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Abstract

The thermal properties of amorphous and melt crystallized poly(ethylene-2,6-naphthalene dicarboxylate) (PEN) and its blends with
poly(ethylene terephthalate) (PET) were investigated. Temperature modulated DSC (TMDSC) was used over a broad range of annealing
times and temperatures. PEN under all moderate temperature crystallization conditions was found to exhibit secondary crystal melting in the
low endotherm region, followed by melting of primary crystals superimposed with a large endotherm due to melting of DSC scan-induced
recrystallized species. The exothermic signal due to recrystallization was separated into the TMDSC non-reversing signal. Annealing time
had a small effect on thermal properties at moderate annealing temperatures, and varying the annealing temperature had a larger effect on the
recrystallization properties above the annealing temperature. The results show that TMDSC provides excellent resolution of recrystallization
and related events compared to standard DSC. Blends of PEN and PET were evaluated as a function of melt blending time, and the phase
properties were studied at 260 and 285°C and related to transesterification reactions. The evolution from a phase separated mixture to a single
phase but still crystallizable copolymer, to finally a non-crystallizable copolymer with a higher degree of randomness was studied. The
crystallization properties measured using TMDSC were contrasted with those of PEN. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Substantial efforts in recent years have been devoted to
the study of thermal properties of relevant industrial
semi-crystalline polymers such as poly(ethylene terephtha-
late) (PET), poly(ethylene-2,6-naphthalene dicarboxylate)
(PEN), and poly(oxy-1,4-phenyleneoxy-1,4-phenylenecar-
bonyl-1,4-phenylene) (PEEK). These high temperature
polymers are used in a variety of engineering applications;
the fundamental understanding of their melting and recrys-
tallization behavior correlated with performance in a variety
of applications. PEN contains a naphthalene ring in its back-
bone making it more rigid than PET. Many researchers have
studied the thermal properties [1-5]. It has a glass transition
of 117°C with an equilibrium melting point of 337°C [1].
Buchner et al. [2] extensively studied the development of
the two different crystal forms (o and 8) of PEN. Cheng and
Wunderlich [1] systematically characterized the heat
capacity of PEN over a wide temperature range to describe
its melting behavior and used glass transition strengths and
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percent crystallinities to characterize morphological devel-
opment. There is some controversy in the determination of
the heat of fusion of 100% crystalline PEN (AH;p) with
values of 103 [1], 190 [2], and 170Jg_1 [6]. The value of
AH; is very important for calculating percent crystallinities
and various rigid fractions [1,6].

Temperature modulated DSC (TMDSC) is a relatively
new technique [7—-10] that superimposes a low frequency
small amplitude temperature oscillation onto a linear heat-
ing ramp of standard DSC. One can obtain the ‘total’ heat
flow like that in conventional DSC. By deconvolution the
total heat flow can be separated into a heat capacity-related
(reversing) component and a time-dependent non-reversing
(NR) component [7—10]. The reversing signal provides
excellent resolution of the glass transition (Table 1) by
separating the heat capacity from other non-reversing
processes such as enthalpy relaxation and crystallization
as is well known in the literature [4,6,7—10]. However,
endothermic melting can also be detected in the reversing
signal as long as the endothermic heat flow remains in phase
with the imposed oscillation [11]. All exothermic behavior
is detected only in the NR signal because the ‘slow’ kinetics
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Table 1

DSC and TMDSC data from amorphous and isothermally melt crystallized PEN samples at various heating rates including glass transition temperatures, and
heats of melting and crystallization. All temperatures in °C, AH in J g~', and AC,in]J g 'K™!

AC]) Tg Achd\),low AI{exo.NR AIJcndo.NR AFIendu.R AHtmul %Xu
Amorphous, 2°C/min 0.255 123.6 - 84.7 39 80.8 0 0
170°C, 6 min, 2°C/min 0.144 126 - 46 18 58 30 17.6
170°C, 80 min, 2°C/min 0.018 129 1 37.9 17 60.3 40.5 23.8
170°C, 18 h, 2°C/min 0.0044 129.5 1.6 279 18.1 57.1 49 28.8
170°C, 5 days, 2°C/min 0.06 132 2.1 18 159 61.2 61.2 36
210°C, 2 h, 2°C/min 0.131 121.5 1.0 21 15.1 54.6 48.7 28.6
210°C, 2 h, 10°C/min” 0.081 125.7 - - 54.4 - 54.4 32
210°C, 2 h, 40°C/min” 0.092 127.7 6.7 - 50.2 - 50.2 29.5
210°C, 17 h, 2°C/min 0.06 130 6.9 6.7 14.7 54.6 69.5 40.9
210°C, 17 h, 10°C/min® 0.054 129 - - 68.5 - 68.5 40.3
210°C, 17 h, 40°C/min® 0.0675 140 - - 64.9 - 64.9 38.2
240°C, 30 min, 2°C/min 0.099 124 - 3.7 30.5 27.8 54.6 32.1
240°C, 18 h, 2°C/min 0.073 128.5 - - 54.4 15.7 70.1 412
265°C, 24 h, 2°C/min 0.075 124 - - 52.7 11.7 64.4 379
265°C, 5days, 2°C/min 0.06 125 - - 62.8 6.55 69.35 40.8

* Percent crystallinities were calculated from heat of fusion for 100% crystalline PEN of 170 J g~ [6].
® For the 10 and 40°C/min heating rate scans, table entries refer to values from the total DSC heat flow curve.

cause a heat flow response which is not in phase with the
temperature oscillation [7—11]. This helps in the separation
of thermal events. Unfortunately, the non-reversing signal
can contain components of both exothermic and endother-
mic processes which makes resolution of some thermal
events difficult [6,11,12].

