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Abstract

The dynamic mechanical and dielectric relaxation properties of a commercial poly(trimethylene terephthalate) [PTT] have been investigated
for both quenched and isothermally melt-crystallized specimen films. The relaxation characteristics of PTT were consistent with those of other
low-crystallinity semiflexible polymers, e.g. PET and PEEK. While the sub-glass relaxation was largely unperturbed by the presence of the crys-
talline phase, both calorimetric and broadband dielectric measurements across the glass transition indicated the existence of a sizeable rigid
amorphous phase (RAP) fraction in melt-crystallized PTT owing to the constraining influence of the crystal surfaces over the crystal—amorphous
interphase region. A strong increase in measured dielectric relaxation intensity (A¢) with temperature above T, indicated the progressive
mobilization of the RAP material, as well as an overall loss of correlation amongst the responding dipoles.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(trimethylene terephthalate) [PTT] is a semicrystalline
aromatic polyester synthesized by the polycondensation of
terephthalic acid and 1,3-propanediol, and is a member of
the series of polyesters that includes both poly(ethylene tere-
phthalate) [PET] and poly(butylene terephthalate) [PBT].
PTT did not emerge as a commercial resin until the mid-
1990s, owing to advances in the synthesis and economical pro-
duction of the 1,3-propanediol monomer. Current commercial
interest in PTT is focused on fiber and textile products, as well
as on other thermoplastic applications.

The appearance of commercial PTT resins has led to re-
newed interest in the fundamental properties of the polymer
and their relation to engineering performance. Numerous stud-
ies have appeared that examine the thermal properties of PTT
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[1—4], its crystal structure [5,6], crystallization kinetics
[7—15], and thermal stability [16—20]. In many respects, the ther-
mal and relaxation characteristics of PTT are intermediate to
the properties of PET and PBT, and are typical of those encoun-
tered with semiflexible polymers of low to medium crystallin-
ity [21—29]. According to Pyda et al. [1], PTT can be quenched
under liquid nitrogen to a low-crystallinity state (weight frac-
tion crystallinity ~ 14%), with a corresponding calorimetric
glass transition temperature (7,) of about 42 °C. In thermally
crystallized PTT, the constraining influence of the crystals
leads to a positive offset in Ty by as much as 15 °C as compared
to the quenched polymer, depending on the details of the sam-
ple. Heat capacity measurements indicate the presence of a dis-
tinct rigid amorphous phase (RAP) fraction in PTT that relaxes
with increasing temperature [2]: the amount of rigid amor-
phous phase is a function of prior crystallization history, with
fractions as large as 0.33 observed for cold-crystallized speci-
mens. The reported equilibrium melting temperature for PTT is
approximately 237 °C, with a corresponding 100% crystalline
heat of fusion equal to 30 kJ mol ! [1].
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In this paper, we report the dynamic mechanical and dielec-
tric relaxation characteristics of quenched and melt-crystallized
PTT. Data are presented for samples prepared by direct
quenching in liquid N, as well as for a series of isothermally
melt-crystallized films with controlled thermal history. Of
particular interest is the influence of crystallinity on the glass—
rubber relaxation characteristics of PTT, and the emergence of
rigid amorphous phase fraction in this material.

2. Experimental

PTT polymer was obtained in pellet form through
the courtesy of Shell Chemical Company, Houston, TX
(CORTERRA™ PTT 200). The as-received pellets were dried
at 90 °C under vacuum for 24 h, and then stored over desiccant
at room temperature until further use. Sample films (0.25—
0.50 mm thickness) were prepared by compression molding
the pellets in a Carver melt press: the polymer was held in
the melt at 260 °C for approximately 5 min during the mold-
ing. Quenched specimens were obtained by transferring the in-
cipient films directly from the melt press to an enclosed bath
of liquid nitrogen, and the resulting samples were stored under
refrigeration at 4 °C to minimize potential aging effects.
Isothermally crystallized films were prepared by transferring
the polymer from the melt press to a second, adjacent press
held at the desired crystallization temperature. Isothermal
annealing temperatures for melt crystallization ranged from
160 °C to 200 °C. An annealing time of 1 h was ample for
full crystallization of the samples, as confirmed by calorime-
try. At the conclusion of the one-hour annealing time, the sam-
ples were removed from the melt press and allowed to cool
under ambient conditions (25 °C). The melt-crystallized films
were subsequently held under vacuum at room temperature
prior to measurement.

