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Thermal transitions of PEN, such as the glass transition temperature and those occurring during
isothermal or nonisothermal crystallization were investigated based on careful experiments and
modeling with isoconversional methods. The latter was applied to DSC data to determine the effective
activation energy for the glass transition in PEN. Using the same data and different thermal methods the
dynamic fragility of PEN was evaluated. The Lauritzen—Hoffman (LH) parameters Ky and U* were esti-
mated using the secondary nucleation theory from both PLM and isothermal DSC after self-nucleation
measurements. Regime Il to I and III to II transition at about 253 °C and 243 °C were concluded. Elliptical-
shaped hedrite-like morphology was observed above 253 °C. Finally, isoconversional analysis was
applied to both melt and glass non-isothermal crystallization data and the combined set of activation
energies was found to be described by the theoretical Vyazovkin—Sbirrazzuoli equation using a single set
of LH parameters coming from PLM measurements.
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1. Introduction

Poly(ethylene 2,6-naphthalene dicarboxylate), or poly(ethylene
2,6-naphthalate), or simply poly(ethylene naphthalate) (PEN) is
a high performance transparent polyester that is attracting
increasing commercial interest [1,2]. PEN has the naphthalene ring
in the main chain instead of the benzene ring in the closely-related
system of poly(ethylene terephthalate) (PET) [3]. The naphthalene
ring provides greater rigidity to the polymer backbone than the
benzene ring [4,5]. This imparts to PEN higher thermal properties,
as well as enhances its mechanical properties, dimensional
stability, and barrier properties, in comparison to PET. PEN has
a higher glass transition temperature (Tg), 123 °C compared to
approximately 80 °C for PET. Thus, among other plastics, PEN
shares applications in the production of food containers, in
particular plastic bottles, which can withstand the temperatures
required for sterilization [6—8]. This high temperature resistance
also means that PEN is useful as a substrate in the production of
flexible printed circuits which can be soldered using conventional
tin/lead alloys and in general PEN finds applications in microelec-
tronics [9—13]. PEN is characterized by its inherent strength and
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dimensional stability, partially due to the presence of the co-joined
benzene rings in the monomer [14]. The combination of these
properties makes it useful for fibers and films, where low shrinkage
and elongation properties are required [15].

Crystallization of PEN is very slower compared to that of PET,
because the PEN chain is stiffer than that of PET [16—18]. PEN, like
its close chemical relative, PET, can be quenched into an amorphous
material, while it can be crystallized either by slow cooling from the
melt, or by stretching between the glass transition temperature and
the cold crystallization temperature [19—21]. The effect of storage
and use conditions on the amorphous phase or even on the crys-
tallized phase of PEN is of special importance [22—24].

A consequence of the exposure of a polymer at temperatures
that approach the glass transition is the development of physical
aging. Physical aging results in structural changes that increase the
density and the brittleness of the material and change the electrical
properties [25]. Physical aging or enthalpic relaxation is due to non-
equilibrium state of the glass and as a result there is a thermody-
namic driving force to reach equilibrium. Aging is particularly
important from a commercial production perspective, since poly-
mers like PEN are often injection or extruded molded, both
processes involving a rapid quenching from the melt to ambient
temperature [26,27]. This results in a non-equilibrium state that
will exhibit physical aging. Therefore, if the product experiences
service temperatures that approach the glass transition tempera-
ture, a time dependent change will occur in its properties outlined
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above [28]. The process of physical aging has been studied by
a number of techniques, but in particular differential scanning
calorimetry has been used extensively to measure the kinetics of
the enthalpic relaxation process. Following storage at a tempera-
ture below the glass transition, an aged sample will exhibit an
endotherm on the glass transition temperature, the area of which
increases with the extent of aging.