There have been many efforts devoted to understanding
the complexity of the melting and recrystallization behavior
of PEN [1-6] and other related polymers where recrystalli-
zation refers to the metastability of crystals as the DSC
heating scan modifies the starting morphology leading to
higher melting crystals [13]. There seems to be a lack of
agreement in the literature for a specific model for multiple
endotherms in DSC. We feel an accurate description of the
multiple endotherms in PET was given by Zhou et al. [14].
Using standard DSC, they qualitatively incorporated both
dual crystal populations and melting and recrystallization
into their analysis. Their data [14] were best described by
early melting of secondary crystals which contribute to the
low endotherm region, melting of primary crystals to the
middle endotherm which is always ‘present’ but not always
distinguishable in the total DSC curve, and the final
endotherm which contains significant contributions from
the recrystallized species formed during heating at normal
heating rates. With the increased sensitivity of TMDSC and
an independent rapid heating rate technique for determining
melting points without recrystallization contributions
[4,6,12], we have also recently shown that, independent of
the number of distinct endotherms detected in the total DSC
data in PET, PEN, and PEEK, three melting processes are
needed to characterize the typical thermal scan of these poly-
mers. Exceptions exist including high temperature annealed
PET [15] and PEN [2,4]. Other authors have used DSC and
temperature scanning X-ray as complementary techniques to
detect melting and recrystallization events [15—17].

One of the first studies of PEN was that of Cheng and
Wunderlich [1] using standard DSC to describe the thermal
analysis of various glass and melt crystallized samples.
They found triple melting behavior in some samples and
investigated the effect of crystallization temperature on
morphological development. They also observed decreased
recrystallization (DSC heating induced reorganization) with
increased heating rate for samples annealed below 227°C.
Buchner et al. [2] investigated the formation of the two
different crystal modifications of PEN (o and (3) under
various crystallization conditions. Only the o form develops
under crystallization temperatures up to 200°C, and above
this temperature the 3 form is detected. They also attributed
the lowest temperature endotherm as being due to partial
melting followed by recrystallization, and described
evidence for recrystallization contributions to the final melt-
ing endotherm. Medellin-Rodriguez et al. [3] observed
triple melting behavior in various isothermal crystallized
PEN, PET, and PEEK samples. Their description of the
sequence of thermal events included secondarily crystal-
lized material melting in the first two endotherms and
primary crystals melting in the highest temperature
endotherm. They utilized standard DSC at 10°C/min, X-ray,
and optical microscopy. Denchev et al. [5] studied iso-
thermally crystallized PEN from the glass at different
times and temperatures. Slow heating (2°C/min) from the
amorphous glass to the isothermal annealing temperature
allows one to develop an unstable morphology (due to
formation of a broad range of crystals with different melting
points as one slowly heats through the crystallization region
to the desired annealing temperature). The unstable
morphology then evolves considerably with time. Rapid
heating (200°C/min) from the amorphous glass to the
isothermal annealing temperature provides a more ‘stable’
morphology similar to melt crystallization, but we will show
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here that almost all isothermal annealing temperatures
except the highest ones lead to some metastability of the
morphology which strongly contributes to the final DSC
melting region. The recrystallization and melting processes
in PEN were examined along with the morphological
features by small angle X-ray scattering. Dual lamellar
populations were observed depending on the temperature
and time of crystallization [5]. Here we apply TMDSC in
an effort to provide improved resolution of the recrystalliza-
tion and melting in isothermally melt annealed PEN. The
improved resolution of glass transitions by TMDSC and
DSC will also be utilized in studies of phase behavior of
PET/PEN blends as well as the crystallization and
recrystallization behavior as a function of the extent of
transesterification of the two components.

2. Experimental
2.1. Materials

PEN with a weight average molecular weight (M,,) of
about 45,000 was obtained from Teijin Chemical. PET
was obtained from DuPont with a weight average molecular
weight of about 50,000. The pellets were melted to make
new films ~0.5 mm thick. For melt crystallization, after
heating the films to 290°C for 2 min on a hot plate, the
sample was quenched into the small brass chamber at the
annealing temperature for the desired time. After annealing
they were quenched to room temperature at ~500°C/min.

2.2. Methods

A TA Instruments (New Castle, DE) 2920 DSC was used
in these experiments. Most experiments utilized TMDSC
heating ramps of 2°C/min with a modulation amplitude of
0.32°C with a period of 60 s based upon the recommended
specifications in an effort to obtain ‘heating only’ modulated
temperature profiles [18,19]. The modulation temperature
amplitude is small relative to the underlying heating rate,
so there is no local cooling during the standard TMDSC
scan which is referred to as heating-only. Data analysis soft-
ware was supplied by the manufacturer [18]. Standard DSC
was also performed at higher heating rates of 10 and 40°C/
min. A N, purge was used for all experiments. Careful base-
line calibration is critical for these films exhibiting broad
and weak transitions and was performed regularly at the
different heating rates [12]. To reduce heat flow lags, typical
sample masses of 3—5 mg consisting of flat single layer
polymer films were used.

Amplitudes were always set to levels where the profile is
heating-only [12,18] as described in the operating proce-
dures for the modulated DSC (T.A. Instruments 2920).
For example, the amplitudes were set to 0.32°C for a 60 s
period and 0.16°C for a 30 s period when using a heating
rate of 2°C/min. A strong frequency (= 1/modulation
period) dependence of the reversing endothermic melting

signal has been demonstrated recently [19-21]. Since the
total TMDSC signal is quantitative and independent of
frequency, the NR signal in the melting region is also
frequency dependent (recall that, Total = R + NR). Differ-
ences in total, R, and NR data due to variations of under-
lying heating rate are also important. In other words, the
extent of recrystallization can be affected by scan rate and
this is a parameter, which actually influences the physical
state of the sample and is addressed later. To analyze data
taken as operating parameters such as modulation period are
varied, Toda et al. [19] have used a model which considers
time constants for melting which vary with temperature
through the melting region in PET and other materials.