Calorimetric studies were performed on both the quenched
and isothermally crystallized films using a Perkin—Elmer
DSC-7 differential scanning calorimeter. Transition tempera-
tures and melting enthalpy were calibrated using indium and
zinc standards. A sapphire (Al,O3) reference was used for
the calibration of heat capacity in the vicinity of the glass tran-
sition temperature [30]; determination of heat capacity was ac-
complished according to the method detailed by Wunderlich
[31]. All DSC scans were performed at a heating rate of
10 °C min~", with a sample size of 10 mg.

Wide-angle X-ray scattering (WAXS) was employed for the
investigation of the crystal structure in the quenched and
selected melt-crystallized films. Samples were examined
using a Siemens 5000 diffractometer with Cu K, radiation
(A=1.5406 A) at room temperature. Data were recorded
across a range of scattering angles (26) from 5 to 50°; the
scan rate was 2° rninfl, with a data interval of 0.02°.

Dynamic mechanical analysis (DMA) was performed using
a Polymer Laboratories dynamic mechanical thermal analyzer
operating in single cantilever bending geometry; the polymer
films had a thickness of 0.50 mm. Storage modulus (E’) and
loss tangent (tanoé) were recorded at a heating rate of
1 °Cmin~" with test frequencies in the range of 0.1—10 Hz;

all measurements were carried out under
atmosphere.

Dielectric spectroscopy measurements were conducted
using the Novocontrol Concept 40 broadband dielectric spec-
trometer (Hundsangen, Germany). Concentric silver elec-
trodes were vacuum evaporated on the crystallized samples
using a VEECO thermal evaporation system. For the quenched
PTT films, electrodes were deposited at room temperature
using silver paint (SPI Supplies, West Chester, PA). Samples
were mounted between gold platens and positioned in the
Novocontrol Quatro Cryosystem; sample thickness was
0.25 mm in all cases. Dielectric constant (¢’) and loss (¢”)
were recorded in the frequency domain from 0.1 Hz to

1.0 MHz at discrete temperatures from —150 °C to 150 °C.

inert (N,)

3. Results and discussion
3.1. Calorimetric studies

DSC heating sweeps for the quenched and isothermally
melt-crystallized PTT sample films are reported in Fig. 1.
The quenched film shows a glass transition centered at
44 °C, followed by a sharp cold crystallization exotherm
(67 °C) and melting at 227 °C. In the isothermally melt-
crystallized samples, the glass transition is shifted to
~54 °C, with T, displaying virtually no dependence on prior
crystallization temperature. An expanded view of the DSC
curves in the vicinity of the glass transition is shown in Fig. 2.

The DSC heating sweeps for the melt-crystallized PTT
samples show a characteristic double-melting behavior, with
a lower-temperature melting peak positioned approximately
10 °C above the isothermal annealing temperature, followed
by an apparent crystal re-organization process and second
melting peak at ~227 °C. Multiple melting behavior has
been reported for a wide range of flexible and semiflexible
crystalline polymers and is typically attributed to the existence
of distinct crystal lamellar populations, or the onset of crystal
melting and ongoing re-crystallization during the DSC heating
scan itself. In a detailed analysis presented by Srimoaon et al.
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Fig. 1. DSC heating sweeps (10 °Cmin~") for quenched and isothermally
melt-crystallized PTT.
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Fig. 2. DSC heating sweeps (10 °C min~') for isothermally melt-crystallized
PTT: expanded view of glass transition region.

