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Abstract

The thermal and crystal morphological properties of poly[ethylene teraphthalate] (PET) and
poly(ethylene-2,6-naphthalenedicarboxylate) (PEN) biaxially oriented films were compared
to amorphous and other isotropic semi-crystalline samples. Crystal melting as a function of
temperature was characterized by temperature modulated DSC (TMDSC) and found to begin
just above the glass transition for both oriented films. About 75°C above the glass transitions,
substantial exothermic recrystallization begins and continues through the final melting region
in oriented films. The maximum in the non-reversing TMDSC signal for the oriented films sig-
nifies the maximum recrystallization exothermic activity with peaks at 248°C and 258°C for
PET and PEN, respectively. The final melting endotherm detected was 260°C and 270°C for
PET and PEN, and is shown by the TMDSC data and by independent rapid heating rate melting
point determinations to be due to the melting of species recrystallized during the heating scan.
The results are compared with TMDSC data for initially amorphous and melt crystallized sam-
ples. The volume fraction of rigid species (Fiigie=total crystal fraction plus ‘rigid amorphous or
non-crystalline species’) were measured by TMDSC glass transition data, and contrasted with
the area fraction of rigid species at the oriented film surface characterized with very high reso-
lution atomic force microscopy (AFM) phase data. The data suggest that the 11 nm wide hard
domains in PET, and 21 nm wide domains in PEN film detected by AFM consist of both crystal
and high stiffness interphase species.

Keywords: atomic force microscopy (AFM), morphology, polyester, recrystallization, TMDSC

Introduction

Orientation, morphology, and thermal properties including the glass transition tem-
perature (7,) control properties [1] such as strength, permeability, modulus, dimen-
sional stability, and toughness. Many of the elevated temperature properties can be
related to recrystallization and other thermal events related to metastability [2] of
polymer crystals. Temperature Modulated DSC (TMDSC) [3-6] is a newer technique
which provides information on melting and recrystallization not accessible to stan-
dard DSC. To compare with the rich history of thermal and morphological character-
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ization of aromatic polyesters, [2, 4, 7-15] we have chosen to study poly(ethylene
terephthalate) (PET) and poly(ethylene-2,6-naphthalenedicarboxylate) (PEN).

In this work we will refer to the model of Zhou and Clough [10] for the de-
scription of multiple endotherms in DSC derived from DSC heating rate studies of
isothermally crystallized PET. Their interpretation considers both dual crystal
populations, early melting and recrystallization. A typical DSC curve for isother-
mally crystallized PET can be explained 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, and
the final endothermic region contains significant contributions from the re-
crystallized species formed during heating [10]. Support for the model is given by
recent DSC/ X-ray studies [14, 16], TMDSC studies [15], and theoretical analysis
of DSC curves [17].

TMDSC [3-6] gives improved information over that from standard DSC in
quantifying the strength of broad and weak glass transitions in oriented films [4,
6] or highly crystalline samples.

The reversing signal separates the glass transition from other non-reversing
processes such as enthalpy relaxation and exothermic crystallization [3—6]. Al-
though exothermic events are detected in the NR-signal only, endothermic crystal
melting contributes to both the reversing and non-reversing signals and one must
choose experimental systems and conditions to estimate the various contribu-
tions.

There are many difficulties in obtaining accurate total crystallinities by vari-
ous techniques. The DSC (or TMDSC) total heats of fusion are precise and can be
converted into crystallinities using standard methods, and this will be critically
evaluated here. The combination of rigid fraction determined by the strength of
the glass transition [4, 12, 18], i.e., those species including the crystal phase and
interphase species which cannot contribute to the glass transition, and the mea-
sured total crystallinities gives some information of mobile amorphous and rigid
non-crystalline (rigid amorphous) fractions. These are then used to understand
crystalline morphology, interphase properties, and other properties. Atomic force
microscopy (AFM) also characterizes crystal and amorphous morphology, and we
will show that some properties of interphase species can also be indirectly ob-
tained if crystallinity is independently measured.