Temperature gradients within the sample and other
effects described previously [22] can contribute to non-
linearity of the heat flow. The following discussion shows
how we have attempted to verify that temperature gradients
were minimal [21]. Also, evaluation of data taken using
different modulation amplitudes and examination of time
dependent modulated heat flow data verified that precise
data can be obtained over a certain range of modulation
periods, amplitudes, sample thicknesses, and underlying
heating rates. For example, a low modulation temperature
amplitude of 0.265°C, heating rate of 1°C/min, and a small
sample size of 3.1 mg (Fig. 3) was used to attain even more
ideal conditions [21,23] than the typical 2°C/min ‘standard’
conditions used for the majority of the experiments
presented here. Fig. 3 gives the raw modulated heat flow
data for a 210°C, 1 h melt crystallized PET sample and the
features of the processed curves including total, R, and NR
signals are also included in the plot. Integration of the R and
NR signals in Fig. 3 gives the same quantities within experi-
mental error as those obtained from another sample with the
same thermal history studied using our standard 2°C/min
heating rate with a slightly higher amplitude. Changing
the modulation period causes a substantial variation in the
magnitude of the reversing data in the melting region [19—
21], and our data do not cover a broad enough range to see
such differences. To interpret other important features of
Fig. 3, note that the heat flow amplitude is related to the
reversing signal, and the NR curve is approximately equal to
the zero heating rate portion of each cycle which correspond
to the uppermost peaks of each modulation period [18]. One
can see a slight temperature offset between the calculated
NR curve and the zero heating rate portions of the modu-
lated heat flow data due to the transform used by the
software.

The amorphous PEN sample in Fig. 1 and the 170°C
annealed PEN sample in Fig. 2 (at various annealing
times) display a high temperature endotherm in the NR
signal around 270°C. The integrated reversing (melting
endotherm) and nonreversing (exothermic crystallization
and melting endotherm) signals in Fig. 2 gave essentially
constant values within an experimental error of about 10%
as long as temperature gradients were minimized. For
example, we covered a range which included slight
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Fig. 1. Total (solid), reversing (dash) and non-reversing (dot-dash) curves
of TMDSC data with a 2°C/min heating rate for initially amorphous PEN.
The total signal is the sum of the R and NR signals. The curves have been
shifted vertically for clarity. The exothermic direction is upward in the plot.

variations in frequency and relatively large changes in
sample mass and thickness. For a 210°C (1 h) melt crystal-
lized PET sample the following experimental conditions led
to integrated quantities which were constant to within about
10% experimental variability: Run #1 (2.6 mg, 90 pum
thickness, 30 s period, 3.5°C/min heating rate), Run #2
(1.6 mg, 70 pm, 60 s, 2°C/min), Run #3 (6 mg, 220 pm,
60 s, 2°C/min), and Run #4 (3.1 mg, 140 pm, 100 s, 1°C/
min, data for Run #4 given in Fig. 3). Toda et al. [19]
provide a much more systematic study of frequency and
underlying heating rate effects on the melting region of
initially amorphous PET. Close examination of their work
(Fig. 5) [19] shows why our particular choices of frequency
and underlying heating rates in these four examples lead to
qualitatively similar results, but the data we present in the
figures and Table 1 are specific only to the chosen TMDSC
operating parameters and thus are only qualitative.

Returning to the issue of thermal gradients, Run #5
(5.6 mg, 210 pm, 60 s, 3.5°C/min) gave slightly inaccurate
results because of an insufficient number of modulation
cycles through the narrow endotherms, especially the high-
est temperature nonreversing endotherms such as those at
270°C in Figs. 1 and 2 and 258°C in Fig. 3. Run #6 (10 mg,
400 p.m, 30 s, 3.5°C/min) and Run #7 (10 mg, 400 pm, 60 s,
3.5°C/min) were adversely affected by thermal gradients
due to large sample thicknesses and relatively high modula-
tion frequencies. Although the reversing and especially the
nonreversing signals were inaccurate, the total was
relatively accurate.
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Fig. 2. (a) Total curves of TMDSC data for PEN heated at 2°C/min after
being melt crystallized at 170°C for 6 min (solid line), 80 min (dashed
line), 18 h (dot-dot-dot-dash line), and 5 days (dot-dashed line). The curves
have been shifted vertically for clarity. The total signal is the sum of the R
and NR signals. The melting temperature of crystals ‘originally’ present
equals about 245°C for the 80 min sample and was independently
measured by the rapid heating rate technique, and this temperature is
indicated by the dashed vertical line (see text). The exothermic direction
is upward in the plots. (b) Corresponding reversing heat flow. (c) Corre-
sponding nonreversing heat flow.

2.3. Blending procedure
The melt blending procedure for small quantities only has

been described previously [24]. The blending method
consists of pressing and shearing molten polymer films
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Fig. 3. Non-reversing (dot-dot-dot-dash), total (large dash), reversing
(small dash) and raw modulated heat flow (solid) curves of TMDSC data
at a 1°C/min heating rate for PET melt crystallized at 210°C for 1 h. The
modulation amplitude was 0.265°C with a period of 100 s. The sample size
was 3.1 mg. The total signal is the sum of the R and NR signals. The
exothermic direction is upward in the plot.

(~0.05 g total) on a hot plate between sheets of Kapton®
polyimide and then quenching. The solidified sample
releases easily from the Kapt0n®, is folded, and the process
repeated 5-10 times. The total exposure to the high
temperatures in the melt for four blending cycles is typically
only 5s. Due to the small film areas (A ~ 200 mmz),
relatively high shear and elongational forces can be applied
by hand. Equilibration of the blend phase morphology can
be tested by obtaining a DSC trace on a blend, and then
reblending the same sample a few more times before
performing DSC a final time. In this way one can check
for further changes in T, (i.e. changes in phase composi-
tions) as well as thermal degradation [24].

