uniformly.

A Perkin-Elmer differential scanning calorimetry
(DSC-7) was operated to determine the crystalliza-
tion behavior of samples under a nitrogen flow of

20 cm3/min. Calibration for the temperature was
carried out using a pure Indium prior sample tests
to ensure accuracy and reliability of the measure-
ment. A sample with a weight of 8–10 mg was
heated to 280�C at a heating rate of 30�C/min and
then kept at 280�C for 5 min to erase the thermal
history. Then it was cooled down to 50�C at a cool-
ing rate of 10�C/min for nonisothermal crystalliza-
tion analysis. PET samples were also cooled down to
a set temperature (i.e., 205, 225, 230�C for virgin
PET, 205, 217, 225�C for PET1) at a cooling rate of
50�C/min and maintained at the set temperature for
isothermal crystallization analysis for 1 h, followed
by temperature increase to 280�C at the heating rate
of 10�C/min for enthalpy measurement.

RESULTS AND DISCUSSION

Degraded degree of PET samples

To use ultrasound and to understand the crystalliza-
tion behavior of virgin and degraded PET, four sam-
ples with different degree of degradation were
prepared as testing samples using internal mixer on
purpose.
As it is well known, viscosity is taken to character-

ize degradation in torque rheometer. The following
relationship is used to convert torque value into vis-
cosity.29,30

g ¼ s

_c
¼ C2K

C1N
(1)

where g is the viscosity, s and _c the mean shear
stress and mean shear rate, C1 and C2 constants that
depend primarily on the dimensions of the torque
rheometer, K the measured torque, N the motor
speed (rpm). Because of comparing qualitatively, C1

and C2 can be regarded as constants. The value of
K/N, which can be defined as rpm torque (K0), has
the same trend as viscosity, and it is used to denote
the degree of degradation.
Figure 2 is the torque rheometer data of PET

tested on Brebander mixer, which was measured at
various seting temperatures and motor speeds. It is
evident that there is a high initial rpm torque (K0)
during fusion and follows a gradual decrease in K0

because of completely melting and then degradation.
The curves also show that the melt time of PET1 is
slower than PET2 and PET3, and the thermal me-
chanical degradation is also later and weaker due to
lower temperture and motor speed. Furthermore,
the K0 values of PET2 are a little higher than PET3.
From the curve 1, 2, and 3, we can conclude the
sequence of degradation degree from low to high is
PET1, PET2, and PET3 originated from hydrolysis
and chain scission.

Figure 1 The schematic of ultrasonic measurement device.
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Nonisothermal crystallization

Nonisothermal crystallization of virgin and
degraded PET samples was examined in details by
using the UPVT system coupled with volumetric
measurement shown in Figure 1. Figure 3 displays
typical evolution behavior of attenuation coefficient
aL, propagation velocity mL of longitudinal ultrasonic
waves, and specific volume Vspecific in virgin PET
with decreasing temperature. The experiment was
carried out at the cooling rate of 2�C/min from
280�C to 30�C under constant pressure of 100 bars.
The period from A to B in the figure is the process
of nonisothermal crystallization, with location A rep-
resenting the onset temperature (Tonset) of the crys-
tallization, and location B for the completion
temperature (Tend) of the crystallization. mL also
exhibits a steep increase during the same period,
and so does aL. Vspecific presents an abrupt change at
location A as soon as the crystallization begins. As it
is shown in Figure 3, there is a local maximum of aL
between A and B, which indicates the completion of
primary crystallization, where the acoustic attenua-
tion reaches a maximum due to strong scattering of
ultrasonic waves by dispersed spherulites. With fur-
ther decrease of temperature, the sample enters crys-
tallite perfection or secondary crystallization, leading
to reducing interface between crystallite and amor-
phous phases. Consequently, this phenomenon
results in less scattering loss of acoustic energy or
smaller acoustic attenuation coefficient appearing at
around 195�C.

As the temperature continues to decrease, mL
becomes larger and larger whereas Vspecific continues
to drop because of polymer solidification. In the
meantime, aL exhibits another strong maximum at
location C around 150�C, showing the relaxation

region under this frequency.22 As we know, the loca-
tion of the measured relaxation region depends on
the frequency.31 When mechanically measured at
low frequencies (� 1 Hz), the a-relaxation is about
75�C. Here, as mentioned before, the frequency used
in ultrasonic waves is 2.25 MHz and the relaxation
temperature shift greatly. The above observations
demonstrate that ultrasound can be an effective tool
for the analysis of polymer crystallization.
The evolutions of mL versus temperature decrease

involved in a crystallization process are displayed in
Figure 4 for all samples, and the Tonset and Tend tem-
peratures are listed in Table II. As can be seen, the
virgin PET begins to crystallize at the lowest temper-
ature, as indicated with arrow 0 in the figure. How-
ever, PET3 starts to crystallize at the highest
temperature as indicated with arrow 3 in the figure.

