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ABSTRACT: Blends of poly(trimethylene terephthalate) (PTT) and poly(ethylene tereph-
thalate) in the amorphous state were miscible in all of the blend compositions studied,
as evidenced by a single, composition-dependent glass-transition temperature observed
for each blend composition. The variation in the glass-transition temperature with the
blend composition was well predicted by the Gordon–Taylor equation, with the fitting
parameter being 0.91. The cold-crystallization (peak) temperature decreased with an
increasing PTT content, whereas the melt-crystallization (peak) temperature decreased
with an increasing amount of the minor component. The subsequent melting behavior
after both cold and melt crystallizations exhibited melting point depression behavior in
which the observed melting temperatures decreased with an increasing amount of the
minor component of the blends. During crystallization, the pure components crystal-
lized simultaneously just to form their own crystals. The blend having 50 wt % of PTT
showed the lowest apparent degree of crystallinity and the lowest tensile-strength
values. The steady shear viscosity values for the pure components and the blends
decreased slightly with an increasing shear rate (within the shear rate range of 0.25–25
s�1); those of the blends were lower than those of the pure components. © 2004 Wiley
Periodicals, Inc. J Polym Sci Part B: Polym Phys 42: 676–686, 2004
Keywords: polymer blend; poly(trimethylene terephthalate); poly(ethylene tereph-
thalate); miscibility

INTRODUCTION

Poly(ethylene terephthalate) (PET) and poly-
(buthylene terephthalate) (PBT) are linear aro-
matic polyesters that have been commercially
available for quite some time. Both PET and PBT
are versatile polymeric commodities. Poly(trim-
ethylene terephthalate) (PTT) was recently intro-
duced commercially by Shell Chemicals under the
tradename Corterra. PTT has properties between
those of PET and PBT, by taking an unusual

combination of the outstanding properties of PET
and processing characteristics of PBT. These
characteristics make PTT highly suitable for uses
in fiber, film, and engineering thermoplastics ap-
plications.

Polymer blending is an attractive alternative
for producing new polymeric materials with de-
sirable properties without having to synthesize a
totally new material. Other advantages for poly-
mer blending are versatility, simplicity, and inex-
pensiveness. Numerous published articles related
to various aspects of binary blends of polyesters
are available in the open literature. Some of these
are, for example, blends of PET and PBT;1–8 PBT
and an amorphous co-polyester of cyclohexane di-
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nethanol, ethylene glycol, and terephthalic acid
(PETG);9 and PTT and poly(ether imide) (PEI).10

In PET/PBT blends, Escala and Stein1 re-
ported that the blends showed a single, composi-
tion-dependent glass-transition temperature (Tg)
at all compositions suggesting that PET and PBT
were miscible in the amorphous state. Similar
results were also reported by others.5,6 On the
basis of various experimental techniques, Escala
and Stein1 reported that upon crystallization PET
and PBT did not cocrystallize. Avramova5 con-
firmed such findings and added that although
each component formed its own crystalline phase
upon crystallization, both components could crys-
tallize concurrently at all compositions of the
blends, and the presence of one crystalline phase
did not deter or enhance the crystallization rates
of the other.

In PBT/PETG blends, Nabi Saheb and Jog9

reported that the blends exhibited a single, com-
position-dependent Tg at all compositions sug-
gesting miscibility between PBT and PETG mol-
ecules in the amorphous state. The miscibility of
PBT and PETG molecules was confirmed by the
negative value of the interaction parameter. They
also reported9 that the blends exhibited composi-
tion-dependent, melting point depression, a direct
result of the presence of PETG. In addition, an
observed decrease in the crystallization rates for
the blends as evidenced by an increase in the
crystallization half-times was attributed to either
an increase in the Tg or to a decrease in the ability
of PBT molecules to mobilize because of the pres-
ence of PETG molecules.

Recently, Huang and Chang10 investigated the
miscibility, melting, and crystallization behavior
of PTT/PEI blends. They observed10 that the
blends exhibited a single, composition-dependent
Tg over the entire compositional range studied,
indicating that the blends were fully miscible in
the amorphous state. They also reported10 that
crystallization of PTT in the presence of PEI was
either retarded (for blends having a PEI content
of less than ca. 40 wt %) or fully inhibited (for
blends having a PEI content of more than ca.
40%). The retardation in the crystallization rates
for blends having a PET content of less than 40%
was attributed to the decreased segmental diffu-
sion of PTT molecules onto an existing growth
face.