3. Results
3.1. TMDSC of amorphous samples

The thermal response and morphology developed during
heating of initially amorphous PEN provides a useful
system for understanding the detailed morphological
changes that occur with increasing temperature. Amorphous
PEN is heated at 2°C/min in TMDSC scans that have a
heating-only amplitude of 0.32°C with a modulation
frequency of 60 s (Fig. 1). The total heat flow signal is
equivalent to a standard DSC, even though it was obtained
by a slightly different averaging procedure using the
TMDSC technique. The total heat flow curve shows the
glass transition, immediately followed by the nominal
cold crystallization peak. This is followed by the well-
known continuous melting and recrystallization of these
just formed crystals [6,25-27]. Continuous recrystallization

due to the heating scan is detected starting at ~177°C by the
small increase of the total signal over the baseline. This
exothermic activity is more dramatically illustrated in the
nonreversing signal as the curve stays above the baseline
over a broad temperature range above ~177°C until final
melting at 271°C. The peak melting temperature for the total
heat flow curve is 270°C. The glass transition is separated
into the reversing signal at 124°C. Addition of the reversing
and non-reversing signal gives the total signal, and this
integrated total signal gives a heat of fusion (AH) equal to
approximately zero, as should be the case for an initially
amorphous sample (Table 1).

The nonreversing curve characterizes the cold crystalliza-
tion exotherm at about 177°C, which appears well after T,. In
addition, the ongoing process of recrystallization (appearing
as exothermic behavior in the NR curve) follows the cold
crystallization peak and does not end until the very end of
the melting. This 2°C/min scan exhibits a small endothermic
melting event in the nonreversing signal at around 271°C
(Fig. 1). At this lower heating rate, the crystals have more
time during the heating scan to perfect; and the properties of
these crystals, which separate the melting into the NR signal
will be discussed below. The non-reversing curve can
contain both endothermic and exothermic behavior [4].

3.2. TMDSC study of low temperature isothermally
annealed PEN

With selection of crystallization conditions (both
temperature and time), the combination of standard DSC
with TMDSC can provide characterization of the morphol-
ogy developed as well as melting and recrystallization beha-
vior. PEN was melt crystallized at different times at 170°C
and the TMDSC scans at 2°C/min in Fig. 2 show similar
trends for all four annealing times. To understand DSC or
TMDSC in general, one should consider the sequence of
events starting with secondary crystal melting in the low
endotherm, continuous recrystallization of secondary and
low melting primary fractions, followed by melting of the
primary crystals, combined with melting of the recrystal-
lized species contributing to the endotherm at the highest
temperatures [14]. Specifically for TMDSC, the low
endotherm consists of a non-reversing melting endotherm
which starts a few degrees before the endothermic drop in
the reversing signal at about 180°C (Fig. 2). This is imme-
diately followed by relatively high levels of exothermic
recrystallization for all four samples, which mostly obscure
the broad melting endotherm of the primary crystals in the
total heat flow signal for these samples in Fig. 2 at about
245°C. Some indication of the melting of primary crystals is
detected in the reversing endotherm region around 245°C.
This complicated behavior helps to resolve the controversy
in the literature regarding interpretation of standard DSC in
the melting region. The TMDSC curves and quantities in
Table 1 must be taken as qualitative because the R and
NR signals will change with a variation of the TMDSC
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operating parameters in the melting region as was discussed
in Section 2. The general features described here along with
differences between samples with different thermal history
do provide valuable relative comparisons because all were
measured under the same TMDSC conditions.

After 6 min at 170°C, the curve in Fig. 2 still displays a
sharp cold crystallization peak in the total heat flow after Tg
followed by broad recrystallization of these just formed
crystals as well as the primary crystals (seen as the total
heat flow curve remaining above the baseline) followed
by the final melting endotherm. The total heat of fusion
(AH) for this sample is 30 J g{l (Table 1). This selection
of annealing temperature with its large degree of undercool-
ing provides a kinetically restricted growth environment.
There is not a separable low endotherm in the total or nonre-
versing signals for the 6 min annealed sample; but, we do
observe the cold crystallization peak in the nonreversing
signal. This is not seen in the sample annealed for 80 min
due to more complete spherulitic space filling. Conse-
quently, a low endotherm of 1J g~ ' is resolvable in the
total and nonreversing signals and AH for the 80 min
annealed sample increases to 40.5J g~ '. After this low
endotherm in the NR signal, the just melted secondary
and low melting primary crystals recrystallize and contri-
bute to the exothermic signal in the NR curve. This process
is followed by final melting of these perfected species in the
NR endotherm at 271°C. These trends continue as the
annealing time is further increased to 18 h and 5 days.
The low endotherm rises to 1.6 and 2.1 J g™, respectively,
as well as AH changing to 49 and 61 J g~ ' (Table 1). With
increasing annealing time, the net nonreversing exothermic
behavior in the samples is decreased owing to the better
perfection of the crystal morphology with subsequently
lower DSC-heating induced reperfection. Integrated values
for the NR.y, drop from 46J ¢~ at §minto 18 Jg " at 5
days. This impacts the total heat flow as the curve starts to
fall below the baseline for the 18 h sample above 200°C.
Regardless, the data and especially the NR curves dramati-
cally illustrate the strong recrystallization behavior which is
not at all obvious from the total signals. The reversing
endotherms remain fairly constant over this time series
with little shift in the integrated AHs (~60J gfl) or final
melting points (270°C) as seen in Table 1. However, the
melting of the primary crystals formed at this annealing
temperature appears as a shoulder in the reversing curve
around 245°C and is only a separable ‘peak’ in the total
curve in the 5-day sample.

