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ABSTRACT: The glass-transition temperatures and melting behaviors of poly(ethylene
terephthalate)/poly(ethylene 2,6-naphthalate) (PET/PEN) blends were studied. Two
blend systems were used for this work, with PET and PEN of different grades. It was
found that Tg increases almost linearly with blend composition. Both the Gibbs–
DiMarzio equation and the Fox equation fit experimental data very well, indicating
copolymer-like behavior of the blend systems. Multiple melting peaks were observed for
all blend samples as well as for PET and PEN. The equilibrium melting point was
obtained using the Hoffman–Weeks method. The melting points of PET and PEN were
depressed as a result of the formation of miscible blends and copolymers. The Flory–
Huggins theory was used to study the melting-point depression for the blend system,
and the Nishi–Wang equation was used to calculate the interaction parameter (x12).
The calculated x12 is a small negative number, indicating the formation of thermody-
namically stable, miscible blends. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 11–22,
2001
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INTRODUCTION

Blends of poly(ethylene terephthalate) and poly-
(ethylene 2,6-naphthalate) (PET/PEN) have been
attracting increasing interest because they com-
bine the superior properties of PEN with the
economy of PET.1–12 Both PET and PEN are poly-
esters.13–15 During melt processing of PET and
PEN, a kind of reaction called the transesterifi-
cation reaction may occur, resulting in the forma-
tion of PET and PEN copolymers (first block co-
polymers and then random copolymers). The
transesterification reaction, which occurs in PET
and PEN blends during melt processing, has been

studied by several authors.3–5,8–10 PET and PEN
are intrinsically immiscible for most blend com-
positions.11–12 The copolymers formed during the
melt mixing act as compatibilizers3–5 for the
starting materials; thus, miscible blends of PET
and PEN can be obtained through the formation
of copolymers of PET and PEN. Studies in our
laboratory16 showed that, after a certain transes-
terification level has been achieved, the thermal
properties of the blends tend to stabilize and then
level off with further increases in the transesteri-
fication levels (randomness levels). As further de-
scribed below, the transesterification level is thus
not a controlling factor for thermal properties,
within the region investigated. The blend compo-
sition, however, seems to be the controlling factor
for these properties. A study by Ihm10 and previ-
ous studies in our laboratory16 also showed that
the sequence lengths of the blocks of terephtha-
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late and naphthalate units in the PET/PEN
blends are much longer than those of random
copolymers, yet the blends within such regions of
transesterification levels show properties similar
to those of random copolymers. Within this range,
miscible blends of PET and PEN are formed and
blend properties can be represented by any se-
lected blend of the same composition, regardless
of the transesterification level.

In the past two decades, a great number of
miscible polymer pairs have been studied.17–27

Most of the systems investigated represent mix-
tures of two amorphous polymers or mixtures in
which one of the components is semicrystal-
line.17–19,26 On the other hand, blends in which
both components are semicrystalline polymers
have received much less attention than have fully
amorphous or amorphous/semicrystalline sys-
tems.20–27

Both PET and PEN are crystallizable poly-
mers. As the transesterification occurs, copolymer
of PET and PEN form. As a result, the melting
points (Tm) of the pure polymers are depressed.
Flory28 suggested that random copolymers that
exhibit crystallinity consist of units of type A,
which are capable of crystallizing, and units of
type B, which do not crystallize under given con-
ditions. Homopolymer sequences of crystallizable
components, occurring by chance in random co-
polymer chains, are able to segregate and crystal-
lize. Wunderlich29 suggested that only nearest
neighbors are capable of crystallizing without re-
distribution of sequences of like units, whereas
the other types of units incorporated in the crys-
tal are treated as defects. Windle et al.30 sug-
gested that the crystallinity in some random co-
polymers may result from the segregation and
lateral matching of similar yet random sequences
of the neighboring molecules. Lu and Windle31

studied the melting behavior of random copoly-
mers of PEN and PET. The melting points of
PEN/PET random copolymers were found to de-
crease with increasing PET content and reach a
minimum at around 60 mol % PET, then increase
as the PET content continued to increase. The
lower melting points in the middle composition
region were attributed to the statistical limita-
tions of crystallite size, inherent in the sequence-
matching models.32 In the composition range of
0–60 mol % PET, the X-ray patterns were quite
similar to that of the PEN homopolymer, whereas
the patterns for the copolymers with 80–100 mol
% PET units were generally similar to each other,
but distinct from those in the 0–60 mol % PET

range. Santa Cruz et al.33 studied the crystalline
structure of random copolymers of PET and PEN
and distinguished the region in which PET or
PEN crystallized, whereas the other component
was ejected into the amorphous phase.