In this contribution, blends of PTT and PET
were characterized for their thermal, crystalliza-
tion, mechanical, and rheological behavior. The
objectives for this work were: (1) to assess the

miscibility of the blends in the amorphous state,
(2) to investigate the effect of the blend composi-
tion on nonisothermal, cold and melt crystalliza-
tions and subsequent melting behavior, (3) to in-
vestigate the effect of blend composition on the
mechanical property, (4) to assess the effect of
blend composition on the apparent degree of crys-
tallinity, and (5) to assess the effect of blend com-
position on the rheological behavior.

EXPERIMENTAL

Materials

PTT was supplied in pellet form by Shell Chemi-
cals (Corterra CP509201 grade). The weight- and
number-average molecular weights of this resin
were about 78,100 and 34,700 Da, respectively.
PET was supplied in pellet form by Indo PET
(Thailand) (N1 grade). The weight- and number-
average molecular weights of this resin were
about 84,500 and 41,200 Da, respectively. The
molecular weight characterization of these resins
was carried out by size exclusion chromatogra-
phy.

Sample Preparation

Both PTT and PET resins were dried in a vacuum
oven at 140 °C for 5 h and then were premixed in
a dry mixer to produce PTT/PET preblends of 10,
25, 40, 50, 60, 75, and 90% w/w of PTT, respec-
tively. The preblends were then melt-mixed in a
Collin ZK 25 self-wiping, corotating, twin-screw
extruder, operating at a screw speed of 70 rpm
and the die temperature of 280 °C. The extrudate
was cooled in water and was pelletized with a
Planetrol 075D2 pelletizer. The resulting blends
are denoted xPTT/(1 � x)PET, where x is the
weight percentage of PTT in the blends. Pure
PTT, PBT, and their respective blends were then
melt-pressed at 280 °C in a Wabash V50H com-
pression press, with an applied pressure of 4.62
� 102 MN � m�2 for 5 min before cooling to room
temperature to produce films of approximately
200 �m in thickness.

Thermal Characterization

The decomposition temperatures (Td’s) for PTT,
PET, and their blends were measured with a
PerkinElmer Pyris Diamond thermogravimetric/
differential thermal analyzer (TGA/DTA) within
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the temperature range of 30–600 °C. The heating
rate during thermal scanning was fixed at 10 °C �
min�1 under nitrogen atmosphere. The tempera-
tures at 10% weight loss (T10) and at 50% weight
loss (T50) for each thermogram were reported.

A Mettler–Toledo DSC822e differential scan-
ning calorimeter (DSC) was used to record the
nonisothermal cold- and melt-crystallization exo-
therms as well as the subsequent melting endo-
therms for PTT, PET, and their blends. Calibra-
tion for the temperature scale was carried out
with a pure indium standard (Tm

o � 156.6 °C and
�Hf

o � 28.5 J � g�1) on every other run to ensure
accuracy and reliability of the data obtained. To
minimize thermal lag between the polymer sam-
ple and the DSC furnace, each sample holder was
loaded with a disc-shaped sample weighing
around 8.0 � 0.5 mg, which was cut from the
as-prepared films. Each sample was used only
once, and all the runs were carried out under
nitrogen atmosphere to prevent extensive ther-
mal degradation.

The experiments started with heating PTT,
PET, and their blends from 40 °C to a fusion
temperature of 280 °C at a rate of 80 °C � min�1

for a melt-annealing period of 5 min to reset pre-
vious thermal histories, after which the samples
were taken out and immediately quenched in liq-
uid nitrogen to attain the completely amorphous
state of the samples. To observe the nonisother-
mal cold-crystallization and subsequent melting
behavior, each sample was reheated again with
DSC from 25 to 280 °C at a rate of 10 °C � min�1.
After a melt-annealing period of 5 min at 280 °C,
the sample was cooled to 30 °C at a cooling rate of
10 °C � min�1 to observe the nonisothermal melt-
crystallization behavior and reheated again to
280 °C at a heating rate of 10 °C � min�1 to
observe the subsequent melting behavior. These
experiments allow one to obtain values for the Tg,
the cold crystallization peak temperature (Tcc),
the apparent cold-melting peak temperature
(Tcm, subsequent melting after cold crystalliza-
tion), the melt-crystallization peak temperature
(Tmc), and the apparent melt-melting peak tem-
perature (Tmm, subsequent melting after melt
crystallization), respectively.