3.3. Variable heating rate DSC

Samples were isothermally melt crystallized and
quenched below 7, as described in Section 2.2. Although
total heat flow in TMDSC scans is equivalent to that
obtained in a standard DSC, TMDSC is limited to low heat-
ing rates (~5°C/min or lower) in order to have adequate
sensitivity and resolution. Therefore, a variable heating
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Fig. 4. Standard DSC curves for PEN heated at 2°C/min (solid line), 10°C/
min (dashed line), and 40°C/min (dot-dash line) after being crystallized for
2 h at 210°C. The vertical axes have been normalized by a factor propor-
tional to heating rate. The curves have been slightly shifted vertically for
clarity. The higher endotherm decreases in peak temperature with increased
heating rate. The exothermic direction is upward in the plot.

rate study using standard DSC was executed for a 210°C
(2 h) melt annealed PEN sample. In Fig. 4, the standard
DSC scans display the response to heating rates of 2, 10,
and 40°C/min. The glass transition is clearly evident and
increases in temperature with heating rate from 121.5°C at
2°C/min to 126°C at 10°C/min to 128°C at 40°C/min (Table
1). Following the glass transition, triple melting behavior is
approximately seen for all three heating rates. The low
endotherms (due to the melting of secondary crystals) in
the total curves rise in temperature with increasing heating
rate [12,28], and the highest endotherm decreases dramati-
cally in peak melting temperature with increasing heating
rate as shown earlier in many studies [4,29,30]. The middle
endotherm is the melting of initially formed primary
crystals, which overlaps with the highest endotherm result-
ing from the large fraction of higher melting crystals formed
by reorganization during DSC heating, as was also studied
in some detail in the reversing data of Fig. 2. Higher heating
rates suppress the recrystallization contribution and shift the
final melting point down (Fig. 4) as is well known [29,30],
and help to confirm the interpretation of TMDSC that we
have proposed.

The low endotherm or melting of secondary crystals
appears as a shoulder at 225°C in the 2°C/min heating rate
scan (Fig. 4). This has been shown previously [4] to be
modified by the nonreversing recrystallization exotherm
occurring immediately following this endotherm (Fig. 5);
and again, the low heating rate enhances this recrystalliza-
tion contribution so the low endotherm can effectively
change in magnitude at the different heating rates. This
low endotherm appears again as a shoulder in the 10°C/
min data at a temperature of 227.5°C and in the 40°C/min
scan at 231°C. Alternatively, the highest endotherm
decreases in peak temperature with increasing heating
rate changing from 270°C (2°C/min) to 267°C (10°C/min)
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Fig. 5. Total (solid), reversing (dash) and non-reversing (dot-dash) curves
of TMDSC data at a 2°C/min heating rate for PEN crystallized at 210°C for
2 h. The total signal is the sum of the R and NR signals and is equivalent to
a standard DSC curve. The curves have been slightly shifted vertically for
clarity. The exothermic direction is upward in the plot.

to 260°C (40°C/min). The melting of primary crystals
characterized in the middle endotherm occurs at 254°C in
the 2 and 10°C/min heating scans; but, in the 40°C/min
heating rate curve, the middle and highest endotherms
merge into a single melting peak with the melting of recrys-
tallized species becoming much weaker because there was
less time for recrystallization. This overlap of thermal
events at high heating rates is well known [13]. The percent
crystallinities for the different heating rates show good
agreement where all values fall in the 29-32% range
(Table 1).

Fig. 5 is the TMDSC data for the sample studied in Fig. 4
at 2°C/min with triple endothermic behavior in the total
signal. The lowest endotherm is the melting of secondary
crystals (appearing as a shoulder in the total signal) was
discussed previously. The middle endotherm is the melting
of primary crystals and the highest endotherm is the melting
of recrystallized species. One can detect the low endotherm
in the nonreversing curve of Fig. 5 at 220°C immediately
followed by recrystallization of these just melted species.
The peak temperature of this exotherm is at 257.5°C. The
nonreversing curve then displays the endothermic melting
of a fraction of recrystallized species with a small minimum
at 270°C. The reversing curve in Fig. 5 shows the onset of
primary crystal melting with a peak temperature of 256°C
followed by melting of recrystallized species with a peak
temperature of 270°C. Since the total heat flow is the sum of
the reversing and nonreversing curves, the resulting total
curve displays no exothermic behavior.

The annealing time was increased to 17 h at 210°C for the
next variable heating rate study. With this increased time,
the percent crystallinities rise to 39 = 2%. In the heating
rate data shown in Fig. 6, the 2 and 10°C/min scans display
a double melting endotherm whereas the 40°C/min scan
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Fig. 6. Standard DSC curves for PEN heated at 2°C/min (solid line), 10°C/
min (dashed line), and 40°C/min (dot-dash line) after being crystallized for
17 h at 210°C. The vertical axes have been normalized by a factor propor-
tional to heating rate. The curves have been slightly shifted vertically for
clarity. The higher endotherm decreases in peak temperature and size with
increased heating rate and merges with the lower temperature endotherm
into a single peak in the 40°C/min scan.

exhibits only one endotherm as the recrystallization is
suppressed. The lower temperature endotherm is mainly
due to the melting of primary crystals formed during the
annealing at 210°C (Fig. 6).