AFM investigations of morphology of semi-crystalline polymers [19-21] il-
lustrate the excellent resolution of these techniques. Studies of isotropic polyes-
ters are rare, but oriented PET film morphologies have been studied at very high
resolution [22]. The effect of plasma etching has been studied [23], and correla-
tion of longer range roughness from processing and film fabrication has also been
characterized [22]. We are interested in applying tapping—mode® AFM, which is
an intermittent contact method, for very high resolution studies of crystalline do-
mains on oriented film surfaces. This method is optimum for high resolution stud-
ies because of negligible damage and deformation of the surface, and the AFM
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phase data are sensitive to local stiffness differences of domains near the surface
and have lateral resolution on the order of a nanometer for polymers.

Experimental

Materials and preparation

PET was obtained from DuPont with a weight average molecular weight (Mw) of
50,000 [14]. PEN with Mw of about 45,000 determined by viscosity, was obtained
from Teijan Chemical Co. Poly(oxy-1,4-phenylencoxy-1,4-phenylenecarbonyl-
1,4-phenylene) (PEEK 150G) with a weight average molecular weight of about
30,000 was obtained from ICI, Ltd. Biaxially oriented PET and PEN were obtained
from DuPont as Mylar® 400D and Kaladex®™ 1030, respectively. The draw ratios were
about 3 in both directions, and non-isothermal crystallization temperatures were
about 180°C for PET and 200°C for PEN.

Films 0.3 mm thick between sheets of releasing Kapton® polyimide were held in
the melt in order to prepare isotropic films as was described previously [15]. PEN
films were held at 290°C for 2 min, and PEN films at 280°C for 2 min followed by a
rapid quench to 195°C for isothermal annealing for 1 to 3 h (Table 1).

The evaluation of AH;, for polymers is quite difficult. For PEN reported values are
102.5 [12] and 190 J g™ [11] and for PEEK 130 J g [24] and 160 J g [25]. Although
the discrepancies are greater for PEN, both will cause errors in calculation of absolute
crystallinity, and also to all other related quantities such as rigid amorphous fractions.
Measured densities for semi-crystalline samples also contribute to some variability in the
determination of AHy,, and there may also be some contribution of the accuracy of mea-
sured AH from DSC. Measured crystal densities by WAXD crystallography also can
cause significant variability because the calculated AH, requires extrapolation to the
100% crystalline density [11, 24]. Table 1 gives measured values for all quantities. Crys-
talline density (p.) values were taken from the literature for PEEK [24, 26], PEN a-form
(crystallized below 210°C) [11], and PEN B-form (crystallized above 210°C) [11]. Our
amorphous value determined by chloroform density gradient column for PEN
(P=1.3274 g cm™) can be compared with p,=1.3400 g mI"' from Buchner et al. [11].
This large difference mostly explains their higher value of AHg, =190 J g compared to
our value of 170£10 J g”' (Table 2). Cheng e al. have obtained a value of AH; =
10257 g’1 [12]. As discussed by Buchner ez al. [11], the crystal density of the a-form of
PEN is p.=1.407 g cm, while for the high temperature B-form it is apparently
1.439 g cm . For comparison purposes, using p;=1.407 g cm for a high temperature
crystallized PEN sample gives AH;,=159+10 J g, while using p.=1.439 g cm gives an
abnormally high value of AH;,=225 J g' (Table 2). Either the crystallization conditions
caused a mixture of crystal forms, or the value of p=1.439 g cm is not accurate and is
too high. For PEEK, the value of p,=1.263 g cm > [24] compares well with our measured
value of 1.26124+0.0002 g cm* (Table 2), and the value of p, shows some variability de-
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pending on crystallization conditions. We have chosen a value of p.=1.38 g cm™ [26],
giving a calculated AH;,=163+15 J g from our limited data. The results are consistent
with that obtained from measured volume changes (160 J g™') using dilatometry [25].
The PEEK data are included here to illustrate the comparable values to PEN and also
with PET which has AH;,=138 J g ' [27, 28]. There is good agreement between two dif-
ferent methods for PET [27, 28], but little agreement for many other polymers.

Table 2 Summary of densities and heat of fusion

PEN
pJ/gem’ p Mg em™ p/gem’ AHJ) ¢! AH I g

190°C, 3 h 1.3274 1.407 1.3495 49+1 175
210°C, 2 h 1.3274 1.407 13567 65+2 175
240°C,2h 1.3274 1.407° 13569 59+1 159
240°C, 2 h 1.3274 1.439¢ 1.3569 59+1 225¢

PEEK
270°C, 1.5 h 1.2612 1.38 13039 5543 153
300°C, 2 h 1.2612 1.38 1.3023 60+2 173

AAll values of p, are taken from the literature. Ten samples were used for each determination of p,, 5

samples for each annealing condition, and at least 3 samples for AH determination.