Crystal Structure and Apparent Degree of
Crystallinity

A wide-angle X-ray diffraction (WAXD) technique
was used to determine the crystal modification
and apparent degree of crystallinity for melt-crys-

tallized PTT, PET, and the blend samples that
had been prepared in a PerkinElmer DSC-7 by
cooling from 280 to 30 °C at a cooling rate of 10
°C � min�1. Each sample, after being taken out of
the DSC sample holder, was pasted onto a glass
sample holder, with Vaseline as an adhesive. The
WAXD intensity pattern for each sample was
then collected on a Rigaku Rint 2000 X-ray dif-
fractometer, equipped with a computerized data
collection and analytical toolbox. The X-ray
source (Cu K� radiation, � � 1.54 Å) was gener-
ated with an applied voltage of 40 kV and a fila-
ment current of 30 mA.

Mechanical Property Measurement

The tensile strengths of PTT, PET, and their
blends were determined with an Instron 4206
universal testing machine, according to the
ASTM D638-91 standard test method. The mea-
surements were carried out with a 100-kN load
cell at a 5 mm � min�1 crosshead speed. Dumbbell-
shaped specimens were cut from the as-prepared
sheets with a hydraulic cutting machine. The
width of the specimen was about 13 mm and the
gauge length was about 50 mm. The results were
taken as an average from measurements of at
least five specimens.

Shear Viscosity Measurements

Pure PTT, PET, and blend pellets were melt-
pressed into circular disks of 1 mm in thickness
and 25 mm in diameter. A Rheometric Scientific
ARES RDA-II rheometer, with cone-and-plate
configuration, was used to examine the steady
and dynamic shear behavior of these materials.
Before each measurement, the measuring cham-
ber was heated to 260 °C, and the gap between
the cone and the plate was set to 0.052 mm. For a
steady-rate sweep test, the shear viscosity of the
materials was determined as a function of shear
rate. For a dynamic measurement, the strain val-
ues were chosen such that the experiment could
be performed in the linear viscoelastic region.

RESULTS AND DISCUSSION

Thermal Stability

TGA is the most popular method used to character-
ize the thermal stability of polymers. Figure 1(a)
shows the raw TGA results for PTT, PET, and their
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blends. The temperature at 10% weight loss (T10),
taken as the onset of the degradation process, and
the temperature at 50% weight loss (T50) for PTT,
PET, and their blends are shown in Figure 1(b).
Obviously, pure PET was more thermally stable
than pure PTT, and the thermal stability of the
blend samples decreased monotonically with an in-
creasing PTT content (or vice versa). This observa-
tion was postulated from the facts that the T10
values for PTT and PET were about 382 and 412 °C,
respectively, and the T50 values for PTT and PET
were about 402 and 440 °C, respectively, whereas
both T10 and T50 values for the blends decreased
monotonically from those of PET to approach those
of PTT. It is also obvious from Figure 1(c) that the
percentage of weight loss for PTT/PET blends in-
creased monotonically from around 84% for pure
PET to around 93% for pure PTT. The results con-
firmed that PTT, PET, and their blends were ther-
mally stable within the temperature range used in
all other measurements.

Miscibility of PTT/PET Blends

The presence of a single, composition-dependent
Tg, located between those of the pure components,
is indicative of miscibility of a given polymer pair
in the amorphous phase. Figure 2(a) displays the
DSC cold-crystallization and subsequent melting
thermograms for quenched PTT, PET, and their
blends recorded during heating with a heating
rate of 10 °C � min�1. It is apparent from Figure
2(a) that a single Tg value was observed in each
thermogram and that the Tg value for the blend
samples located between those of the pure com-
ponents (i.e., Tg,PTT � 44 °C and Tg,PET � 75 °C)
decreased with an increasing PTT content [see
Fig. 2(b)]. The results clearly suggest that PTT
and PET were fully miscible in the amorphous
phase at all blend compositions. Another impor-
tant observation that can be drawn from the raw
data in Figure 2(a) is the specific heat-capacity
jump (�Cp) at the glass-transition region. The
�Cp values for PTT and PET were 0.28 and 0.36
J � g�1 � K�1, and those for the blends containing
10, 25, 30, 50, 60, 75, and 90% of PTT were 0.33,
0.32, 0.26, 0.35, 0.36, 0.32, and 0.27 J � g�1 � K�1,
respectively.