Fig. 7 contains the TMDSC data of the sample studied in
Fig. 6 at 2°C/min and shows the low temperature endotherm
region with superimposed melting of secondary and primary
crystals. One can observe that the middle endotherm in the
reversing signal, which is the melting of primary crystals, is
much larger than the middle endotherms of Fig. 4 because of
the increased annealing time. Also, the middle endotherm in
the total heat flow is dominated by a reversing endothermic
contribution. These annealing conditions develop a crystal
morphology where the stability of the primary crystals
contributes to melting which is fully resolvable in the rever-
sing signal because it is in phase with the modulation.
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Fig. 7. Total (solid), reversing (dash) and non-reversing (dot-dash) curves
of TMDSC data at a 2°C/min heating rate for PEN crystallized at 210°C for
17 h. The total signal is the sum of the R and NR signals and is equivalent to
a standard DSC curve. The curves have been slightly shifted vertically for
clarity.
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Fig. 8. (A) Total heat flow curves of TMDSC data at 2°C/min for PEN
crystallized at 240°C for 30 min (solid) and 18 h (dash). The curves have
been shifted vertically for clarity. The peak melting temperature increases
from 267.2 to 271.8°C with annealing time. (B) Corresponding reversing
heat flow. (C) Corresponding nonreversing heat flow.

Secondary crystal melting is well separated into the NR signal
(Fig. 7) because of the superheating of these species [12,28],
and this explains the distinct endothermic peak at 254°C in
the NR curve even though the total curve contains no evidence
of this endotherm. Immediately following this endotherm in
the NR is the exotherm of the primary and secondary recrys-
tallization; and after this, the final melting endotherms of the
recrystallized species detected in both the reversing and NR
curves with peak melting temperatures of 271°C.

3.4. TMDSC studies of higher temperature isothermally
annealed PEN

In comparison to the previous section on isothermally
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Fig. 9. (A) Total heat flow curves of TMDSC data for PEN crystallized at
265°C for 24 h (solid) and 5 days (dash). The overall heating rate is 2°C/
min. The curves have been shifted vertically for clarity. The peak melting
temperature does not shift with annealing time over this range. (B) Corre-
sponding reversing heat flow. (C) Corresponding nonreversing heat flow.

annealed samples annealed with a large degree amount of
undercooling, much higher temperatures of 240°C were
used. PEN was held for 30 min and 18 h and the TMDSC
data at 2°C/min are shown in Fig. 8. From the total heat flow
curve, the peak melting temperature rises with annealing
time from 267 to 272°C. The total heat of fusion also
increases as AH changes from 55 to 70 J ¢~' as indicated
in Table 1. In the 30 min sample, both the reversing and
nonreversing signals contribute about 50% of the total
heat of fusion whereas, in the 18 h sample, about 78%
of the total comes from the nonreversing signal. The
increased time at this elevated annealing temperature
allows perfection of the primary and secondary crystals
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Fig. 10. Total (solid), reversing (dash) and non-reversing (dot-dash) curves
of TMDSC data at a 2°C/min heating rate for a PET/PEN (50/50) blend
mixed at 285°C for 10 s. The total signal is the sum of the R and NR signals
and is equivalent to a standard DSC curve. The curves have been slightly
shifted vertically for clarity. Both glass transitions of the pure species are
observable in the reversing signal as well as the nonreversing signal having
separate crystallization exotherms of the pure species.

as seen by the increased crystallinity and elevated melting
points [2,4].

An even higher annealing temperature of 265°C was used
to further investigate the development of crystal morphol-
ogy. Two samples were held for 1 and 5 days at this
temperature and gave AH values of 64 and 69 J g ', respec-
tively (Table 1). The data at 2°C/min shown in Fig. 9
indicate the melting points are almost identical for the two
samples (little increase in perfection at the longer time) and
most of the melting is nonreversing. The melting points of
the samples are increased to 282-283°C.

4. Blends

For the blends, TMDSC studies of each sample were not
necessary because of strong similarities in the general
features of the TMDSC results. A typical experiment on a
phase-separated blend allows one to emphasize the two
most important features of TMDSC. These include separa-
tion of the glass transitions into the reversing signal. Fig. 10
shows that the upper glass transition is not detectable in the
total signal because of the overlap with the cold crystalliza-
tion exotherms. The other feature is the characterization of
the strong recrystallization of both components, which is
seen in the NR signal between about 180 and 260°C. The
melting of both components is partially distinguished in the
total and reversing signals, with the PEN fraction melting at
slightly higher temperatures on average (Fig. 10). As with
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Fig. 11. Standard DSC curves at 10°C/min for PET/PEN (50/50) blends
after being mixed for various times at 285°C (solid) and 260°C (dot-dash).
The shortest mixing times are at the top and increase in mixing time with
the longest ones at the bottom. The curves have been slightly shifted verti-
cally for clarity. The blends are incompatible until about 5 min at 285°C and
25 min at 260°C.

isothermally annealed homopolymers, the strong recrystal-
lization seen directly in the NR signal between 180 and
260°C strongly modifies the final melting region.

Fig. 11 gives total DSC curves (10°C/min) for several 50/
50 blends formed at two blending temperatures. At rela-
tively high blending temperatures of 285°C, even though
mixing provides a uniform domain dispersion with phase
separated domains on the order of less than 1 pum, the
system is highly incompatible at early times and the compo-
nents have phase purities and thermal properties almost
identical to the pure components. This novel blending
method was verified to provide excellent and complete
dispersion and mixing in hundreds of other experiments
on miscible and partially miscible high temperature poly-
mers [24,31], and single phase blends could be formed in
about 5 s of total ‘mixing’ time in cases where the compo-
nents were thermodynamically miscible. We believe it
provides unambiguous evidence that PET and PEN are
incompatible in the homopolymer form. The 260°C
(300 s) is even better verification where the uniform domain
size of less than 1 wm is reached in the first 5 s of mixing,
and even after 295 more seconds of continuous mixing
almost no decrease in phase purity is observed, i.e. after
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Table 2

DSC data for amorphous and quenched PEN/PET blend samples at 10°C/min heating rate including glass transition temperatures, crystallization peak
temperatures (7,), and heats of melting (endo AH) and crystallization (exo AH). All temperatures in °C, AH in J g’l, and AC, in J g’] K™!