B . I : .
o-form value of p. was used even though this density is normally considered only for annealing

below 210°C.

©B-form crystal density was used, giving abnormally high value of AH,.

DSC

A TA Instruments (Newcastle, DE) 2920 DSC was used with signal processing provided
by the manufacturer [29]. A standard heating ramp of 3.5°C min ' was chosen and a
modulation period of 60 seconds and a modulation temperature amplitude of 0.56°C was
chosen based on the recommended specifications. To confirm the results, all systems
were also characterized at 2°C min ', a modulation period of 60 seconds and a modula-
tion temperature amplitude of 0.32°C . The total signal was almost the same for both un-
derlying heating rates, but the separated reversing and non-reversing heats of fusion and
melting were larger for the higher heating rate. Also, for measuring the strength of the
glass transition of amorphous samples, only at the lower heating rate were a sufficient
number of modulation cycles obtained for accurate characterization. At least four full cy-
cles over the range of the glass transition are recommended [29].

Baseline calibration was performed regularly with empty pans at 2°C min ' and
3.5°C min ', and a four point temperature calibration was performed with different
metal standards. Careful baseline calibration is critical for these films exhibiting
broad and weak transitions. The cell constant was calculated by standard analysis of
an Indium standard, the heat capacity calibration constant for the modulation calibra-
tion was done using a standard sapphire sample [29]. To reduce heat flow lags, sam-
ple masses of 3—8 mg consisting of flat single layer polymer films were used. The
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modulation temperature amplitude is small relative to the underlying heating rate,
and the modulated profile is heating only. At steady state, the residual heat flow de-
tected in the zero heating rate section of the modulation cycle can be used as a mea-
sure of a non-reversing exothermic or endothermic process [30].

Interpretation of TMDSC

The following is a brief summary of our current interpretation based on several ex-
periments and systems designed to undergo various degrees of crystal reorganization
during temperature scanning [15].

1. The non-reversing endothermic signal is typically due to complete melting of
separate lamellae or stacks of lamellae and recrystallization cannot occur because the
nuclei are lost or the barrier to recrystallization is too high because of low under-
cooling [6]. In the TMDSC analysis the melting kinetics must also be considered. If
melting kinetics become so slow that melting occurs even during the zero heating rate
part of the temperature modulation cycle, then such kinetic processes will contribute
to a NR endotherm [29]. Annealing polyesters at high temperatures (within ca. 20°C
of final melting point) results in species which melt at a low degree of undercooling
(example given later). These crystals also tend to be susceptible to superheating be-
cause of their slow melting kinetics, contributing to a very large non-reversing melt-
ing endotherm for the same reason.

2. The reversing endothermic signal can be due to partial melting of lamellae fol-
lowed by rapid recrystallization which occurs due to templating of just melted chains on
existing lamellae [5]. This recrystallization occurs even though there is no local ‘cooling’
in the temperature modulated profile because we have chosen a small modulation ampli-
tude relative to the underlying heating rate. Okazaki and Wunderlich show that in PET
there is significant reversible melting because of ‘molecular nucleation’ [5, 6]. Molecular
nucleation occurs when chains or chain segments melt near or on high-melting crystals,
and then with negligible cooling, they can nucleate and recrystallize on these existing
unmelted crystals. In addition to this contribution, in typical TMDSC temperature scans
the reversing signal possibly contains a contribution from those species which are melt-
ing and recrystallizing independent of molecular templating. For example, many systems
such as those discussed here exhibit low temperature melting and recrystallization, and
the recrystallization is detected in the NR exothermic signal. The species which crystal-
lize at low temperatures are metastable and the continuing process of melting and
recrystallization of such species will contribute to a reversing endothermic signal regard-
less of whether molecular nucleation or recrystallization into entirely new lamellar stacks
occurs. These contributions will help in the evaluation of the typical thermal scan. Recent
work should be consulted concerning details of ‘equilibrium’ reversible melting as a
function of different quasi-isothermal aging times where the sample is aged at long times
[5], but much of the initial morphology is erased.