A number of empirical models were proposed to
predict the composition dependence of Tg for a pair
of miscible polymer blends; some of these are the
Gordon–Taylor,11 Fox,12 Couchman–Karasz,13 and
Utracki14 equations. These equations predict a
monotonic dependence of the Tg value on the blend

Figure 1. (a) Thermal-degradation curves in nitro-
gen atmosphere recorded with a heating rate of 10 °C �
min�1 for PTT, PET, and their blends; (b) temperatures
at (F) 10% and (E) 50% weight loss for PTT, PET, and
their blends as a function of blend composition; and (c)
ultimate percentage of weight loss for PTT, PET, and
their blends as a function of blend composition.

CHARACTERISTICS OF BLENDS 679



composition without any cusp in the predicted
curve. Among these, the Fox equation has been
widely used. In this model, the observed Tg value of
the blends relates to the Tg values of the pure
components 1 and 2 (i.e., Tg1 and Tg2) and the blend
composition according to the following equation:12

1
Tg

�
W1

Tg1
�

W2

Tg2
(1)

where W1 and W2 are the weight fractions (in the
amorphous phase only) of components 1 and 2,
respectively, and Tg1 and Tg2 are the Tg values of
the pure components 1 and 2, respectively.

The Fox equation assumes random mixing be-
tween the two components, equal values of the
�Cp in the glass-transition region between the
two components (i.e., �Cp1 � �Cp2), and no vol-
ume expansion between the two components dur-
ing mixing. The dependence of the Tg value on the
blend composition for PTT/PET blends is illus-
trated in Figure 2(b). The dotted line is the pre-
dicted composition dependence of the Tg value for
PTT/PET blends according to the Fox equation.
Apparently, the Fox equation underestimated the
Tg value for the blends at all blend compositions.
On the first approximation, the deviation of the
Tg values from the Fox equation may be due to the
fact that the �Cp of PTT and PET was not of equal
values (0.28 vs 0.36 J � g�1 � K�1), which evidently
violates one of the assumptions used to attain the
equation.

Another well-known equation used to predict
the composition-dependent behavior of Tg for a
pair of miscible polymer blends is the Gordon–
Taylor equation,11 which reads

Tg �
W1Tg1 � kW2Tg2

W1 � kW2
(2)

where k is an adjustable parameter. The solid line
shown in Figure 2(b) is the predicted composition
dependence of the Tg value for PTT/PET blends
according to the Gordon–Taylor equation, with
the fitting k parameter being 0.91. On the basis of
the predicted curve and the data shown in Figure
2(b), agreement between the observed Tg values

Figure 2. (a) DSC cold crystallization and subse-
quent melting thermograms for quenched PTT, PET,
and blend samples recorded with a heating rate of 10
°C � min�1. (b) Observed Tg for quenched PTT, PET,
and their blends as a function of blend composition. The
dotted line is the predicted Tg curve according to the
Fox equation, and the solid line is the predicted Tg

curve according to the Gordon–Taylor equation, with
the fitting parameter k of 0.91. (c) Tcc for quenched
PTT, PET, and their blends as a function of blend
composition.
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and the prediction by the Gordon–Taylor equa-
tion was obtained at all blend compositions.

Crystallization Behavior

According to Figure 2(a), the cold-crystallization
(peak) temperature (Tcc) for PTT was observed
around 70 °C, whereas that of PET was observed
around 138 °C, suggesting that PTT was more
crystallizable than PET. The observed Tcc values
for PTT/PET blends [taken from the thermo-
grams shown in Fig. 2(a)] were plotted against
the blend composition in Figure 2(c). Obviously, a
single, composition-dependent Tcc value was ob-
served for each blend; the observed Tcc value de-
creased hypothetically linearly from around 138
to 70 °C with an increasing PTT content (with an
exception to the observed Tcc value for the 10PTT/
90PET blend that was lower than those values for
the pure PET and 25PTT/75PET blends). The re-
sults suggested that both PTT and PET compo-
nents in the blends crystallized simultaneously
and that the commingled addition of the more
crystallizable PTT molecules to PET helped pro-
mote the crystallizability of the blends. The ex-
planation for the peculiar result observed for the
10PTT/90PET blend is not yet available, and it
should be a subject for further investigation.