[4], multiple melting phenomena in PTT were attributed pri-
marily to simultaneous melting and re-crystallization over the
course of the DSC scan. This conclusion is consistent with
the form of the curves shown in Fig. 1, wherein the position
of the higher-temperature melting peak (7},, =227 °C) is inde-
pendent of prior isothermal crystallization temperature and
reflects the conditions of re-organization during the DSC heat-
ing sweep.

In addition to the “double-melting” peaks described above,
a small endothermic melting feature is evident in the DSC
scans at 100 °C for all of the semicrystalline specimens.
This peak, with a corresponding enthalpy of ~0.2 kJmol™ ',
appears to reflect a small amount of additional crystallization
that occurs in the samples when they are removed from the
melt press and allowed to cool to room temperature after
isothermal annealing.

The enthalpy associated with each calorimetric event was
determined in order to establish the net heat of fusion (AHF)
and corresponding weight fraction crystallinity present in the
individual PTT samples. For the liquid nitrogen quenched
film, comparison of the crystallization and melting peaks in
the DSC sweep indicates the presence of 13 wt% residual
crystallinity in the original sample, which is very close to
the value reported by Pyda et al. [1]. This appears to be the
minimum level of crystallinity captured in this commercial
PTT resin, even under aggressive quenching conditions. Com-
plementary studies involving the melting and direct liquid
nitrogen quenching of PTT samples held in sealed aluminum

DSC pans showed similar levels of residual crystallinity. For
the isothermally melt-crystallized films, the weight fraction
crystallinity across the various samples was Wc=0.30 &+
0.02, with no systematic variation in crystallinity evident as
a function of prior crystallization temperature.

The crystallinity characteristics of the PTT films were also
examined by wide-angle X-ray scattering (WAXS) measure-
ments. Fig. 3 shows diffraction patterns for the quenched
film and for a representative melt-crystallized film prepared
at T, = 180 °C. The diffraction pattern for the quenched film
is essentially featureless, suggesting that the minimal crystal-
linity (W = 0.13) present in the quenched specimen cannot be
differentiated from the amorphous halo. Thus, WAXS does not
provide any additional information regarding the amount or
character of the residual crystallinity present in the quenched
film. The melt-crystallized specimen, however, shows a distinct
diffraction pattern that closely matches WAXS results reported
in the literature [5,6]: the Miller indices included in Fig. 3 cor-
respond to a triclinic unit cell, with dimensions as reported in
Ref. [6].

The presence of crystallinity in semiflexible polymers typ-
ically leads to a positive offset in T, owing to the constraining
influence of the crystals on the large-scale segmental motions
inherent to the glass—rubber transition. This behavior has been
observed in a number of polymers for which wholly amor-
phous specimens can be obtained by rapid quenching to
the glassy state; e.g., PET [22,32], poly(phenylene sulfide)
[PPS] [24,28], and poly(ether ether ketone) [PEEK] [23,25,
26]. The measured offset in the glass transition temperature
is usually in the range of 10—15 °C. A similar result is ob-
served for the quenched and melt-crystallized PTT samples
examined here (AT =+10°C), even though the quenched
PTT resin could not be captured in the 100% amorphous state.
In addition to its influence on T, the presence of crystallinity
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Fig. 3. Wide-angle X-ray diffraction patterns (intensity versus 26) for
quenched and melt-crystallized (T.=180°C) PTT; Cu K, radiation,
A=1.5406 A. Indexing of diffraction peaks as per Ref. [6].
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often results in a disproportionate decrease in the intensity of
the glass transition, as measured by the step change in heat
capacity, ACL(T,). The disproportionate decrease in AC,, for
crystalline samples as compared to a wholly amorphous spec-
imen can be quantified using a three-phase morphological
model that includes a separate rigid amorphous phase fraction,
i.e., a portion of the non-crystalline material that remains
“rigid” at the glass transition and thus does not contribute
to the observed increase in heat capacity observed at T, If
the mobile amorphous phase fraction (Wy;,) is defined as:

AGE(Ty)

M = Rex(ry)

(1)

where ACSC corresponds to the measured heat capacity incre-
ment for the semicrystalline sample, and ACQ corresponds to
the heat capacity increment for the wholly amorphous mate-
rial, it then follows that the rigid amorphous phase fraction
can be determined by the difference

WRAP =1- WMA - WC (2)

with the weight fraction crystallinity (W¢) established from
X-ray or calorimetric measurements.