The melting behavior of PET has been exten-
sively examined in the past two decades.34–64 Dif-
ferential scanning calorimetry (DSC), small-angle
X-ray scattering (SAXS), and wide-angle X-ray
scattering (WAXS)34–39 have been utilized to in-
vestigate the effects of crystallization conditions
on the structure of semicrystalline PET. Most of
these studies on crystallization and melting be-
havior of PET were conducted by crystallization
from the melt.40 The triple melting peaks of PET
were clearly observed by Medellin–Rodriguez et
al.41 as well as by Zhou and Clough.42 Qudah and
Al-Raheil43 investigated the multiple melting
peaks of PET, annealed from the glassy state, and
observed two melting peaks instead of three,
found when samples were crystallized from the
melt. As the chemical-structure analogue of PET,
PEN also shows similar melting behavior to that
of PET (i.e., the multiple melting peaks), which
exist for many semicrystalline polymers.34,41–45

Cheng and Wunderlich46 studied PEN crystalli-
zation extensively and reported the presence of
the three melting peaks as a function of crystal-
lization temperature.

At present, conflicting theories exist about the
origin of the multiple fusion endotherms of iso-
thermally crystallized PET and other semicrys-
talline polymers. Various morphological models
have been proposed for these endotherms, the
most popular of which is the recrystallization
model, which was first proposed by Ikeda47 and
Jaffe and Wunderlich,48 and further supported by
Holdsworth,39 Groenincks,36 Blundell and Os-
born,49,50 and others.51–54 These authors sug-
gested that the lamellae present initially melt
and give rise to the lower temperature endo-
therm, but the melted material undergoes a con-
tinuous process of recrystallization into lamellae,
which melt at higher temperatures. Ultimately,
melting dominates recrystallization, giving rise to
the observed higher temperature endotherm.
Zhou and Clough42 studied the highest melting
peak for pure PET and found that it was not
originally present after the isothermal crystalli-
zation.

Bassett et al.55 first proposed a dual lamellar
population model for poly(ether ether ketone)
(PEEK), which was extended by Cebe and Hong56

and other authors.57–62 The model suggests that
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there exists a bimodal distribution of lamellar
thicknesses within the semicrystalline polymers,
with melting of thinner and thicker lamellae as-
sociated with the low- and high-temperature en-
dotherms, respectively. The two variants of this
model are the lamellar insertion model57–60 and
the dual lamellar stack model.61

Recently, Medellin–Rodriguez and Phillips41,63

as well as Olley et al.64 proposed a new hypothesis
for the crystallization of PET and PEN based on
morphological features perceived by new experi-
mental techniques. They reported that, phenom-
enologically, the processes of crystallization and
melting were morphologically reversed. Thus it is
hypothesized that melting of PET and PEN oc-
curs in three distinct steps, assuming that
spherulites are composited of dominant lamellar
and subsidiary branches. Al-Raheil43,65 and col-
leagues considered the lower and middle peaks of
the triple peaks were attributed to two distribu-
tions of crystal perfection, even at early crystalli-
zation times, which eventually became two kinds
of crystal morphologies. Eguiazabal et al.66 stud-
ied the influence of the interchange reaction of
PET/polyarylate (PAr) blends on the melting be-
havior of isothermally crystallized PET. They ob-
served three melting endotherms in both pure
PET and PET blends.

In our study, we assumed that in PET/PEN
blends, one component was crystalline, whereas
the other one was excluded from the crystalline
phase, as is discussed later. This assumption is
also supported by ongoing X-ray studies at our
Polymer Institute laboratories. In a PET-rich
blend, PET was assumed to be the crystalline
component and PEN was rejected as defects or
diluents, whereas in a PEN-rich blend, PEN was
assumed to be the crystalline component and PET
was rejected as defects or diluents. Because of the
existence of the diluent or the defects, the melting
points of the blends or the copolymers are de-
pressed.67–68 The melting-point depression of the
PET/PEN blends was thus calculated and the in-
teractions between PET and PEN were studied.