Figure 3(a) shows the DSC melt-crystallization
exotherms for PTT, PET, and their blends re-
corded during cooling at a cooling rate of 10 °C �
min�1. According to Figure 3(a), the melt-crystal-
lization (peak) temperature (Tmc) for PTT was
observed around 180 °C, whereas that of PET was
observed around 204 °C, suggesting, again, that
PTT was more crystallizable than PET. The ob-
served Tmc values for PTT/PET blends [taken
from the exotherms shown in Fig. 3(a)] were plot-
ted as a function of the blend composition in Fig-
ure 3(b). Similar to the case of cold crystallization,
a single, composition-dependent Tmc value was
observed for each blend, with the observed Tmc
value decreasing monotonically with an increas-
ing amount of the minor component of the blends.
The results suggested that both PTT and PET
components in the blends crystallized simulta-
neously and that an increase in the amount of the
minor phase retarded the crystallizability of the
blends, or, in other words, the crystallization abil-
ity of the major component in the blends de-
creased with an increasing amount of the minor
component. Interestingly, the facts that the
40PTT/60PET blend exhibited the lowest Tmc
value and that its crystallization exotherm was

almost unobservable under the cooling rate exam-
ined suggested that crystallization was almost
inhibited for this particular blend.

Crystal Structure and Apparent Degree of
Crystallinity

The crystal structures and the apparent degrees
of crystallinity for PTT, PET, and their blends
(nonisothermally crystallized from the molten
state at a cooling rate of 10 °C � min�1) were
observed with WAXD, of which the results are
depicted in Figure 4(a). The characteristic X-ray
peaks for PTT were observed at the scattering
angles 2� of about 15.3, 16.8, 19.4, 21.7, 23.6, 24.6,
and 27.3°, corresponding to the reflection planes
of (010), (01̄2), (012), (102̄), (102), (11̄3), and (104̄),

Figure 3. (a) DSC melt-crystallization thermograms
for PTT, PET and their blends recorded with a cooling
rate of 10 °C � min�1 and (b) Tmc for PTT, PET, and
their blends as a function of blend composition.
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respectively.15 In the case of PET, the character-
istic X-ray peaks were observed at the scattering
angles (2�) of about 16.1, 17.5, 21.6, 22.8, 25.9,
28.1, and 32.6°, corresponding to the reflection
planes of (01̄1), (010), (1̄11), (11̄0), (100), (11̄1),
and (101), respectively.16 Both PTT and PET crys-
tallized into triclinic crystal structure, with the
unit cell parameters for PTT being a � 4.64 Å, b
� 6.27 Å, c � 18.64 Å, � � 98°, � � 90°, and �
� 111°17 and for PET being a � 4.56 Å, b � 5.94
Å, c � 10.75 Å, � � 98.5°, � � 118°, and �
� 112°,16 respectively.

The characteristic X-ray peaks for all the sam-
ples studied [taken from the diffractograms
shown in Fig. 4(a)] are summarized in Table 1.
Apparently, apart from those of the pure compo-
nents, no new peaks were observed in the diffrac-
tion patterns of the PTT/PBT blend samples, in-
dicating that the PTT and PBT components in the
blend crystallized separately to form its own
crystallites, even though it was shown that
both components crystallized simultaneously dur-
ing nonisothermal crystallization from both the
glassy and the molten states.

Another important observation that was ob-
tained from the WAXD patterns is the apparent
degree of crystallinity (	c

WAXD). The 	c
WAXD can be

calculated from the ratio of the integrated inten-
sities under the crystalline peaks (Ac’s) to the
integrated total intensities (At’s) (i.e., At � Ac

� Aa, where Aa is the integrated intensities under
the amorphous halo). According to this procedure,
the 	c

WAXD values for the PTT and PET samples
prepared in the condition prescribed in this work
were around 25 and 22%, respectively. The value
obtained for PTT agreed with the values reported
by Chuah et al.18 for melt-crystallized PTT sam-
ples of around 15–30%. The obtained 	c

WAXD val-

Figure 4. (a) WAXD patterns for PTT, PET, and their
blends after nonisothermal crystallization from the
molten state in the DSC cell at a cooling rate of 10 °C �
min�1 and (b) apparent degree of crystallinity for (F)
PTT and (E) PET components for both pure and blend
samples as a function of blend composition.