3. Exothermic crystallization events are detected in the non-reversing signal and
not the reversing signal, making this a very powerful technique for separation of
exotherms from glass transitions, reversible melting, or other heat capacity related
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events. Exothermic and endothermic non-reversible events can both occur simulta-
neously and can offset each other. Because of this TMDSC data are difficult to inter-
pret for many polymers [6, 15], especially those which are prone to recrystallization
during the measurement.

Rapid heating rate technique

To measure the melting properties of crystals ‘originally’ present in the sample at
heating rates fast enough to avoid recrystallization, a section of a sample (about 2 mg)
is quickly pressed against a temperature controlled surface using a procedure de-
scribed previously [15]. This is equivalent to measuring melting points under zero en-
tropy production [1] and is determined by inspection of viscoelastic properties (flow)
and verified by immediately quenching and measuring crystallinity of the particle by
DSC or density [7]. One expects that the following measurement, done properly, will
measure the temperature of the end of the melting range of crystals originally present
in the sample without reorganization effects. Typically, the inspection of viscoelastic
properties consists of quickly determining whether complete flow (liquification) of
the entire sample occurs during the first fraction of a second, or in less obvious cases
we examined the level of liquid transfer from the bottom of the sample to the metal
surface.

AFM

AFM was performed using tapping mode” (Nanoscope 3A, Digital Instruments,
Santa Barbara, CA) in air, using methods described previously [20, 31-33].
Tapping-mode is a contact technique, but the intermittent contact allows one to con-
trol the forces to very low levels and significantly reduce the lateral drag forces and
surface damage compared to scanning ‘contact’ AFM [31].

Very sharp micro-fabricated tips (Digital Instruments, Santa Barbara, CA) with
6—10 nm radii of curvature were used. The tip is oscillated normal to the surface and
is driven at a frequency close to the cantilever resonance frequency (300 kHz). As the
tip is engaged on the surface, the frequency is positioned on the low frequency side of
the resonance to prevent artifacts discussed in detail previously [32, 33]. The height
data are measured by a feedback loop where the vertical distance is adjusted to keep
the tip oscillation amplitude constant, and simultaneously the phase lag is measured
between the tip driving signal and the actual tip response as it viscoelastically inter-
acts with the surface. These ‘phase’ data are sensitive to local stiffness differences of
species or domains near the surface. We use ‘moderate force’ tapping where the free
air oscillation amplitude is reduced by about 40% upon engagement of the tip with
the surface, as is discussed in previous work [31]. Under these ‘moderate tapping
force’ conditions, hard domains have a larger phase lag [20, 21, 31-33] which is plot-
ted as light regions. Experimental evidence obtained on these samples which includes
variation of tip/sample forces by changing the tapping forces, suggest that there is a
thin amorphous layer (1 nm thick) covering the entire surface. Unlike some other sys-
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tems [20], in the oriented polyester films studied here the surface roughness including
the protruding ~10 nm wide lamellae contribute to true high steps and are not caused
by tip induced deformation of the surface. For example, in other systems such as co-
polymers the tip deformation causes soft regions to appear as lower spots, but at very
low forces the height contrast approaches zero [33].

Results

The surface morphologies of biaxially oriented films are shown in Figs 1 and 2 where
AFM height and phase data are obtained simultaneously during scanning, giving a
one-to-one correspondence of the height and phase data in the figures. For these very
high resolution images, in the phase data one observes hard domains slightly oriented
in the original machine direction of the film (MD is horizontal direction in the fig-
ures). The slight orientation of the anisotropic lamellae in the horizontal direction is
due to the sequential stretching process which consists of orientation in the transverse
direction followed by final stretching in the machine direction. Boundaries between
domains are dark and consist of softer (amorphous) material. The height data gener-
ally show that the high spots correspond to the hard domains, and contain similar in-

0 500nm 0 500nm
Height Phase

Fig. 1 AFM height (left) and phase (right) data for oriented PET film surface. The
z-scales are 0—10 nm and 0-20 degrees, respectively, and the scan boxes are
500%500 nm. White is high in topography and also corresponds to high stiffness
regions in the phase data. The film machine direction is horizontal