EXPERIMENTAL

Materials

Two grades of PET and PEN were used to make
the blends. PET 1 (Eastman Chemical Company,
Kingsport, TN) is a homopolymer with an intrin-
sic viscosity (IV) of 0.72, corresponding to a num-

ber-average molecular weight (Mn) of 24,300. PET
2 (Shell Chemical, Akron, OH) is an isophthalic
acid (IPA)–modified PET copolymer with an IV of
0.80 (Mn 5 28,400). Both PEN 1 and PEN 2 are
homopolymers (manufactured by Hoechst, Spar-
tanburg, SC), with IVs of 0.57 (Mn 5 22,400) and
0.63 (Mn 5 27,200), respectively. The IV determi-
nation of PET was done at 25°C in 60/40 (wt/wt)
phenol/tetrachloroethane solution, whereas the
IV of PEN was determined at 30°C in the same
solution. Two blend systems were formed by us-
ing PET 1 with PEN 1 as blend system A and PET
2 with PEN 2 as blend system B. Blend composi-
tions investigated ranged from 100% PET to
100% PEN.

Extrusion

Amorphous films 26–41 mils (0.66–1.04 mm)
thick were prepared using a Brabender single-
screw extruder (Rochell Park, NJ) with a general-
purpose screw [diameter of 0.75 in. (1.91 cm) and
a length-to-diameter (L/D) ratio of 22/1]. Extru-
sion conditions were: screw speed of 80 rpm and
extrusion temperature of 300°C. The polymers
were dried at 120°C for 20 h in a Forma Scientific
model 3237 vacuum oven (Marietta, OH) prior to
extrusion. The polymers were then mixed and
extruded. Multiple passes were run to achieve
different transesterification levels. Before each
subsequent extruder pass, the films were
chopped, crystallized, and dried at 120°C for 20 h.

Differential Scanning Calorimetry (DSC)

A Perkin–Elmer DSC-2 instrument (Perkin–Elmer,
Norwalk, CT) was used to study crystallization and
melting behavior. All samples were dried in a vac-
uum oven at 40°C for 20 h prior to measurements.
The calorimeter was operated with a stream of ox-
ygen-free, dry nitrogen flowing over the sample and
the reference. The glass-transition temperature (Tg)
was calculated from the dynamic DSC scan of each
amorphous sample. During the dynamic scanning
mode, the temperatures in the sample and the ref-
erence holders of the DSC were increased at a pre-
set rate. The thermal transitions were recorded as
the temperature increased to a predetermined end
point. The dynamic scanning was carried out from
40 to 320°C at a scanning rate of 20°C/min. The
differential scanning calorimeter was used for mea-
suring the following transitions occurring in the
samples during the dynamic scanning: glass-tran-
sition temperature, crystallization peak tempera-
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ture, and melting peak temperature. During an iso-
thermal scan, the temperature of the sample was
increased at 320°C/min to the desired crystalliza-
tion temperature and kept at this temperature for a
certain period of time. Samples isothermally crys-
tallized at various temperatures were quickly
cooled to 40°C and then reheated at 20°C/min from
40 to 320°C. The method used here was the same as
for the dynamic DSC scan. After each scan, the
multiple melting peaks of each sample were ana-
lyzed and recorded.

RESULTS AND DISCUSSION

Glass-Transition Temperature

The glass-transition temperature (Tg) may pro-
vide useful information on blend miscibility.69 For
an immiscible blend, two Tg’s generally appear on
the DSC scan, whereas for miscible blends or
copolymers, only one Tg is observed. Work from
our laboratory16 shows that after a certain trans-
esterification level has been achieved, the Tg
value for the same composition blend system
seems to stabilize and level off. Further increases
in the randomness do not cause additional
changes in Tg. For most blends, even at very low
transesterification levels, only one Tg can be ob-
served on the DSC scan, whereas at this transes-
terification level the blend is still hazy. This lack
of clarity indicates that the blend obtained is still
not completely miscible at the optical level. The
reason only one Tg is observed on the DSC scan is
that some compatibilization has occurred as a
result of formation of PET and PEN copolymers,
and thus the blends have become sufficiently com-
patible that the DSC is not sensitive enough to
detect phase separation or the existence of two
Tg’s.

Fried et al.70 studied the blends of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) with poly-
(styrene-co-4-chlorostyrene) and found that the
width of the glass-transition region (DTg) could be
used as a measure of the miscibility of blends, in
cases where only one Tg was observed in the DSC
scan. They found that for homopolymers or mis-
cible blends, DTg values were less than 10°C,
whereas for immiscible blends, the glass-transi-
tion regions were much wider, giving values of
more than 30°C. Cakmak et al.71 used the same
method in their study of PEN/poly(ether imide)
(PEI) blends and found DTg values were more
than 30°C for the blends with PEI contents of

30–70%, although only one Tg was seen in the
DSC scans for these blends.