In Fig. 4, AC(T,) for the various crystallized PTT samples
is plotted versus the value of the net heat of fusion (AHF) fol-
lowing the approach presented in Ref. [1]. The dashed line
reflects the limit for a strictly two-phase model, where the in-
tensity of the glass transition is directly proportional to the
amount of non-crystalline phase present in the sample; the
limiting values for AC, and AHF are the result of extrapola-
tions reported by Pyda and co-workers [1]. Data points that
fall below the dashed line correspond to samples wherein
the intensity of the glass transition is less than what would
be anticipated according to a strictly two-phase response,
and thus can be interpreted using a three-phase model that
includes a separate rigid amorphous phase fraction. For the
thermally crystallized samples investigated here, the data
are clustered well below the two-phase limit, suggesting the
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Fig. 4. Incremental increase in heat capacity (AC,(T,); J/mol K) versus net
heat of fusion (AHE; kJ/mol) for melt-crystallized PTT.

existence of a sizeable amount of RAP material, with Wiap
in the range of 0.3—0.4. There does not appear to be any clear
correlation between RAP fraction and crystallization tempera-
ture for this particular group of samples. The corresponding
RAP values are comparable to Wgrap fractions for PTT
reported by Hong et al. [33], where phase fraction determina-
tions were based on both DSC and small-angle X-ray studies.

3.2. Dynamic mechanical analysis

Dynamic mechanical heating scans were performed on
quenched PTT films and isothermally melt-crystallized speci-
mens. Results for a quenched film are shown in Fig. 5. The
sample displays two distinct mechanical relaxation processes:
a sub-glass process (designated as the f relaxation), centered
at —70 °C (1 Hz; see inset in Fig. 5), followed by the glass
transition (o relaxation), with an onset temperature of approx-
imately 50 °C. The glass—rubber relaxation results in a dra-
matic decrease in the storage modulus (E’) of the quenched
sample. However, the onset of cold crystallization during the
DMA heating sweep leads to a sharp recovery in the modulus,
followed by additional (broader) relaxation of the semicrystal-
line specimen above 80 °C (refer to Fig. 5).

The origin of sub-glass relaxations in poly(n-methylene
terephthalates) has been the subject of considerable interest.
Early dynamic mechanical measurements across a series of
such polyesters with n =2 (PET) up to n = 10 indicated a com-
plex character for the observed B relaxation, which appeared
to encompass at least two superimposed loss processes [34].
More recent studies on the secondary relaxation behavior of
PTT have similarly indicated overlapping mechanical relaxa-
tions across the sub-glass range [35,36]. Maxwell and co-
workers performed 13C and deuterium NMR studies [37], as
well as dynamic mechanical and dielectric measurements
[38], in order to elucidate the underlying sub-glass molecular
motions in amorphous PET. A comparison of their dielectric
and dynamic mechanical data indicated that the dielectric
(B) peak was the result of a single relaxation process, while
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Fig. 5. Dynamic mechanical storage modulus (E'; Pa) versus temperature for
quenched PTT; heating rate of 1 °Cmin~". Inset: tan 6 versus temperature for
sub-glass (B) transition region.
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the dynamic mechanical peak encompassed two apparent mo-
tional processes. The dielectric relaxation, which corresponds
to the low-temperature side of the dynamic mechanical peak,
was assigned to localized motion of the carbonyl groups.
The high-temperature side of the dynamic mechanical peak
was the result of (dielectrically inactive) phenyl ring motions,
as corroborated by NMR. Similar behavior is observed for our
PTT specimens: a direct comparison of the dynamic mechan-
ical and dielectric results for quenched PTT is provided in
Section 3.3.