An interesting question concerns the comparison of the
temperature dependence of the relaxation times of the different
observables [29]. In several studies it was found that the apparent
activation energy at the glass transition coincides with enthalpy
relaxation, viscous flow or dielectric relaxation. This finding has
been recently validated by works in which the fragility of glass
forming systems, as evaluated by thermal methods, was compared
with the fragility obtained by viscoelastic or dielectric measure-
ments [28,30,31]. It should be noted here that according to recent
findings, the activation energy of enthalpy relaxation may change
throughout the process and only for the later stages its value
becomes comparable to that of the glass transition [32].

Crystallization kinetics of polymers is very important, since it
determines the final degree of crystallinity and morphology of the
polymers in the end products after processing [33]. In the case of
polymer films or other polymeric parts, the degree of crystallinity
and morphology determine mechanical properties, ultimate use
temperature, dimensional stability, gas permeability and other
important properties [34]. Like any phase transformation, crystal-
lization, obeys the laws of thermodynamics that decide whether,
under specific circumstances, crystals can exist or not [35]. However,
the kinetics of the process determines whether crystallization takes
place, and its speed [36]. Generally, studies on crystallization are
limited to idealized and constant external conditions, resulting in
a relatively easy theoretical analysis, since problems connected to
cooling rates and thermal gradients within the specimens are
avoided [37]. However, the study of crystallization in a continuously
changing environment is of greater interest, since industrial
processes proceed under non-isothermal conditions, that is the
external conditions change continuously and this makes the treat-
ment of non-isothermal crystallization more complex [38—41].

In this work, both the glass transition and the crystallization of
PEN are analyzed. In particular the activation energy of the glass
transition, fragility and relaxation times are studied applying
conventional treatment of non-isothermal data [42—44]. Activation
energy of the glass transition is also determined from data from
non-isothermal experiments and then using an isoconversional
method according to the procedure proposed by Vyazovkin et al.
[42,43]. In case of crystallization, the isothermal process is studied
by performing experiments in the DSC at various temperatures
from 210 up to 260°C following a self-nucleation method to
approximate the spherulitic growth rates. Thus, the equilibrium
melting point is determined. Also, true spherulitic growth rates
were measured from polarized optical microscopy experiments at
the same temperatures is discussed. Both series of kinetic data are
used in the analysis following the secondary nucleation theory to
obtain the nucleation parameter K and surface energies. The non-
isothermal crystallization from the melt and the glassy state is also
studied with respect to the activation energy.

2. Experimental

PEN was synthesized from dimethyl 2,6-naphthalate (DMN) and
ethylene glycol (EG) by applying the two stage polycondensation
method and by using catalyst tetrabutyl titanate (Tizor). Details of
the synthesis procedure were described in a previous paper [2].

Intrinsic viscosity [n] measurements were performed using an
Ubbelohde viscometer at 25°C in a mixture of phenol and

tetrachloroethane (60:40, w/w). The intrinsic viscosity of the
sample was found to be 0.46 (dlg™1).

DSC measurements were conducted by using a Perkin-Elmer
Pyris Diamond DSC in a nitrogen atmosphere flow. A Perkin—Elmer
Intracooler 2P cooling device was used to allow the DSC to achieve
high and constant cooling rates.

Prior to study the glass transition of PEN, the semicrystalline
sample of PEN was transformed into the amorphous state by
heating to 300 °C at 20 °C/min and cooling to 25 °C in the DSC cell
at 200 °C/min. The glass transition in the amorphous samples was
studied by heating them to 150 °C, well above the glass transition
temperature of PEN (Ty = 123 °C) and maintaining this temperature
for 1 min. From previous studies [19] it had been found that crys-
tallization of PEN may occur at temperatures above 160 °C. There-
fore, the temperature and holding time were set equal to these
values (i.e. 150 °C and 1 min) in order the sample to achieve equi-
librium, quite above the Tg, but also assuring that crystallization
during heating—holding—cooling scans is prevented. After that
holding at 150 °C, the samples were cooled to 90°C, that is
significantly below Ty, at different cooling rates. Immediately after
completion of the cooling segment, the samples were heated at
a rate whose absolute value was equal to the rate of preceding
cooling. The cooling/heating rates were as follows, 5, 10, 15, 20, and
25 °C/min. The sample mass was near 10 mg and each run was
repeated at least twice in order to have repeatable results.