Table 1. Characteristic X-ray Peaks and the Total Degree of Crystallinity of PTT, PET, and Blends

Blend
Composition Characteristic X-ray Peaks (2�)

Degree of
Crystallinity

PET — 16.1 — 17.5 — 21.6 — 22.8 — — 25.9 — 28.1 32.6 22
10PTT/90PET — 16.1 — 17.6 — 21.5 — 22.7 — — 25.9 — 27.8 32.5 23
25PTT/75PET — 16.2 — 17.5 — 21.4 — 22.7 — — 25.9 — 27.9 32.4 19
40PTT/60PET 15.5 16.2 — 17.5 — 21.6 — 22.7 23.4 24.5 25.8 — 28.0 32.7 15
50PTT/50PET 15.7 — 16.9 17.3 19.7 21.6 — 22.6 23.9 24.8 26.2 27.6 — 32.9 14
60PTT/40PET 15.4 — 16.7 17.4 19.8 — 21.8 — 23.6 24.6 26.0 27.2 — 32.7 20
75PTT/25PET 15.4 — 16.9 — 19.5 — 21.7 — 23.6 24.7 — 27.5 — — 22
90PTT/10PET 15.3 — 16.8 — 19.3 — 21.6 — 23.4 24.6 — 27.6 — — 24
PTT 15.3 — 16.8 — 19.4 — 21.7 — 23.6 24.6 — 27.3 — — 25
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ues of each component for the PTT/PET blends
[calculated from the diffractograms shown in Fig.
4(a)] were plotted as a function of the blend com-
position in Figure 4(b), whereas the total 	c

WAXD

values are summarized in Table 1.
According to Figure 4(b), the 	c

WAXD values for
both PTT and PET components in the blends de-
creased monotonically with an increasing content
of the other component. According to Table 1, the
total 	c

WAXD value for the blends decreased from
that of PET (i.e., 22%) with an increasing PTT
content, reaching minimum values of around 14–
15% for 40PTT/60PET and 50PTT/50PET blends,
and, finally, increasing with a further increase in
the PTT content until approaching that of PTT
(i.e., 25%). The total 	c

WAXD values for the PET-
rich blends were lower than those for the PTT-
rich blend—a direct result of the higher crystal-
lizability of PTT-rich blends. Similar behavior
was also reported for blends of poly(ethylene
naphthalate) and poly(buthylene naphthalate).19

Melting Behavior

The subsequent melting thermograms for PTT,
PET, and blend samples after cold crystallization
are shown in Figure 2(a). The thermograms for
both PTT and PET samples exhibited single melt-
ing endothermic peaks, with the observed Tcm’s
observed around 226 and 245 °C, respectively.
PTT/PET blends having PTT contents of 10, 75,
and 90% exhibited one endothermic peak,
whereas those having PTT contents of 25, 40, 50,
and 60% exhibited double-melting endothermic
peaks. Figure 5 summarizes the observed Tcm
values for PTT, PET, and blend samples as a
function of the PTT content. According to Figure
5, the observed Tcm value for the major compo-
nent of the blends decreased with an increasing
amount of the minor component. The results ob-
tained suggested that the subsequent melting
temperature after cold crystallization is mainly
dictated by the content of the minor component in
the blends rather than by the crystallization tem-
perature, which is in contradiction to the general
knowledge for melt crystallization.

In blends of low contents of the minor component
(e.g., 10PTT/90PET, 25PTT/75PET, 60PTT/40PET,
75PTT/25PET, and 90PTT/10PET blends), observa-
tion of the single melting endotherm suggested that
even though the minor phase could form its own
crystalline phase during cold crystallization, the
amount of the crystalline phase of the minor com-
ponent, as compared with the amount of the crys-

talline phase of the minor component formed, may
not be enough to show its own distinctive melting
endotherm during subsequent melting in DSC. In
blends of intermediate contents of the minor
component (e.g., 40PTT/60PET and 50PTT/50PET
blends), observation of the double-melting endo-
therms confirmed that each component of the bi-
nary blends forms its own crystalline phase during
cold crystallization.