Blending temperature (°C) 285 285 285 285 260 260
Blending time 10s 100 s 5 min 25 min 5 min 25 min
T, (PET) 79.4 80.6 95.6 95.9 80.9 94.1
AC, 0.1959 0.1806 0.3468 0.3276 0.2049 0.3558
AT, (°C) 12 13 33.5 17 14.4 31
T, (PEN) 120 118 118.2

AC, 0.1026 0.147 0.1269

AT, (°C) 11.4 14.5 14.1

Exo AH, (PET) 14.3 159 347 16.4 28.4
T, (°C) 138.1 143.8 169.8 143.2 167
Exo AH, (PEN) 20.3 22.7 23

T, (°C) 182 180.85 179.9

Endo AH, (PET) 253 24.1 194 23.1 23.7
T, (°C) 256.7 255.9 252.1 255.4 2435
Endo AH, (PEN) 134 14.1 13.7 14.85 35
T, °C) 265.1 265.3 261.5 265.65 268.6
Total (AH) 4.1 —04 - 1.6 — 145 —-12

300 s at this temperature two separate glass transitions are
seen and they are almost identical to those of the pure
components (Table 2). The highest melting peak in the
1500 s (260°C) scan is likely due to annealing during blend-
ing at 260°C causing a high melting PEN morphology. After
1500 s of mixing at 285°C, the degree of randomization of
the copolymer is so high that the system is unable to crystal-
lize during DSC heating; while after 1500 s at 260°C, the
single sharp T, proves that the system is miscible and single
phase, but both components are seen to readily crystallize
upon heating with the PET blocks apparently crystallizing to
a larger extent. This is estimated from the proportion of high
and low melting species in the endotherm. The blend made
at 285°C (300 s) shows a reasonably high level of compat-
ibility with a single broad glass transition. Our experience
shows that it is not completely miscible unless a single sharp
glass transition is measured [24,31]. Its ability to crystallize
to a high degree proves that even with a highly blocky
structure the system becomes miscible or almost miscible,
consistent with a large body of literature [32-37].

5. Discussion
5.1. TMDSC studies of amorphous PEN

Although the large extent of recrystallization at
temperatures above 150°C in initially amorphous polymers
like PEN is well recognized [6,25—-27], examining the total
DSC curves there is little direct indication of the large
degree of recrystallization that causes the high melting
points in the initially amorphous PEN (Fig. 1). This is
because of compensating endothermic and exothermic

contributions above the °‘cold crystallization’” peak and
TMDSC adequately resolves these so there no longer is a
need for indirect estimations. The nonreversing curve in
Fig. 1 illustrates the level of exothermic recrystallization
between 200 and 270°C which is well above the nominal
cold crystallization peak at 177°C. In TMDSC of many
polymers, a reversing endothermic contribution usually
occurs over a similar temperature range as the NR exotherm
(e.g. Figs. 1, 2, 5 and 7). This type of reversing endotherm
corresponds to crystals undergoing rapid melting with the
heat flow in phase with the period of the temperature modula-
tion [11,12]. These crystals are unstable and melt well below
the thermodynamic melting point. The reversing endother-
mic and NR exothermic responses can be related and it is
likely that the unstable species are prone to recrystallization,
melting, recrystallization and so on, and it is possible that
the same morphological regions undergo such cycling
between melting and crystallization several times over the
broad temperature ranges where the NR exothermic
processes are detected. Other contributions include a rapid
recrystallization phenomena related to ‘molecular nuclea-
tion’ [9,10] which contribute to the reversing endothermic
signal in the typical thermal scanning TMDSC experiment.

5.2. Isothermally annealed PEN

TMDSC data for PEN illustrate the three main endothermic
processes that must be considered in interpretation of the
DSC data, although only two distinct endotherms are
usually detected. Melting of secondary crystals is followed
by recrystallization that broadly overlaps with melting of
primary crystals, with a highest temperature broad endo-
thermic response which is attributed to melting of the
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recrystallized (or perfected) species [4,6,14]. A few recent
studies have detected triple melting in standard DSC scans
at 10°C/min with various isothermal crystallized samples of
PEN from both the glass and melt [1,3,4]. Our previous
work also considered multiple melting endotherms in poly-
mers and used TMDSC to study the three main melting
processes along with the corresponding aspects of reorgani-
zation [6,12,15]. The work also showed how TMDSC and
complementary techniques are able separate time dependent
and heat capacity related contributions in the melting and
recrystallization region. In these results, because of over-
lapping exothermic recrystallization, the broad primary
crystal melting contributes to a small shoulder in the rever-
sing curves occurring at ~250°C in Fig. 2, and these cannot
be resolved completely from the melting of recrystallized
species which dominates above this temperature. As was
discussed recently [4,6,12], this is also verified by indepen-
dently measured melting points of the initially present
primary crystals by the rapid heating rate technique. For
example, the rapid heating rate melting point [4,6] (Tt rapia)
of PEN annealed 80 min (170°C) in Fig. 2 is 245°C, but this
is far below the end of melting because of the DSC scanned
induced recrystallization. T}, r,piq for 18 hand 5 day annealed
PEN is also 245 * 5°C. Similar comparisons were made for
oriented films of PEN in relationship to the TMDSC
characterization [6]. With high degrees of DSC scan-
induced recrystallization masking contributions of primary
crystal melting, the standard DSC data lose their effective-
ness in characterizing some of the initially present morphol-
ogies which may be important in understanding the material
properties. TMDSC is constrained to relatively low heating
rates so even with the additional information on recrystalli-
zation, some contributions of primary crystal melting are
difficult to resolve completely in PEN (Fig. 2).