In PET/PEN blends, as the transesterification
continues, the blends become more miscible. The
DTg value, if it is a measure of miscibility as
pointed out by Fried et al.,70 should decrease with
the increase of reaction time or the blending time.
The measured DTg values for B blend systems are
shown in Table I. It is obvious that as a general
trend, DTg decreases with increased blending
time for all the blend compositions. After the
third pass through the extruder, there is not
much difference in DTg values and the value of
DTg is generally less than 10°C. This is in good
agreement with our observation of blend haze. All
DTg values are less than 30°C, except for the
first-pass values of the 60% (wt/wt) PEN compo-
sition blends. According to the definition by Fried
et al.,70 a DTg value of more than 30°C indicates
the blend is immiscible. Thus the 60% PEN com-
position blend, passed once through the extruder,
is immiscible. This is reasonable because, for 60%
PEN blends, the mole percentages of terephtha-
late and naphthalate units are almost equal. The
immiscibility factor reaches the maximum, and
thus we would expect either two Tg’s on the DSC
scan (if the DSC is sensitive enough) or one very
wide transition region (DT), as was observed at
this composition.

Previous work done in our laboratory16,72

showed not only that after a certain transesteri-
fication level has been achieved, thermal proper-
ties depend only on blend composition, but also
that the degree of randomness is not a controlling
factor. This critical level of transesterification
(randomness) that must be reached is generally
indicated by optical clarity and a single narrow
DTg of about 10°C or less. For these experiments,
it has been achieved within three passes through
the single-screw extruder. Details of transesterifi-

Table I DTg Values for B Blend System (°C)

Number of
Passes

PEN/PET

20/80
(17.7)a

40/60
(33.3)a

60/40
(53.9)a

1 17.1 17.3 49.1
2 11.9 16.6 13.1
3 10.7 11.5 8.7
4 6.7 6.9 11.7

a NDC mol %.
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cation reaction kinetics and degree of randomness
are reported in a previous study.72 As shown, addi-
tional passes yield increased percentage transes-
terification; however, no additional changes are
noted for optical clarity, the glass-transition tem-
perature, or melting behavior. It should be noted
that processing conditions required to attain com-
plete randomization would include longer process-
ing time and/or higher processing temperatures. Ei-
ther of these conditions could cause severe degrada-
tion, which would overcome the transesterification
process. The thermal properties, described in the
following sections, all represent values obtained af-
ter critical transesterification has been achieved, as
demonstrated by optical clarity and a narrow DTg,
as described by Fried et al.70

The glass-transition temperatures for both the
A and the B blend systems were plotted as func-
tions of blend compositions or dimethyl-2,6-naph-
thalene dicarboxylate (NDC) contents, as shown
in Figures 1 and 2. NDC mol % concentration was
determined using NMR, as described in the pre-
vious study that addressed the transesterification
reaction kinetics of the blends.72 It is seen that Tg
increases almost linearly with NDC content. In
the case of miscible blends of polymers or random
copolymers, the Tg of the blend or copolymer can
be expressed by the widely used empirical Fox
equation73,74:

1
Tg

5
W1

Tg1
1

W2

Tg 2
(1)

where W1 and W2 are the weight fractions of
components 1 and 2 with Tg1 and Tg2, respec-
tively. More complicated equations are also avail-
able.75 Using the Fox equation, we calculated Tg

values for both of the previously described blend
systems. These calculated values are shown as
the solid lines in Figures 1 and 2, where it is seen
that the Fox equation gives very good fits to the
experimental Tg values, indicating the formation
of miscible blends or random copolymers of PET
and PEN.

As mentioned earlier, as a result of the trans-
esterification reaction, PET and PEN blends be-
have in a manner similar to that of random co-
polymers. For random copolymer data, the Gibbs–
DiMarzio theory76 gives a good fit. This equation
gives the resultant Tg as a function of the Tg’s of
the two component polymers. Using the universal
value of e/KT 5 2.26, the Gibbs–DiMarzio equa-
tion can be described by eq. (2)76:

Tg 5 X1Tg1 1 X2Tg 2 (2)

where Tg1 and Tg2 are the glass-transition tem-
peratures of component polymers 1 and 2, with
mole fractions X1 and X2, respectively.