Figure 6(a) shows the subsequent melting ther-
mograms for PTT, PET, and the blend samples af-
ter melt crystallization. The melting behavior of
PTT and PTT-rich blends exhibited the usually
observed melting-recrystallization-remelting phe-
nomenon, as evidenced from a small exothermic
peak immediately before the remelting peak. Inter-
estingly, the subsequent melting thermogram for
the 40PTT/60PET blend apparently exhibited a
cold-crystallization exotherm, suggesting that this
particular blend was not able to crystallize during
cooling at 10 °C � min�1 [see also the melt-crystal-
lization thermogram for this particular blend in
Fig. 3(a)]. Regardless of the multiple-melting phe-
nomenon, the observed Tmm’s are summarized in
Figure 6(b).

According to Figure 6(b), the observed Tmm val-
ues for PTT and PET were observed around 226
and 244 °C, respectively, which agreed with the
Tcm values observed, and both PET- and PTT-rich
blends exhibited the melting point depression
phenomenon in that the observed Tmm value of
the blend decreased with an increasing content of
the minor component. The blend having equal
contents of both PTT and PET exhibited the low-

Figure 5. Tcm characterizing the melting of (F) PTT
and/or (E) PET crystallites for quenched PTT, PET,
and blend samples (after cold-crystallization process)
as a function of blend composition.
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est observed Tmm value. The melting point de-
pression can be used to study interactions be-
tween polymer molecules of two different species
when one of the components in the miscible
blends is partially crystalline. Because of the low-
ered chemical potentials of the molecules in the
blends as compared with those of the pure state,
the temperature at which the crystals of one com-
ponent are in equilibrium with the miscible amor-
phous phase consisting of both components will be
lower, leading to the occurrence of the melting
point depression phenomenon.20 The melting
point depression phenomenon for both of the pure
components in the miscible blends of PET and
PBT was also observed.5,21

Mechanical Property

Figure 7 shows the tensile strengths of melt-crys-
tallized PTT, PET, and the blend samples mea-
sured according to the ASTM D638-91 standard
test method as a function of the PTT content. The
tensile strength value for PTT was 58.3 MPa,
which was lower than the value of 67.6 MPa re-
ported by Chuah et al.,18 whereas the value for
PET was 73.8 MPa, which agreed with the value
of 72.5 MPa reported by Chuah et al.18 According
to Figure 7, the lowest tensile strength was ob-
served for the 50PTT/50PET blend. Because the
observed Tmc, Tmm, and total 	c

WAXD values for
50PTT/50PET blend were among the lowest, it is
logical to postulate that the lowest amount of
crystalline phase attributes a great deal to the
lowest tensile strength value observed for this
particular blend. Interestingly, the tensile
strength value for both PET- and PTT-rich blends
increased with an increasing amount of the minor
component.

Melt Rheology

Figure 8 illustrates the steady shear viscosity (
)
measured at 260 °C for PTT, PET, and their
blends as a function of shear rate. Within the
shear-rate range studied (i.e., 0.25–25 s�1), the
shear viscosity for these samples decreased very
slightly with an increasing shear rate, suggesting
a slight shear-thinning behavior. Chuah et al.18

found that molten PTT behaved like a Newtonian
fluid at low shear rates and like a shear-thinning
fluid at shear rates greater than 1000 s�1. The
zero shear viscosity values (
0’s) for PET and PTT

Figure 6. (a) Subsequent melting thermograms for
PTT, PET, and blend samples after melt crystallization
at a cooling rate of 10 °C � min�1. The thermograms
were recorded with a heating rate of 10 °C � min�1. (b)
Observed Tmm characterizing the melting of PTT, PET,
and blend samples (after the melt-crystallization pro-
cess) as a function of blend composition.