Dynamic mechanical data for a representative melt-crystal-
lized PTT specimen (T, = 160 °C) are presented in Fig. 6. In
the crystallized PTT sample, the glass—rubber (o) relaxation
is much broader than that observed in the quenched film,
and reflects the heterogeneous character of the relaxation envi-
ronment in the semicrystalline material. Time—temperature
superposition [39] was used to construct a modulus—
frequency master curve for crystalline PTT in the vicinity of
the glass transition: a reference temperature of 80 °C was
selected, which corresponds to the position of the dynamic
mechanical tan ¢ peak at a frequency of 1 Hz. The result for
the T. =160 °C sample is shown in Fig. 7, where the data
are plotted as storage modulus versus war, where w is the
applied test frequency (w = 27tf, with f expressed in Hz) and
ar is the dimensionless shift factor. The inset to Fig. 7 shows
the shift factor plotted as a function of temperature: the ar data
display a temperature dependence consistent with the WLF
(Williams—Landel—Ferry) relation [39].

The glass—rubber relaxation in crystalline PTT could be
satisfactorily described using the Kohlrausch—Williams—
Watts (KWW) “stretched exponential” relaxation time distri-
bution function:

9(1) = exp| = (1/7.)’| 3

where 7, is the observed relaxation time and § is the distribu-
tion parameter. 3 ranges from O to 1, with values close to unity
corresponding to a narrow, single relaxation time (Debye)
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Fig. 6. Dynamic mechanical storage modulus (filled symbols) and tan é (empty

symbols) versus temperature for melt-crystallized (7. = 160 °C) PTT; heating

rate of 1 °Cmin~".
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Fig. 7. Time—temperature master curve for melt-crystallized (7. = 160 °C)
PTT; Tgrer =280 °C. Solid curve is KWW best fit. Inset: time—temperature
shift factor (at) versus temperature.

response. Lower values of @ reflect increased inter-molecular
coupling, as well as inhomogeneous relaxation broadening
owing to the presence of physical or chemical crosslinks.
Series approximations reported by Williams et al. express
modulus and loss for the KWW model in the frequency
domain [40]: the best-fit relaxation curve based on these
equations is shown in Fig. 7. A distribution parameter value
(8) of 0.14 was obtained for isothermally melt-crystallized
PTT prepared at 160 °C.

Dynamic mechanical results for the various melt-crystal-
lized PTT samples are compared across the glass transition
region in Fig. 8. As discussed above, the thermal histories
imposed in this study (i.e., isothermal melt crystallization at
temperatures ranging from 160 °C to 200 °C) produced only
minimal differences in the bulk crystallinity of the resulting
materials. Similarly, the dynamic mechanical tan 6 curves for
these specimens show very little variation as a function of
crystallization condition, with relaxation peak temperature
and intensity nearly invariant for the different films. For sam-
ples crystallized at lower temperatures (160 °C and 170 °C),
the relaxation appears to be somewhat broader, especially on
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Fig. 8. Dynamic mechanical tand versus temperature for melt-crystallized

PTT. Frequency of 1 Hz; heating rate of 1 °Cmin~".
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the high-temperature side of the relaxation peak. This suggests
a broader distribution of relaxation environments in these
samples, and may reflect poorer crystal organization owing
to the deep quench intervals experienced by the films during
preparation.

3.3. Dielectric spectroscopy

Dielectric results for quenched PTT are plotted in Fig. 9 as
dielectric constant (¢”) and loss (¢”) versus temperature at
selected frequencies from 0.1 Hz to 1 MHz. The data show
a broad low-temperature relaxation (f relaxation), and then
a sharp increase in permittivity that corresponds to large-scale
dipolar mobilization at the glass transition (o relaxation).
The glass transition is followed by an abrupt, frequency-inde-
pendent decrease in dielectric constant that reflects the onset
of cold crystallization in the quenched specimen and the cor-
responding immobilization and/or constraint of some fraction
of the responding dipoles with increased bulk crystallinity.
The presence of cold crystallinity leads to a positive offset
in the nominal glass transition temperature of the test speci-
men, as well as a broadening of the glass—rubber relaxation.
The completion of the offset glass transition process at higher
temperatures (>70 °C) is evident as a gradual increase in ¢,
and as a broad high-temperature shoulder in ¢”. Similar