Tg values for both blend systems were also
calculated, using the Gibbs–DiMarzio equation,
by assuming random copolymer formation. The
theoretically calculated Tg values as well as the
experimental points were plotted, as shown in
Figures 1 and 2. These plots show that Tg values
calculated from the Gibbs–DiMarzio equation fit
the experimental data for all the blend composi-
tions and for both blend systems. These figures
also show that both the Gibbs–DiMarzio equation
and the Fox equation fit the experimental data
very well. The blend system is therefore seen to
behave more like a random copolymer than like a
miscible polymer–polymer blend. This is in agree-
ment with our experimental observation that the

Figure 1 Tg values for A blends.

Figure 2 Tg values for B blends.
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degree of randomness does not seem to affect the
Tg value after a certain value has been achieved.
After a certain degree of randomness values have
been reached, blends assume Tg values of the
random copolymers of PET and PEN. In another
way, we can say that there is not much difference
in Tg values between random copolymers of PET
and PEN and PET/PEN blends, once certain
transesterification levels have been achieved. The
Tg value for a copolymer of PET and PEN, with 92
mol % NDC content, was also measured and plot-
ted in Figure 1. It falls exactly on the straight line
plotted using blend Tg data.

McGee et al.4 also found that the Tg of PET/
PEN blends changed almost linearly with NDC
content. Because of the formation of copolymer
during the transesterification reaction, blend
properties resemble those of copolymers of PET
and PEN. From our previous study,16,72 we found
that the blend transesterification level is much
less than that of totally random (100%) materials
and, thus, the sequence length of the naphthalate
or terephthalate units in blends is much longer
than that in random copolymers. It seems that Tg
values are not very different for random copoly-
mers and short-block copolymers. Once a certain
degree of randomness has been achieved, these
values seem insensitive to further changes of the
sequence length (block length).

Multiple Melting Peaks

As pointed out earlier in the introduction, when
isothermally crystallized PET and PEN samples
were reheated with the DSC, multiple melting
peaks were observed.41,42,46 This phenomenon of
multiple melting peaks is common for many rigid
semicrystalline polymers such as PEEK, PET,
and PEN. Some authors47–53 have attributed
these peaks to primary and secondary crystalliza-
tion.

In our experiments, we found three melt-
ing peaks for each sample annealed within a cer-
tain crystallization temperature range, including
PET, PEN, and blend samples with various compo-
sitions. An example of such a multiple melting be-
havior is shown in Figure 3 with the lower melting
peak TmI, the intermediate melting peak TmII, and
the main melting peak TmIII. Similar triple melting
peaks were observed for both PET and PEN as well
as for blends in certain crystallization temperature
ranges. The range for which the triple melting
peaks appear is different for different blend compo-
sitions. Below this range, only two melting peaks

were observed in the DSC scan, the lower melting
peak TmI and the main melting peak TmIII. Above
this range, the three melting peaks seemed to
merge and finally only one melting peak was seen in
the DSC scan. The observation of multiple melting
peaks is very similar to that observed by Cheng.46

Various melting peak temperatures were plot-
ted as functions of crystallization temperature.
Figure 4 gives an example of the change of these
melting points with the crystallization tempera-
ture (Tc) for PET 2, whereas Figure 5 gives an
example of the change of those melting points
with Tc for one composition blend, 20/80 PEN/
PET B sample. As can be seen in these figures,
the lowest temperature melting peak (TmI) occurs
about 10 to 15°C above the crystallization tem-
perature. It increases linearly with crystallization
temperature with a slope of almost 1. TmIII re-
mains almost unchanged with Tc for a given blend
system. TmII, relatively small compared to TmIII,
first appears as a shoulder to the main melting
peak and increases linearly with a crystallization
temperature with a smaller slope than that of
TmI. The multiple melting points for all the other
samples have similar behavior. The averaged
TmIII values for blend samples are listed in Tables
II and III for the two blend systems. Using the
Hoffman–Weeks method,67 the equilibrium melt-
ing point Tm

0 was obtained by extrapolating the
straight line of TmII against Tc to the intersection
of the straight line drawn to give equal Tm and Tc,
as shown in Figures 4 and 5. Thus calculated Tm

0

values for all samples are also listed in Tables II
and III for the two blend systems. Measurements
were performed on blends that had reached
previously described critical transesterification
levels.