0 500nm 0 500nm
Height Phase

Fig. 2 AFM height (left) and phase (right) data for oriented PEN film surface. The
z-scales are 0—10 nm and 0-20 degrees, respectively, and the scan boxes are
500x500 nm. White is high in topography and also corresponds to high stiffness
regions in the phase data. The film machine direction is horizontal
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formation to the phase data except the contrast is slightly worse in the plots, but there
is extra information on micro-crystalline aggregates in the height data which can be
seen in Fig. 2 as clusters of about 10-20 lamellae. The domains are seen to be smaller
in oriented PET in Fig. 1 compared to oriented PEN in Fig. 2, and details of sizes and
area fractions of crystal domains will be discussed below. From the line scan analy-
sis, the average height of the crystals from dark to light is 0.6+0.2 and 1.0+0.3 nm,
and in phase 7+1 degrees and 841 degrees for PET and PEN, respectively.

Total crystallinity, extent of crystal reorganization, and many other properties can
be extracted from thermal analysis of oriented and non-oriented systems [4, 6, 11-13].
Here DSC and TMDSC are combined with an independent rapid heating rate technique
to characterize properties of these materials. The temperature at which the sample first
completely flows when heated at ultra-fast heating rates to prevent reorganization, is a
measure of a melting point equivalent to the end of melting of crystals originally present
in the sample (71, rapia). For amorphous PET and PEN the respective polymers flow just
above 7, because there are no crystals (Figs 3a and 4a for the respective glass transitions).
For oriented PET and PEN in Figs 3b and 4b, respectively, Tt rapia 1S surprisingly low (in-
dicated by arrow in plots), dramatically illustrating the effect of recrystallization during
the thermal scan on inducing artificially high DSC final melting endotherms. Note that
T, rapia 1S €qual to 244+2°C for oriented PET while the final DSC melting point from the
endotherm in Fig. 3b is 258°C, and for oriented PEN, 71, 1api¢=255+2°C while the DSC
value is 268°C (Fig. 4b). Looking at the total DSC curves in Figs 3b and 4b there is little
indication of the massive recrystallization that causes the high DSC melting points, but
the NR-TMDSC curves show quite dramatically the exothermic recrystallization events
in the vicinity of the final melting endotherm, and this is evidence of the large extent of
recrystallization. The same trend was found in the previous TMDSC study [15], and ear-
lier by quenching experiments [7]. The endothermic “pre-melting’ partially compensates
the exotherm giving the observed total DSC curve where no exotherm is detected
(Figs 3b and 4b). The integrated quantities including heats of fusion are given in Table 1.

The data for oriented PET (Fig. 3b) can be contrasted with those for an isothermally
(195°C,1 h) melt crystallized PET sample (Fig. 5a). Again, the NR-exothermic
recrystallization peak occurs in the vicinity of the rapid heating rate value of the end of
melting of originally present crystals (7mm, rapia), and the recrystallization occurs mainly af-
ter the annealing temperature of 195°C as expected since below this temperature the crys-
tals are relatively stable. What is somewhat unexpected is the large level of melting and
recrystallization occurring continuously from 200°C to the end of the final melting region
in Fig. 5a [15], none of which is evident from the total DSC signal because of offsetting
exothermic and endothermic activity. The process of melting has been discussed in a re-
lated TMDSC study [15] of PEN and PEEK. Just above the annealing temperature of
195°C in Fig. 5a, melting of secondary crystals begins. Melting of the broad primary
crystals continues up to about 240°C, which is about the mean melting point of the pri-
mary crystals, and these primary crystals also completely melt and recrystallize espe-
cially at temperatures around the large NR exothermic transition between 230°C and
250°C . Both the secondary and primary crystals were mostly formed during the 195°C
isothermal anneal [14]. The massive recrystallization of primary crystals is not clear in
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standard DSC, but with improved interpretation it is well characterized by the TMDSC
‘recrystallization exotherm’ at 256°C (Fig. 5a). This recrystallization peak and its impor-
tance on the macroscopic properties is verified by the rapid heating rate measurement
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Fig. 3 Total (solid curve), reversing (dashed) and non-reversing (dot-dash) TMDSC
data at 3.5°C min™' heating rate for initially amorphous PET. The total signal is
the sum of the R and NR signals. The curves have been shifted vertically for
clarity. The total signal is equivalent to a standard DSC curve, even though it
was obtained in a TMDSC experiment (a). Total (solid curve), reversing
(dashed) and non-reversing (dot-dash) TMDSC data for oriented PET at
3.5°C min "' heating rate. The curves have been shifted vertically for clarity. The
melting temperature of crystals ‘originally’ present equals 244°C and was inde-
pendently measured by the rapid heating rate technique discussed in the Experi-
mental, and this temperature is indicated by the arrow on the plot (b)
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which gives a melting point of 242+3°C, which is equivalent to the melting of the origi-
nally present primary crystals.