frequencies from 0.1 Hz to 1 MHz

Dielectric Constant (£')
(6]

quenched PTT
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©
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Fig. 9. Dielectric constant (¢') and loss (¢”) versus temperature for quenched
PTT; selected frequencies from 0.1 Hz to 1 MHz. Inset: expanded view of
dielectric loss across the sub-glass transition region.

features in dielectric constant and loss have been reported
for quenched PET [22], PPS [41,42] and PEEK [25,27,43].

Dielectric results for isothermally melt-crystallized PTT
(T, =170 °C) are reported in Fig. 10. In this case, two distinct
incremental increases in dielectric constant are evident, corre-
sponding to the sub-glass (B) and glass—rubber (o) relaxa-
tions; the features of the glass transition are not complicated
by the effects of additional crystallization during measure-
ment. The dielectric loss peak at the glass transition is consid-
erably broadened as compared to the quenched sample, as the
polymer chains experience a much wider spectrum of segmen-
tal relaxation environments. The observed increases in dielec-
tric constant and loss at lower test frequencies and higher
temperatures correspond to the onset of Maxwell—Wagner—
Sillars (MWS) interfacial polarization owing to the accumula-
tion of mobile charge carriers at the interfaces between the
crystal and amorphous phases [44].

The dielectric dispersions for both the glass—rubber
and sub-glass relaxations were analyzed according to the
Havriliak—Negami (HN) modification of the single relaxation
time Debye expression [45,46]:
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Fig. 10. Dielectric constant (¢’) and loss (¢”) versus temperature for melt-
crystallized (T, = 170 °C) PTT; selected frequencies from 0.1 Hz to 1 MHz.
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where eg and ey represent the relaxed (w — 0) and unrelaxed
(w — ) values of the dielectric constant, w =27f is the
frequency, Ty is the central relaxation time, and @ and b rep-
resent the broadening and skewing parameters, respectively.
All (HN) curve fits reported here were performed using
the WinFit software program provided with the Novocontrol
dielectric instrument.

Dielectric loss data are plotted as a function of frequency
for quenched PTT in Fig. 11. Across the glass transition re-
gion, there is a narrow temperature range (44—56 °C) for
which satisfactory HN curve fits can be obtained without the
influence of cold crystallization. Results for a representative
melt-crystallized sample (7. = 170 °C) are provided in Fig. 12.
In each case (a0 and P relaxations), the loss data in the
frequency domain were fit with a single HN function.
The HN curve fits were used to establish the frequency
associated with the maximum in dielectric loss (fyax), and
the dielectric relaxation intensity (Ae = eg — €y) as a function
of temperature.

The time—temperature characteristics for the o and f relax-
ations are presented as an Arrhenius plot of log(fyax) versus
1000/T(K) in Fig. 13, with data corresponding to the quenched
sample and selected melt-crystallized films. For the 3 relaxa-
tion, the localized motions, which are presumably associated
with reorientation of carbonyl groups, follow a linear

1.0 T T T T T T T T
quenched PTT

« relaxation

0.8

Dielectric Loss

Q
J
0.0 :
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Dielectric Loss

0.00 , , , X , , , ,
102 10" 10° 10" 102 10° 10* 10° 10° 107
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Fig. 11. Dielectric loss (¢”) versus frequency for quenched PTT across the

glass—rubber (o) and sub-glass (B) relaxation regions. Solid curves are
Havriliak—Negami best fits.
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Fig. 12. Dielectric loss (¢”) versus frequency for melt-crystallized (T.=
170 °C) PTT across the glass—rubber (o) and sub-glass (B) relaxation regions.
Solid curves are Havriliak—Negami best fits.