The slopes of Hoffman–Weeks plots (straight
line of TmII against Tc) assume values between 0
and 1 and can be regarded as a measure of the
stability (i.e., the lamellar thickness) of the crys-
tals undergoing the melting process.67 A value of
0 implies that the crystals are perfectly stable,
whereas a value of 1 reflects inherently unstable
crystals. The slopes of the straight lines of TmII
versus Tc are between 0.3 and 0.4 for all the
samples. They change with blend composition as
well as with the PET and PEN used. These values
are similar to those obtained by Eguiazabal et
al.66 for their PET/PAr blends. The values they
reported are around 0.38 to 0.39 for both pure
PET and PET/PAr blends.66 The slope values re-
ported for crystalline polymers in polymer blends
also yield similar results.19,68,77
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Many theories have been proposed to explain
the multiple melting peaks, although the most
popular one among them is recrystallization the-
ory.47–53 Lin and Koenig53 thought that the low-
est melting peak indicates small and/or imperfect
crystals resulting from the secondary crystalliza-
tion process, whereas the higher melting peak
TmII results from the melting of the crystalline
structure formed near the crystallization temper-
ature. The main melting peak TmIII was believed
to be formed by fusion of crystals grown and per-
fected during the DSC scan itself53 and does not
represent the melting of crystals grown during
the isothermal crystallization process. The re-
crystallization theory also seems to apply to the
blend samples as well as to pure PET and PEN. In
our experiments all samples showed the same
changing trend for the three melting peaks. The
absolute values varied with composition. The re-
sults we obtained in our study are similar to those
Eguiazabal et al.66 obtained in their study of PET/
PAr blends, in which they reported multiple melt-
ing endotherms for both pure PET and the PET
blends. TmII showed a linear relationship with
crystallization temperature for both pure PET
and its blends.

The equilibrium melting points and the aver-
aged TmIII values were plotted against NDC con-
tent, as shown in Figures 6 and 7. It is clear that

they all show the same changing trends. All melt-
ing points decrease with NDC mole percentage
until they pass through a minimum at NDC mol
% around 33%, then increase with a further in-
crease in NDC content, up to a 100% PEN value.
In other words, from both pure PET and PEN, the
melting point starts decreasing by addition of the
second monomer (PEN or PET). The lowered
melting point in the intermediate NDC range in-
dicates the disruption of crystalline structure by
the addition of the other monomer and has been
attributed to the statistical limitations of crys-
tallite size inherent in the sequence-matching
model.32 The addition of one polymer to the other
disrupts the symmetry of the crystal structure of
the crystalline component. The degree of disrup-
tion increases with increases in the second mono-
mer content until it reaches a maximum. Thus,
adding PET to PEN or PEN to PET will hinder
the crystallization of either the PEN-rich or PET-
rich phases and depress the melting point. Egui-
azabal et al.66 reported TmIII was lower in blends
compared to that of pure PET and the equilibrium
melting point was reported to be 268.85°C for
pure PET and 264.85°C for PET/PAr blends. The
depression of melting point in miscible blends has
been studied for a long time and has provided a
method for calculating the polymer interaction
parameters.69,78

Figure 3 Example of multiple melting peaks in DSC scan.
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Melting-Point Depression: Theoretical Background

For miscible blends, the melting point of the crys-
talline component is usually lowered with respect
to the pure polymer, as a result of thermody-
namically favorable interactions. The extent of
the melting-point depression in such systems
provides a measure of the interaction between
polymers, as described by the Flory–Huggins
theory,78 according to which, under thermody-
namic equilibrium, the melting-point depression
can be expressed as follows78:

1
Tm

2
1

T m
0 5 2

RV2

DH2V1

3 Fln n2

x2
1 S1

x2
2

1
x1
D~1 2 n2! 1 x12~1 2 n2!

2G (3)

where Tm
0 and Tm are the equilibrium melting

points of the crystallizable polymers in the bulk
and in the blends, respectively. Subscript 1 is
identified with the amorphous polymer and sub-
script 2 with the crystalline polymer; n represents
the volume fraction; V is the molar volume of the
repeat units; x is the degree of polymerization;
DH2 is the heat of fusion per mole of crystalline
units; R is the gas constant; and x12 is the Flory–
Huggins interaction parameter. In polymer
blends, both x1 and x2 are very large compared to
unity, and thus eq. (3) can be reduced to the
Nishi–Wang equation68,78

1
Tm

2
1

T m
0 5 2

RV2

DH2V1
x12~1 2 n2!