Figure 3 Simultaneous measurements of mL, aL (at f ¼
2.25 MHz), and Vspecific of a virgin PET. Cooling from
280�C to 30�C at a cooling rate of 2�C. A constant pressure
of 10 MPa.

Figure 4 Variations of mL versus temperature decrease for
virgin and three degraded PET samples, provided by our
device at a cooling rate of 2�C/min. A constant pressure
of 10 MPa.

Figure 2 Torque rheometer data of PET at various set
temperatures and motor speeds.
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Its crystallization also ends earlier than the others.
The PET2 sample starts at a higher temperature than
PET1, as indicated by arrows 2 and 1 in the figure.
During the crystallization period, the ultrasound ve-
locity mL increases linearly with temperature for all
samples, with a slope as listed in Table II. Because
the same cooling rate was used for all samples, the
values of slopes can be used to compare nonisother-
mal crystallization growth rates among the samples.
The value of slopes suggest that the virgin PET
has the slowest crystallization rate when compared
with the degraded ones and PET2 has a faster crystal-
lization rate than PET1 and PET3. Although PET3
starts to crystallize earlier, its crystallization rate is
slower than that of PET1 and PET2. The difference in
the crystallization rates between the virgin PET and
degraded PET comes from the competition between
the formation of nuclei and their subsequent growth
during crystallization process. Nuclei in molten
polymer can be formed through two mechanisms:
heterogeneous and homogeneous nucleation. Hetero-
geneous nucleation is due to the presence of a sec-
ond phase. Impurities or residues of unmelted
polymer already existed in the bulk, which serves as
nuclei during the crystallization process. Homogene-
ous nucleation occurs in the absence of a second
phase, whose nuclei are formed from polymer bulk
chains when temperature is cooled down to be able
to make polymer chains ‘‘frozen.’’ Then other poly-
mer chains start to grow upon the ‘‘frozen’’ chains
which act as polymer nuclei. The whole crystalliza-
tion process is a continuous competition between
nucleation and diffusive transport of polymer chains
to nuclei. The overall crystallization rate depends on
the number of available nuclei and the rate of trans-
port of molecules. Although virgin PET contains a
certain heterogeneity density, mostly derived from
catalytic resident, the nucleation density of PET1,
PET2, and PET3 should be more than the virgin one
due to some degraded materials and other impur-
ities. Thus degraded samples crystallize earlier than
that of the virgin PET. Because of degradation, the
polymer chains in degraded PET are shorter than
the virgin one, and the rate of transport of molecules

in degraded PET is faster than the virgin one. There-
fore, degraded PET has faster the overall crystalliza-
tion rate. Nevertheless, for PET1, PET2, and PET3,
competitive results between nucleation density and
crystal growth are that PET1 has a faster nonisother-
mal crystallization rate than PET3, but a slower rate
than PET2. As it is known, nucleation and crystal
growth are relating to chain mobility and entangle-
ments. Virgin PET and degraded PET have various
morphology and structures. Thus, different molecu-
lar weight and morphology of samples result in vari-
ous crystallization behavior,7,32 which is described
clearly by the data of mL versus T.
During the crystallization process of a semi-crys-

talline material, as in the case of PET, the Vspecific

changes as a result of increase in crystallinity. This
makes Vspecific measurement be an accepted tech-
nique for the study of a crystallization process.33 Fig-
ure 5 shows the variations of Vspecific versus
temperature decrease for the virgin and degraded
PET samples. For all samples, Vspecific reduces with
decreasing temperature. During the period of crys-
tallization, all samples experience a sudden reduc-
tion in specific volume. However, the virgin PET has

Figure 5 Variations of Vspecific versus temperature
decrease for virgin and three degraded PET samples.

TABLE II
The Parameters During Nonisothermal and Isothermal Crystallization Processing

Parameters Virgin PET PET1 PET2 PET3

UPVT nonisothermal crystallization Tonsets
�C (�0.5�C) 212.4 220.1 223.9 228.0

Tend
�C (�0.5�C) 188.7 211.5 212.8 215.6

Growth rates (m/s)/�C –10.7 –20.2 –24.0 –15.3
DSC nonisothermal crystallization Tonset

�C (�0.5�C) – 194.3 196.0 200.4
Tend

�C (�0.5�C) – 157.3 165.6 172.5
DSC isothermal crystallization Tmelting

�C (�0.5�C) 230 – 248.2 –
225 – –
217 243.6 245.2
205 241.2 238.4
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the slowest reduction rate comparing to degraded
PET samples. The slopes of Vspecific curves for PET1
and PET2 are a little sharper than that of PET3.