Arrhenius relation which is typical of sub-glass relaxations
in polymers [47]. The position of the B relaxation is nearly in-
dependent of the sample morphology (i.e., quenched versus
melt-crystallized samples), reflecting the localized character
of the dipolar reorientations. The apparent activation energy
(EA) determined from the slope of the dielectric Arrhenius
plot is 54 kI mol " for the quenched sample, which is close
to values reported for both PET [48,49] and PBT [50]. The

O quenched |
0 170°C
4 200°C e

10°F

10° 1

102

fm ax (Hz)

10"+ 1

10" 1

24 2.8 3.2 3.6 4.0 4.4 4.8 52
1000/T(K)

Fig. 13. Arrhenius plot of fyjax (Hz) versus 1000/T(K) for quenched and melt-
crystallized PTT. (O) Quenched; (1) 7. =170 °C; (A) T. =200 °C. Empty
symbols: dielectric results. Filled symbols: dynamic mechanical results.
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results for the dielectric a relaxation in Fig. 13 clearly reflect
the positive offset in glass transition temperature that is ob-
served with the presence of melt crystallinity in the PTT sam-
ples. Over the range of frequencies investigated, the data for
both the quenched and crystallized films can be described by
a single activation energy; Ex =485 kJ mol .

Examination of the dielectric and DMA data for quenched
PTT shows that the sub-glass dynamic mechanical loss peak is
offset to higher temperatures relative to the dielectric B relaxa-
tion (refer to Fig. 13). A direct comparison of the tan ¢ curves
for quenched PTT at a frequency of 1 Hz is provided in
Fig. 14. As discussed above, previous dielectric and dynamic
mechanical studies on PET have suggested that the sub-glass
dielectric relaxation corresponds to a single (lower tempera-
ture) process that reflects motion of the carbonyl groups, while
the dynamic mechanical peak encompasses two processes; i.e.,
carbonyl motions, as well as (higher temperature) phenyl ring
flips [38]. The PTT tan 6 curves shown in Fig. 14 are consis-
tent with this scenario, with the dielectric probe sensitive to
only a subset of the local motions that comprise the overall
sub-glass relaxation response.

The HN curve fits reported in Figs. 11 and 12 were used to
establish the dielectric relaxation intensities for the B and o re-
laxations as a function of temperature and thermal history.
Fig. 15 reports Ae versus temperature for quenched and
melt-crystallized PTT. Comparison of Ae for the 3 relaxation
indicates an overall decrease in relaxation intensity by 25%
for the melt-crystallized samples relative to the quenched
film, which is consistent with the measured increase in bulk
crystallinity, W, from 0.13 to 0.30. Previous studies on PET
samples encompassing a wide range of crystallinity indicated
that the intensity of the sub-glass relaxation varies directly
with the fraction amorphous phase present in the samples,
which implies that the localized sub-glass motions that occur
in the amorphous regions are unperturbed by the presence of
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Fig. 14. Comparison of tan ¢ versus temperature curves for quenched PTT;
frequency of 1 Hz.
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Fig. 15. Dielectric relaxation intensity (Ae = eg — ey) versus temperature for
quenched and melt-crystallized PTT; sub-glass (B) and glass—rubber (o)
relaxations.

the crystallites [22,51]. The PTT results presented here indi-
cate a similar behavior, although the range of crystallinities
encompassed by the PTT samples is not sufficient to establish
a definitive relationship between dielectric relaxation intensity
and fraction crystallinity.