Returning to the data for amorphous systems, the NR-TMDSC (and total DSC)
data show the usual cold crystallization exotherm as a sharp event above 7;,. Although
not clear in the total curve, the NR data show a finite level of exothermic activity con-
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Fig. 4 Total (solid curve), reversing (dashed) and non-reversing (dot-dash) TMDSC
data at 3.5°C min ' heating rate for initially amorphous PEN. The curves have
been shifted vertically for clarity. The total signal is the sum of the R and NR
signals (a). Total (solid curve), reversing (dashed) and non-reversing (dot-dash)
TMDSC data for oriented PEN at 3.5°C min ' heating rate. The curves have
been shifted vertically for clarity. The melting temperature of crystals ‘origi-
nally’ present equals 255°C and was independently measured by the rapid heat-
ing rate technique discussed in the Experimental, and this temperature is
indicated by the arrow on the plot (b)
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sisting of further crystallization of amorphous areas, i.e., more cold crystallization
which occurs slightly above the sharp exotherm normally considered as the main cold
crystallization region. This crystallization is combined with recrystallization above
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Fig. 5 Total (solid curve), reversing (dashed) and non-reversing (dot-dash) TMDSC
data at 3.5°C min ' heating rate for PET annealed at 195°C for 1 h. The curves
have been shifted vertically for clarity. The melting temperature of crystals
‘originally’ present equals 242°C and was independently measured by the rapid
heating rate technique, and this temperature is indicated by the arrows (a). Total
(solid curve), reversing (dashed) and non-reversing (dot-dash) TMDSC data at
2°C min™" heating rate for PET annealed at 231°C for 24 h. The curves have
been shifted vertically for clarity. The melting temperature of crystals ‘origi-
nally’ present equals 269°C and was independently measured by the rapid heat-
ing rate technique, and this temperature is indicated by the arrow (b)
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the sharp exotherms at 142°C and 186°C for PET and PEN in Figs 3a and 4a, respec-
tively. Recrystallization of these low melting defective crystals dominates about
40°C above these sharp peaks. The early melting detected in the reversible signal
starts at about 150°C for PET and 180°C for PEN and occurs at a low enough degree
of undercooling that those species which melted just above 150°C and 180°C, can
readily recrystallize and contribute to the broad NR-exotherm above these respective
temperatures. Especially near the second exothermic peaks in Figs 3a and 4a, the
massive recrystallization of the crystals originally formed in the sharp lower tempera-
ture exotherm is detected. Again, recrystallization causes a relatively high final melt-
ing endotherm, not too far from the final endotherm for many of the other isother-
mally crystallized or stress crystallized systems studied here (Figs 3b, 4b, 5a).

The higher recrystallization exotherms for the oriented systems in Figs 3b and
4b are smaller than those obtained for the respective amorphous samples in Figs 3a
and 4a, respectively, and the cold crystallization exotherms about 50°C above 7, are
completely absent in the oriented films as expected since they are already crystal-
lized. Most importantly, the level of rearrangement with increasing temperature is
characterized in detail by the novel TMDSC data combined with the rapid heating
rate technique.

One can obtain insight into the relationship of TMDSC characterization and
crystal stability by examination of long-time, high temperature crystallized PET or
related polyesters. Consider a morphology which is stable to recrystallization during
the DSC measurement, i.e., a close to a zero entropy production melting process [2].
This topic has been reviewed in detail [2]. One example is given in Fig. 5b for PET
annealed at 231°C for 24 h. The standard (total) signal shows a sharp endotherm with
a melting point of 263°C, and the non-reversing data show no hint of a recrystalliza-
tion exotherm before the final melting region. Most of the endotherm is NR because
of contributions of the slow melting kinetics to the modulated heat flow profile at the
zero heating rate part of the cycle [29]. Because of the large NR endotherm, there is
only a small contribution to the reversing endotherm. The melting point of crystals
originally present determined by the rapid heating rate technique is 268+3°C, which
agrees well with the end of melting determined by DSC in Fig. 5b. This proves that
this is one thermal history which results in melting of species present in the original
sample which are not affected significantly by the heating scan.