Variation of aL with temperature decrease is pre-
sented in Figure 6 for four samples studied. The
Tonset of each sample is also seen clearly, as in the
case of Vspecific and mL measurements. However, aL
has a distinct feature when compared with virgin
and degraded PET. The virgin PET has the pro-
nounced peak at around 195�C which is not seen in
the other samples. When radius of the nuclei is
equal to the wavelength, the wave scattering will be
largest, and the local maximum of attenuation will
occur. However, in our experiment, crystal particle
size is smaller than wavelength (wavelength is about
1 mm). The local maximum of attenuation comes
out when the spheres start to percolate and come
into contact, whereupon it decreases as the medium
becomes more homogeneous.34,35 Because virgin
PET crystallizes slowly and crystal size should be
bigger than that of other samples,36,37 the acoustic
attenuation coefficient is larger in the case of the vir-
gin PET due to more scattering loss of the acoustic
energy at the interface of larger crystallite spheru-
lites. However, more nucleation centers, fast crystal-
lization rate, and dense nuclei in degraded PET
make the boundaries between crystallites contact
once crystallite growth. Thus this local maximum is
not observed in the case of degraded PET. The
dependence of the signal of aL with T and crystalli-
zation morphology is complex and generally crystal-
lization kinetics cannot be investigated by using
only the absolute attenuation as a parameter. As
mentioned in Figure 3, the region around 150�C
is identified as the relaxation. In this region, the
main relaxation is attributed to amorphous phase
and is sensitive to crystallinity.22,38 Acoustic attenua-

tion in the relaxation region can qualitatively charac-
terize the crystallinity. Because larger acoustic
attenuation in this region is the consequence of
larger amorphous content, the larger acoustic attenu-
ation coefficient of the virgin PET means less the
crystallinity when compared with the degraded PET
samples. In the relaxation region, the attenuation
curve of PET1 almost superposes that of PET2, indi-
cating that PET1 and PET2 have similar crystallinity,
which is, however, less than that of PET3.
Nonisothermal crystallization behavior of the vir-

gin and degraded PET was also examined using
DSC with the results shown in Figure 7, and the
Tonset and Tend temperatures are listed in Table II.
Comparing the Tonset of the degraded samples,
which are indicated with arrows 1, 2, and 3 for PET1,
PET2, and PET3 samples, respectively, it is obvious
that PET3 crystallizes earlier than PET2 while PET2
crystallizes earlier than PET1. This is consistent with
the ultrasonic results. However, it is difficult to detect
the heat flow resulted from the crystallization of the
virgin PET even at a low cooling rate of 2�C/min
because of the slow crystallization rate and low crys-
tallinity. Interestingly, the crystallization behavior of
the same virgin PET was detected easily by ultra-
sound. The exothermic enthalpy values of PET1,
PET2, and PET3 samples are 39.0, 41.9, and 44.7 J/g,
respectively. This means PET3 has the largest crys-
tallinity, whereas PET1 has the smallest. The crystal-
linity of PET2 is only slightly above that of PET1.
This is consistent with the qualitative results pro-
vided by the ultrasonic attenuation measurement.
The above-discussed results demonstrate that the

ultrasound can be a good and sensitive investigation
tool for the analysis and understanding of noniso-
thermal crystallization processes, and it can give

Figure 7 DSC patterns of nonisothermal crystallization
for the virgin and degraded samples.

Figure 6 Variations of aL versus temperature decrease for
virgin and three degraded PET samples.
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additional information comparing with Vspecific and
DSC measurement.

Isothermal tests

Tests were performed to see if ultrasound UPVT can
well investigate isothermal crystallization kinetics
for different degraded PET under different measure-
ment conditions as well. The test temperatures were
kept above the Tonset of the nonisothermal crystalli-
zation processes discussed earlier. Figures 8, 9, and
10 show the variations with time of mL, Vspecific, and
aL during isothermal crystallization kinetics of the
virgin PET carried out at 225, 230, and 237�C,
respectively. Among these three tests, mL measured
at 225�C in Figure 8 shows the steepest slope at the
beginning of the process before reaching a plateau.