2 (4)

Here the equilibrium melting point of the polymer
is used instead of the measured melting point
from the DSC scan. This is because the melting
point of a polymer is, in general, affected not only
by thermodynamic factors but also by morpholog-
ical parameters such as the crystal thickness. To
separate morphological from thermodynamic ef-
fects in analysis of melting-point depression, the
equilibrium melting point data are used. In the
miscible polymer blends, x12 is usually negative
and small.19,68,79

Figure 4 Melting points versus Tc for PET 2.

Figure 5 Melting points versus Tc for 20/80 PEN/
PET B blends.

Table II Melting Points for A Blends

NDC
(mol %) Tm

0 (°C)
Average

TmIII (°C)

0 275.9 251.3
13.6 271.8 242.6
31.2 251.6 227.7
56.3 269.2 234.4
78.2 291.0 252.1
92.0 300.9 254.7

100 305.8 270.3

Table III Melting Points for B Blends

NDC
(mol %) Tm

0 (°C)
Average

TmIII (°C)

0 279.3 246.3
17.7 266.1 243.1
33.3 256.3 229.9
53.9 272.6 247.2

100 307.1 262.6
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Neglecting the entropic contribution,19 we can
write x12 as

x12 5
BV1

RT (5)

where B is the interaction energy density charac-
teristic of the polymer–polymer pairs. Inserting
eq. (5) into eq. (4) at the melting point, we have

1
n1

S 1
Tm

2
1

T m
0 D 5 2

BV2

DH2
S n1

Tm
D (6)

Thus, a plot of the left-hand side of eq. (6) versus
n1/Tm should give a straight line, and the interac-
tion energy density B can be obtained from the
slope of this straight line.

From eq. (4), the depression of melting point is
possible only when x12 is negative, which is in
agreement with the Scott’s condition for the mis-
cibility of the two polymers79:

x12 ,
1
2 F 1

x1
1/2 1

1
x2

1/2G 2

(7)

which requires x12 to be near zero or negative for
the polymer–polymer pair whose x1 and x2 values
are much greater than 1.

Equation (6) was used to plot the melting-point
depression and to give the interaction energy den-
sity value. The equilibrium melting points were
obtained using the Hoffman–Week’s method as
described previously and shown in Tables II and
III. In construction of the plots using eq. (6), we
assume that for blends with NDC contents of less

than 40%, the melting-point depression is the re-
sult of the addition of naphthalate units to the
terephthalate chain (PET). For NDC contents of
more than 40%, the melting-point depression was
thought to be attributed to the addition of tereph-
thalate units to the naphthalate chain (PEN).
This assumption means that for PET-rich blends,
PET is considered to be the crystalline compo-
nent, whereas PEN is considered to be the amor-
phous component rejected from the crystalline
phase. In PEN-rich blends, PEN is considered to
be the crystalline component and PET is excluded
from the crystalline phase to the amorphous
phase. Santa Cruz et al.33 studied random co-
polymers of PET and PEN. They found that for
samples containing 0–30 mol % PEN, the PET
sequences crystallized, whereas the PEN se-
quences remained in the amorphous region. For
samples containing 80 mol % PEN, the PEN se-
quences crystallized in the a-form, whereas the
PET sequences were excluded in the noncrystal-
line region. In the case of 50 and 60 mol % PEN
composition random copolymers, they found the
PEN did not crystallize. This finding is in agree-
ment with our assumptions. Equation (6), which
was derived to describe the thermodynamics of
miscible crystalline-amorphous polymer–polymer
blends, can thus be used here. The following val-
ues were used with eq. (6): for PET, DH2 5 121.34
J/g, VPET 5 144 cm3/mol; for PEN, DH2 5 103.34
J/g, VPEN 5 182.4 cm3/mol. The density of amor-
phous PET is 1.333 g/cm3,15 and that of amor-
phous PEN is 1.327 g/cm3.80 Results are shown in
Figures 8 and 9. Figure 8 shows the plot of eq. (6)
for the A blend system, assuming the melting
point of PEN was depressed by the addition of

Figure 6 Melting points versus NDC content for A
blends.