Discussion

On average the hard domains in oriented PET (Fig. 1) characterized by AFM are
11x30 nm while in oriented PEN (Fig. 2) the domains are 21x45 nm. AFM contrast is
from modulus differences and it is likely that hard domains consist of both crystal and
rigid interphase species since there is no way to distinguish between the two. The ori-
entation of the three dimensional domains below the surface relative to the plane of
the surface will also tend to make the surface area fraction higher than it actually is in
the bulk, but we will ignore this to a first approximation. The differences in domain
size are consistent with the larger long period (L) determined by small angle X-ray as
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the average spacing between lamellae in isotropic crystallized polymers. For exam-
ple, L =11.5 nm and L=13.3 nm for PET and PEN, respectively, for relatively low
temperature crystallized non-oriented systems [13].
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Fig. 6 Reversing TMDSC data showing glass transitions for PET samples

The strength of the glass transition is measured in terms of the step in heat ca-
pacity (AC),) obtained from the reversing-TMDSC signal. Figure 6 gives data for the
PET samples studied here. The step-size was calculated as described earlier [4, 34]
and is a measure of the total rigid fraction (/i)

Frigid =1- Aij /ACp, amorphous (1)

where AC, is the measured quantity for the semi-crystalline sample, and Fiigiq is
equivalent to the fraction which cannot contribute to the glass transition, and consists
of both crystal fraction (Wc) and ‘rigid amorphous’ fraction (Frar ). Thus,

Fligia = We + Frar ()

Measuring Wec from DSC total Ay using We=AH{/AH;, and Fyigiq from AC,, allows
one to determine Frar [4, 18]. Accurate values of Wc are needed, and because of the
difficulties in obtaining accurate values of AH;, discussed earlier, the lack of accu-
racy of AH, probably contributes to most of the error. It is known that AC,, can be ob-
tained with better accuracy by the TMDSC reversing signal than with standard DSC
[4], which improves this part of the analysis for broad and weak glass transitions.
Returning to Fiigiq, the DSC values for oriented PET and PEN (Table 1) are
0.7340.05 and 0.85+0.05, while computer processing of the area fraction of hard do-
mains from the AFM phase data gives 0.64+0.07 and 0.79+0.07 for PET and PEN, re-
spectively. The error for the AFM calculations is estimated based on the differences
observed depending on the methods chosen to contrast the different hard and soft re-
gions. The differences between PET and PEN are mostly due to the larger size of hard
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domains in PEN, with relatively constant soft boundary dimensions. These amor-
phous domains or boundaries (dark regions) are about 4 nm wide for both systems in
Figs 1 and 2. Comparing with the DSC rigid fractions, the trend is correct, although
the AFM values are a few percent lower. As discussed earlier, Fyiziq from DSC ac-
counts for both rigid interphase and crystal volume fraction, and the fact that the
AFM hard area fractions are much higher than We, indicates that the interphase frac-
tion also contributes to the hard phase in the AFM data apparently because the
interphase is stiff enough to cause its contrast to be similar to that of crystal.

We now turn to the final topic related to morphology and interphase properties
of semi-crystalline systems with and without orientation. According to Eq. 2, one can
calculate Frar using reliable values of Fiigq and We determined by TMDSC. Values
of Frar are 0.28 and 0.50 for oriented PET and PEN respectively, while they are 0.33
and 0.39 for isothermally crystallized PET (195°C) and PEN (190°C), respectively
(Table 1). These values are higher than those presented for PEN earlier [12, 18] for
reasons discussed below, but the values for PET are quite consistent with those calcu-
lated using similar TMDSC data and the same value of AH, [4]. The data suggest
that the interphase fraction is similar for oriented and isotropic PET samples chosen
here, but that the lamellae or lamellar stacks in oriented PEN have a broader inter-
phase region compared to those in isotropic PEN. A higher surface area of crystallites
in oriented PEN would also explain some of the differences.