Figure 7. Tensile strength for PTT, PET, and their
blends as a function of blend composition.
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were around 89 and 74 Pa � s. The reason for the
shear viscosity of PET being greater than PTT
may be attributed to the lower difference between
the testing temperature and the observed Tmm
value of PET than that of PTT (i.e., 16 °C for PET
and 34 °C for PTT). For a given shear rate, the 

of PET was the highest, followed by those values
of PTT, 75PTT/25PET, 25PTT/75PET, and
50PTT/50PET. The 
0 values for 75PTT/25PET,
25PTT/75PET, and 50PTT/50PET blends were
around 68, 66, and 51 Pa � s, respectively. With
the observed Tmm values for these blends being
around 214, 226, and 198 °C, the reason for the
shear viscosity values of the blends being lower
than those of the pure components may also be
attributed to the larger difference between the
testing temperature and the observed Tmm value
of the blends as compared with those of the pure
components (i.e., 46 °C for 75PTT/25PET, 34 °C
for 25PTT/75PET, and 62 °C for 50PTT/50PET vs
16 °C for PET and 34 °C for PTT). The correlation
between the largest difference between the test-
ing temperature and the observed Tmm value and
the lowest shear viscosity values for the 50PTT/
50PET blend was apparent.

The dynamic complex viscosities (
*’s) for PTT,
PET, and blend samples as a function of fre-
quency were measured at 260 °C, but the results
are not shown. All of the observed 
* values for
these samples were almost independent of the
frequency used and ranked in the following order:
PET � 25PTT/75PET � 50PTT/50PET � 75PTT/
25PET � PTT. Figure 9 shows the 
* value for
PTT, PET, and their blends as a function of the
blend composition for three different frequencies.

In polymer blends, the compositional dependence
of a viscoelastic function gives much information
about the degree of miscibility between the two
constituents. The viscosity function usually fol-
lows the log-additivity rule, which states that

logFb � �m logFm � �d logFd (3)

where F is a given viscoelastic function; � is a
volume fraction; and subscripts b, m, and d indi-
cate the values for blend, the matrix, and dis-
persed phase, respectively.22

The miscibility of the polymer blends can be
roughly determined from the deviation of the vis-
coelastic function from that predicted by the log-
additivity rule mentioned previously. Three types
of deviation can occur: (1) positive, (2) negative,
and (3) positive/negative. For immiscible polymer
blends, the positive deviation is expected, and for
miscible blends the negative deviation should re-
sult. According to Figure 9, the blends having
PTT contents of 25 and 75% showed strong neg-
ative deviation from the prediction by the log-
additivity rule for all of the frequencies reported,
suggesting total miscibility of the two constitu-
ents, whereas the blend having a PTT content of
50% showed slightly negative deviation from the
prediction, suggesting the highest tendency for
phase separation of the two components.

CONCLUSIONS

Blends of PTT and PET exhibited a single, com-
position-dependent Tg at all blend compositions

Figure 8. 
 measured at 260 °C for PTT, PET, and
their blends as a function of shear rate.

Figure 9. 
* measured at 260 °C for PTT, PET, and
their blends as a function of blend composition for three
different frequencies.
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studied, indicating that both components were
miscible in the amorphous phase. The observed
Tg decreased monotonically with an increasing
PTT content and was fit well to the Gordon–Tay-
lor equation, with the fitting parameter k being
about 0.91. The cold-crystallization (peak) tem-
perature decreased with an increasing PTT con-
tent, whereas the melt-crystallization (peak) tem-
perature decreased with an increasing amount of
the minor component in the blends. The subse-
quent melting behavior for these blends after
both cold and melt crystallization showed melting
point depression behavior, in that the observed
melting (peak) temperatures for the major com-
ponent in the blends decreased with an increasing
amount of the minor component. Both the crys-
tallization behavior and WAXD studies suggested
that both of the pure components in the blends
crystallized simultaneously to form their own
crystalline entities. The total apparent degree of
crystallinity of the blends decreased from those of
the pure components with an increasing content
of the minor component, with the lowest values
observed for the blends having PTT contents of
40–50%. The lowest apparent degree of crystal-
linity observed for the blend having a PTT con-
tent of 50% may be responsible for the lowest
tensile strength observed. The steady shear vis-
cosities for the pure components and the blends
showed a slight shear-thinning behavior (within
the shear-rate range of 0.25–25 s�1), and the
steady shear viscosities for the blends were sys-
tematically lower than those of the pure compo-
nents, a direct result of the larger difference be-
tween the testing temperature and the observed
melting temperature of the blends. Evaluation of
the compositional dependence of the complex vis-
cosities of the blends at three different frequen-
cies according to the log-additivity rule suggested
that the blends having PTT contents of 25 and
75% showed total miscibility of the two compo-
nents, whereas the blend having a PTT content of
50% showed the highest tendency for phase sep-
aration.
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