Figure 7 Melting points versus NDC content for B
blends.
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PET, whereas Figure 9 shows the plot for the B
blend system, where the depression of melting
point for both PET and PEN were plotted on the
same figure. Because of material limitations, only
a few compositions were studied. In spite of these
limitations, the data give us a basic idea as to the
miscibility of the blend systems and the interac-
tion parameter ranges in this blend system. The
slopes of these straight lines give 2(BV2/DH2),
and the interaction parameters x12 can be calcu-
lated from eq. (5). The calculated parameters are
as follows:

For the A blend system the interaction energy
density characteristic (B) is

B 5 217.6 J/cm3, calculated from the melting-
point depression of PEN

For the B blend system

B 5 210.2 J/cm3, calculated from the melting-
point depression of PEN

B 5 210.6 J/cm3, calculated from the melting-
point depression of PET

Equation (5) also shows that the Flory–Huggins
interaction parameter (x12) is temperature depen-
dent. Here we chose the processing temperature
of 300°C for the calculation of x12. At this temper-
ature, the interaction parameters for these two
blend systems are determined to be as follows:

For the A blend system

x12 5 20.531, calculated from the melting-point
depression of PEN

For the B blend system

x12 5 20.309, calculated from the melting-point-
depression of PEN

x12 5 20.407, calculated from the melting-point-
depression of PET

The calculated x12 values are small negative
numbers. This is expected because for a miscible
polymer blend, x12 usually is negative and
small.19,68 Similar values of 20.2 and 20.3 have
been reported for other blend systems.68,77,81

These small negative x12 values indicate that the
blend system can form a thermodynamically sta-
ble, compatible mixture at temperatures above
the melting point (the temperature at which x12
was determined). As a result of the formation of
short-block copolymers,16 the blends of PET/PEN
form mixtures at the molecular level (or short
repeating unit sequence level).

For the B blend system, the x12 values calculated
from the melting-point depression of both PET and
PEN are very close to each other. This is also ex-
pected because x12 is a measure of interaction be-
tween terephthalate and naphthalate units or PET
and PEN molecules. Thus it should remain the
same whether we calculated from the effect of ad-
dition of PEN to PET or from the effect of addition
of PET to PEN. The interaction will remain the
same. This interaction is related to the polymer
structure and inherent to polymer pairs. The vari-
ance in the absolute values of x12 for the B blend
system, calculated from the melting-point depres-
sion of both unblended PET and PEN, can be con-
sidered as the experimental error in view of the
limited numbers of experimental data points. This
variance might also be attributed to the simplified

Figure 8 Plot of eq. (6) for A blends.

Figure 9 Plot of eq. (6) for B blends.
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assumptions we used in constructing eq. (6). The
Flory–Huggins interaction parameter x12 for the
two blends is slightly different, which might be at-
tributed to the fact that the PET and PEN materi-
als we selected for making the two blend systems
are different. PET 1 is a homopolymer of PET. PET
2 is a copolymer of PET with small amounts of other
comonomers. The synthesis methods for the two
PET materials used are different, and thus the po-
lymerization catalyst systems are also different,
causing differences in the structures of the two
PETs. The differences in x12 values for both blend
systems, however, are not very substantial and
might also be caused by experimental error and the
simplified assumptions for the calculation of eq. (6).

CONCLUSIONS

Blends that have achieved miscibility, as indicated
by optical clarity and a single narrow glass-transi-
tion region, show no further changes in these prop-
erties after additional processing and increased lev-
els of transesterification. The glass-transition tem-
peratures of PET/PEN blends that have achieved
this critical level of randomness follow both the Fox
equation and the Gibbs–DiMarzio equation very
well, indicating that they behave in a manner sim-
ilar to that of random copolymers. Multiple melting
peaks were observed for both PET and PEN as well
as for blend samples within a certain crystallization
temperature range. This multiple melting peak be-
havior is considered to be partially the result of the
recrystallization of polymers during the DSC scan.
Melting points of both PET and PEN were de-
pressed because of the formation of miscible blends
and copolymers. The depression of the melting point
increases with the increased content of the other
component. For PET-rich blends, PET is considered
to be the crystalline component, whereas PEN is
considered to be the amorphous component rejected
from the crystalline phase. In PEN-rich blends,
PET is thought to be excluded from the crystalline
phase as defects or diluents. The interaction param-
eters were calculated for PET/PEN blends using the
Flory–Huggins theory. The calculated interaction
parameter (x12) value is a small negative number,
which indicates the formation of thermodynami-
cally stable, miscible blends.

The authors gratefully acknowledge the PET Indus-
trial Consortium for their financial support of this
project.
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