PEN has higher values of Frar than PET for both isotropic and oriented, maybe
because its stiffer chain nature causes more difficulty in forming smooth crystal sur-
faces, or the stiff chains exiting the crystals in PEN are more restricted. We used the
same method of calculating Frar as presented earlier [18], but on different systems
and using some different parameters. Earlier studies [18] considered a series of ori-
ented PEN samples at different extension ratios. In general, the crystallinity is much
higher for our oriented PEN due to higher stress crystallization temperatures for our
sample (~200°C vs. 145°C [18]). The AC, for our sample was also much smaller indi-
cating a much larger Fiziq. Most importantly, for the calculations we used AH¢,=
170 J g for PEN, while AH;,=102.51] g was used previously [18], which results in
much higher total crystallinities (Wc), and substantially reduces the calculated Frar
relative to ours in Table 1. These issues are not completely resolved, and character-
ization of a variety of systems with different thermal histories using several methods
will improve our understanding in the future.

We can also relate Frar and Fiigiq to various morphological models [35, 36]. The
very high F;,i¢=0.9 for the long-time crystallized (24 h, 231°C) PET sample in Ta-
ble 1, can be compared with the volume fraction of lamellar stacks calculated for a
similar isotropic sample [14] using

Fyaeks= We (le + la) | le = 0.52 (6.6 + 4.3) / 6.6 = 0.85 3)

where /c and la are the crystal and amorphous layer thicknesses obtained from the
correlation function analysis of small angle X-ray scattering data [14]. This suggests
that all species within /a and /c do not contribute to the glass transition [35, 36], thus
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the species which do contribute are those outside the lamellar stacks in ‘gaps’ be-
tween stacks. Thus, all species within the stacks (i.e., within /a) are rigid interphase or
crystal species. Other evidence supports the presence of such amorphous gaps be-
tween stacks, and such gaps would form naturally due to the high degree of topologi-
cal and conformational constraints encountered during crystallization. We feel this is
a reasonable picture due to the very small value of /a [14, 35, 36] on the order of
3—4 nm, the high level of constraints on interphase species within /a, given the large
length-scale of cooperative glass transition-like motions [37].

Stress-crystallization may lead to better space-filling of crystallites, thus the
morphology derived from AFM (Figs 1 and 2) for oriented films paints a different
picture. It suggests that the glass transition does arise from amorphous species be-
tween crystallites, (Dark regions in figures) because the stress crystallization condi-
tions apparently lead to higher nucleation and to an absence of larger gaps between
stacks or aggregates of crystallites. This assumes that the surface morphology from
AFM is representative of the bulk morphology. Such a model is consistent with the
larger level of constraints causing an elevated 7, in oriented PET (94°C ) compared to
77°C for amorphous PET (Table 1), and even 78°C for the highest crystallinity PET
sample with the weakest glass transition which is not changed significantly in tem-
perature apparently because the ‘gaps’ [35, 36, 38] are large enough that the coopera-
tive motions are not significantly affected. The trend is not obvious with PEN al-
though oriented PEN does have a 6°C higher 7, than amorphous.

Conclusions

In TMDSC data for isothermally crystallized isotropic samples the melting of secondary
crystals in the low endotherm region is followed by recrystallization which broadly over-
laps with melting of primary crystals, with a final endotherm due to melting of the
recrystallized species. In oriented films, a similar sequence of events is measured in
TMDSC, except because of the non-isothermal stress crystallization conditions there is
no low endotherm, but simply a gradually increasing low temperature melting and
recrystallization. TMDSC and independently measured melting points of the temperature
of complete melting of the original crystals, determined by the rapid heating rate tech-
nique discussed in the Experimental, verify the interpretation of TMDSC.

AFM images of crystal morphology on oriented PET and PEN films with
nanometer lateral resolution showed details of crystal size and orientation with much
smaller crystals detected in PET. The area fractions of rigid species (crystal plus rigid
interphase) determined by AFM were consistent with those total rigid fractions (F}igiq) de-
termined by DSC. Rigid amorphous fractions (Frar) were calculated using TMDSC data
and a new determination of AH;, for PEN. Generally Frar was larger for PEN than PET
possibly due to differences in morphology and chain stifthess. The rigid fractions for
high crystallinity PET are consistent with previous results [4].
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