This means that at lower temperature, the crystalli-
zation takes place faster and completes sooner. The
variations of Vspecific displayed in Figure 9 show
similar trends to mL but in an inversed direction. Fig-
ure 10 shows the evolutions of aL in the same proc-
esses. Depending on the testing temperature, aL
presents a maximum at different time. As discussed
earlier, the peak of aL indicates the completion of
the primary crystallization. In the test carried out at
225�C, the peak value reaches earlier than the other
two tests, which indicates that the sample crystalli-
zes faster at this temperature than at the higher tem-
peratures. The initial slope of aL at 225�C is also
steeper when compared with those at 230 and
237�C. Because variation in aL during crystallization
process is mainly attributed to the scattering loss of
ultrasonic energy by crystallites, the rate at which aL
increase can be directly related to the speed at which
crystallites are forming and growing. The relation-
ship is as follows ascattering! N � DK2 � r3, where N is
number of scattering particles, DK ¼ (K1 – K2) mod-
uli difference, and r scattering radius. So, if N
(nuclei) is constant at given T, da/dt is proportional
to (r2dr/dt). Therefore, the steeper slope seen in the
aL curve at 225�C indicates that the sample crystalli-
zes faster than at the higher temperatures. The com-
parisons among the three peak locations show
clearly that the crystallization time is strongly
reduced when the test temperature is decreased.
In Figures 11 and 12, the isothermal crystallization

behavior at the same temperature of 230�C is com-
pared for the virgin and degraded PET. Similar to
the nonisothermal processes presented earlier, the
changes of mL (Fig. 11) and Vspecific (Fig. 12) are faster
for the degraded PET than for the virgin PET,
implying faster isothermal crystallization rates of the

Figure 9 Isothermal crystallization diagrams for the vir-
gin PET at three temperatures for Vspecific.

Figure 10 Isothermal crystallization diagrams for the vir-
gin PET at three temperatures for aL.

Figure 8 Isothermal crystallization diagrams for the vir-
gin PET at three temperatures for mL. A constant pressure
of 10 MPa.
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degraded PET. Moreover, PET3 crystallizes faster
than the others. However, there is no significant dif-
ference between PET1 and PET2 in the isothermal
crystallization rate.

The isothermal crystallizations of the virgin PET
and PET1 have also been investigated by using DSC.
Because virgin PET is difficult to crystallize, the melt
peak is very weak under higher temperature, for
example 230�C. Thus lower temperatures are set for
virgin PET. By contrast, degraded PET (PET1 as
example) can crystallize in higher temperature. In
the tests, the samples were cooled down from mol-
ten state to the set temperature above Tonset of the
nonisothermal crystallization processes discussed
earlier. Then the sample was kept at this set temper-
ature for 1 h for polymer isothermal crystallization.
After this, the sample was heated up to 280�C and
the heat flow was recorded. Figure 13 shows the
recorded heating curves, and Table II lists the melt-

ing temperatures. For the virgin PET, it is also diffi-
cult to detect the heat flow for the sample which is
isothermally crystallized at 225�C. This is because
the crystallization temperature of 225�C is too high
for the sample to crystallize effectively. At lower
temperatures of 217�C and 205�C, crystallization is
taking place in more efficient manner, and higher
crystallinity is reached. For the PET1 samples, melt-
ing peaks are detected even for the PET1 sample iso-
thermally crystallized at 230�C. This means it is
easier for PET1 to crystallize than for the virgin PET
due to different nucleation mechanism and chain
mobility involved. As can be seen in the figure, the
sample which crystallizes at lower temperature (for
example PET1 at 205�C) starts to melt at lower tem-
perature (as indicated with arrow f) than those crys-
tallize at high temperatures (e.g., PET1 at 230�C, in
which the onset melting temperature is indicated
with arrow d). The difference in the onset melting
temperatures and the multiple melting endothermic
are attributed to the presence of different distribu-
tions of lamella thickness.39

CONCLUSIONS

The ultrasonic results of crystallization kinetics of a
virgin and degraded PET samples were compared
with those obtained by using DSC measurements.
The comparisons have demonstrated that ultrasound
was also able to detect the crystallization behavior
which was detectable by the DSC measurements.
The acoustic parameters are sensitive to polymer
crystallization behavior and it can be as a comple-
mentary method to be used to validate other mea-
surement results. One distinctive advantage of

Figure 12 Isothermal crystallization diagrams for Vspecific

for the virgin and degraded PET at 230�C.

Figure 13 DSC heating curves at a heating rate of 10�C/
min for the virgin PET and PET1 under various isothermal
crystallization temperatures.

Figure 11 Isothermal crystallization diagrams for mL for
the virgin and degraded PET at 230�C.
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ultrasound when compared with DSC measurement
is that the ultrasonic technology presented in this ar-
ticle can be implementable in-line or on-line for real-
time monitoring of a crystallization process during
production (for example during the cooling stage of
an injection molding process).
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