By varying the annealing time from short times to very
long times at 170°C, the melting of the primary crystals
(seen as a shoulder at ~250°C in the reversing signal) is
enhanced and the low endotherm due to melting of second-
ary crystals is resolvable in the NR signal. When the anneal-
ing temperature is increased to 210°C (Figs. 4 and 5) the
melting of secondary crystals does appear as a shoulder in
the higher heating rates in Fig. 4 (standard DSC), but at the
lowest heating rate exothermic recrystallization just after
the annealing temperature mostly cancels the low
endotherm in the total signal. The largest endotherm at
high temperatures is due to the melting of recrystallized
species. The suppression of recrystallization during DSC
heating at high rates broadens and shifts downward in
temperature this peak (Figs. 4 and 6) as was discussed
previously by Denchev et al. [5S]. When the annealing time
is increased to 17h at 210°C, the low temperature
endotherm (melting of secondary crystals) is not fully
resolvable in the total heat flow signal (Fig. 7). The longer
time allows the primary and secondary crystals to grow and
perfect leading to higher crystallinity. The lower tempera-
ture endotherm in the dual endotherm data in Fig. 6 is the

combination of melting of primary and secondary crystals
while the higher temperature peak is the melting of the
perfected species (which merge into a single peak at the
highest heating rate). The TMDSC NR signal in Fig. 7
resolves the secondary crystal melting (at 254°C) from the
strong reversible melting contribution from primary crystal
melting. The superheatable nature of secondary crystal
melting [28] is what allows TMDSC to separate it into the
NR signal as was discussed previously [12]. These results
highlight the ability of TMDSC to detect the three main
endothermic processes occurring in the samples, and
illustrate the advantage over standard DSC. With increasing
time at these annealing temperatures, the primary and
secondary crystals still undergo substantial reorganization
during DSC heating. This was also observed by Denchev et
al. [5] as they studied effects of annealing time at similar
isothermal crystallization temperatures.

For the higher temperature annealed samples, the crystal
morphology developed at low undercoolings leads to
different TMDSC results [4]. At 240°C (Fig. 8) and 265°C
(Fig. 9), these melt-crystallized samples display a single
endotherm because the crystal perfection is high as a result
of the elevated temperature annealing. A single endotherm
is present in the samples with most of the endotherm
detected in the NR signal. The percent of NR melting
increases from 50% (240°C, 30 min) to 90% (265°C, 5
days) with annealing temperature and time. The secondary
crystals that do form under these conditions are super-
heatable [12,28] and their melting is pushed into the main
(primary) melting endotherm and is not fully resolvable
even with TMDSC. Buchner et al. [2] also observed single
melting endotherms in high temperature annealed samples
and concluded reorganization did not take place, and
Denchev et al. [5] characterized high temperature annealed
PEN samples with DSC and SAXS and found that the
results could best be described by a single lamellar
population.

5.3. Blends

There are several interesting questions which can be
addressed by our blending studies with very fast and
efficient mechanical mixing. At both melt blending
temperatures of 260 and 285°C, we can prove for the first
time that melt mixed PET and PEN are essentially com-
pletely incompatible. The proof is the finding that at early
times the glass transitions are almost identical to those of the
pure components (Table 2) even though the blends are trans-
parent and well ‘mixed’. To our knowledge no melt mixing
study has shown evidence of ‘complete’ incompatibility
because mixing efficiencies were poor enough that some
transesterification reaction always occurred by the time a
uniform domain dispersion was attained [33]. Melt mixing
to ~1 pwm or smaller domain sizes is so fast that it is
complete within about 5s at 260 and 285°C. This was
proved earlier in the study of many high temperature



8714 W.G. Kampert, B.B. Sauer / Polymer 42 (2001) 8703-8714

miscible polymer pairs [24,31]. Thus, the reaction rate driv-
ing rate miscibility is found to be much slower than the
establishment of a uniform dispersion of uniform domains
because the DSC data show that it takes about 5—7 min and
about 25 min at 285 and 260°C, respectively to attain mis-
cibility (Fig. 11). In other literature melt blending studies
[32] with mechanical mixing at 50/50 concentrations, 2.5
and 5 min were needed for miscibility at 285 and 275°C,
respectively. This is relativity consistent with our results for
50/50 blends. For solvent cast and then melt annealed 50/50
blends, times of 20 min [37] and 40 min [34] were needed
for miscibility. Andresen and Zachmann [33] found 2-
10 min for miscibility of solvent cast 30/70 blends. One
can conclude from this that the continual regeneration of
interphase in a mechanical mixing situation substantially
speeds up the effective rate of transesterification, as opposed
to the static melt annealing of solvent cast blends. As more
interfacial area becomes available during melt mixing, the
number of reacting species naturally increases.

6. Conclusions

At low isothermal crystallization temperatures (170 and
210°C), double and sometimes triple melting endotherms are
observed in standard DSC. TMDSC and the data from the
rapid heating rate melting point method provide additional
evidence as to the influence of crystallization time with the
system becoming slightly less metastable with annealing time.
However, substantial recrystallization in the NR signal is still
present at the longest times (Figs. 2 and 6). At the higher
annealing temperatures (240 and 260°C), the TMDSC
scans only display single melting endotherms at these low
heating rates consistent with other literature.

Time dependence of melt blending with a novel small-
scale rapid blending method showed the progression from
completely incompatible but well dispersed PET and PEN
homopolymers, to miscible blocky (crystallizable) copoly-
mers formed at different rates depending on temperature due
to transesterification, to finally noncrystallizable more
random copolymers. The DSC and TMDSC data also char-
acterized the melting and recrystallization properties of the
blends showing many similarities with the homopolymers.
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