The PTT dielectric relaxation intensity across the a relaxa-
tion is a strong function of temperature for both the quenched
and melt-crystallized materials; see Fig. 15. In quenched PTT,
dielectric relaxation intensity for the glass transition can be de-
termined across a relatively narrow range of measurement
temperatures prior to the onset of cold crystallization. Over
this range, Ae decreases steadily with temperature in a manner
that has been reported for a number of similar polymers; e.g.
PET [22], PPS [41,42] and PEEK [25,43]. For the melt-
crystallized PTT samples, the dielectric relaxation intensity is
reduced substantially below the value that might be expected
based on a strictly two-phase morphological model wherein
only those chain segments incorporated into the crystalline
phase are held immobile in the range between T, and crystal
melting. This again suggests the presence of a sizeable rigid
amorphous phase fraction in these samples, with the constrain-
ing influence of the crystals extending well into the amorphous
phase. The comparison of dielectric relaxation intensity for the
semicrystalline samples (A&>) relative to the value for a wholly
amorphous specimen (A¢e”) provides an alternate route for the
determination of mobile amorphous phase fraction, Wya.
However, the calculation is complicated by a number of fac-
tors, including the availability of an experimental value for
a 100% amorphous PTT sample, as well as the strong temper-
ature dependence of Ae¢ observed for both the quenched and
crystallized materials; this issue is addressed in detail for
PEEK in Ref. [25]. Using a quenched sample value for Ae
equal to 2.7 (and adjusting for residual crystallinity), the mo-
bile amorphous phase fraction for isothermally crystallized
PTT is calculated to be Wy 4 ~ 0.45 at 70 °C. This corresponds
to a rigid amorphous phase fraction, Wgap = 0.25.

At temperatures above T, the dielectric relaxation intensity
measured for the melt-crystallized samples increases strongly
with temperature. This behavior, which has been observed to
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varying extents in the other polymers cited above, may reflect
a gradual mobilization of the rigid amorphous phase with in-
creasing temperature, as well as a reduction in local dipolar
correlation of the ester groups. The extent of dipolar correla-
tion is typically expressed via the Onsager—Kirkwood correla-
tion factor, g [47,52], which accounts for the influence of
intra- and inter-molecular correlations on the response of the
individual constituent dipoles and can reflect local dipolar can-
cellations as well as spatial restrictions to dipolar orientation
[53]. In PTT, the increase in A¢ with temperature above T, ap-
pears to be exceptionally strong, and may reflect not only the
progressive mobilization of “rigid amorphous” segments in
the crystal—amorphous interphase, but also the disruption of
local dipolar cancellations owing to an increase in overall con-
formational mobility, thus leading to a larger net dipolar
response.

4. Conclusions

The thermal and dynamic relaxation characteristics of
quenched and melt-crystallized poly(trimethylene terephthal-
ate) have been investigated. Quenching PTT from the melt
state into liquid N resulted in films with a residual crystalline
fraction, W¢ = 0.13; fully amorphous samples could not be ob-
tained for the PTT resin examined in this study. Isothermal
melt crystallization at temperatures ranging from 160 to
200 °C led to a bulk crystallinity of ~0.30, independent of
crystallization temperature. The presence of melt crystallinity
produced a positive offset in the glass transition temperature
(AT =10 °C), and calorimetry measurements revealed the ex-
istence of a sizeable rigid amorphous phase fraction in the
melt-crystallized samples. Dynamic mechanical analysis and
broadband dielectric spectroscopy were used to study the
sub-glass and glass—rubber relaxation characteristics of
quenched and crystalline PTT. The relaxation properties of
PTT were consistent with the behavior reported for other semi-
flexible polymers such as PET, PPS and PEEK. The sub-glass
(B) relaxation in PTT was largely unperturbed by the presence
of crystallinity. Comparison of the dynamic mechanical and
dielectric sub-glass relaxations suggested that the dielectric re-
sponse reflected a lower-temperature subset of the motions
that were encompassed in the broader, more complex mechan-
ical relaxation. For the glass—rubber (o) relaxation, dielectric
measurements showed a strong influence of crystallinity on the
resulting dielectric relaxation intensity, again consistent with
the presence of a significant amount of rigid amorphous mate-
rial in the melt-crystallized specimens. The strong increase in
measured relaxation intensity with temperature above T, sug-
gested a gradual mobilization of the rigid amorphous phase, as
well as an overall loss of dipolar correlation.
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