Isothermal crystallization experiments at various temperatures
from 210 °C to 260 °C were performed after self-nucleation of the
polyester sample. Self-nucleation measurements were performed
in analogy to the procedure described by Fillon et al. [45] and
Miiller et al. [46,47]. The protocol used is very similar with that
described by Miiller et al. [47] and can be summarized as follows: a)
melting of the sample at 300 °C for 5 min to erase any previous
thermal history; b) cooling at 10 °C/min to 210 °C and crystalliza-
tion for 12 min, to create a “standard” thermal history; c) partial
melting by heating at 20 °C/min up to a “self-nucleation tempera-
ture”, T; which was 275 °C; d) thermal conditioning at Ts for 1 min.
Depending on T;, the crystalline polyester will be completely
molten, only self-nucleated or self-nucleated and annealed. If T is
sufficiently high, no self-nuclei or crystal fragments can remain (T
Domain I — complete melting domain). At intermediate Ts values,
the sample is almost completely molten, but some small crystal
fragments or crystal memory effects remain, which can act as self-
nuclei during a subsequent cooling from Ts (T Domain II-self —
nucleation domain). Finally, if T; is too low, the crystals will only be
partially molten, and the remaining crystals will undergo annealing
during the 5min at T;, while the molten crystals will be self-
nucleated during the later cooling (Ts Domain III — self-nucleation
and annealing domain); e) cooling scan from T at 200 °C/min to the
crystallization temperature (T¢), where the effects of the previous
thermal treatment will be reflected on isothermal crystallization; f)
heating scan at 20°C/min to 300 °C, where the effects of the
thermal history will be apparent on the melting signal. Experi-
ments were performed to check that the sample did not crystallize
during the cooling to T¢ and that a full crystallization exothermic
peak was recorded at T.. In heating scans after isothermal crystal-
lization the standard heating rate was always 20 °C/min.

For non-isothermal crystallization from the melt the samples
were heated to 300 °C, held there for 5 min and then cooled to
100 °C by the desired rate. Cooling scans were performed at rates
2.5, 3.75, 5, 6.25, 7.5, and 10 °C/min. For non-isothermal crystalli-
zation from the glass the samples were heated to 300 °C, held there
for 5 min, cooled to 100 °C at 200 °C/min held for 1 min and then
heated to 300 °C by the desired rate. Heating scans were performed
atrates 2.5, 5, 7.5, 10, 15 and 20 °C/min. A fresh sample was used in
each run.
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A polarizing light microscope (Nikon, Optiphot-2) equipped
with a Linkam THMS 600 heating stage, a Linkam TP 91 control unit
and also a Jenoptic ProgRes C10Plus camera with the Capture Pro
2.1 software was used for PLM observations.

3. Results and discussion

3.1. Variation of the effective activation energy throughout the glass
transition temperature

The variation of the effective activation energy (AEy) through the
glass transition can be determined as a function of the extent of
conversion using isoconversional methods [42,43]. According to
the Flynn, Wall, Ozawa (FWO) method [48,49] the value of AE, at
each value of conversion is calculated as shown in the following
equation.

where ( is the cooling rate, R is the universal gas constant and T the
temperature where the conversion X is attained.

AEy can be measured upon cooling through the glass transition
using the above equation as thermodynamic properties such as C,
exhibit a monotonic decrease upon transformation from an equi-
librium liquid to a glass; however, when measured on heating, C,
often shows an overshoot near the glass transition and the size of
the enthalpic overshoot is influenced by thermal history and the
heating rate [44]. In order to estimate the effective activation
energy through the glass transition region using an isoconversional
analysis the conversion, X, has to be defined. The extent of
conversion, X, needed for the computations is determined as the
normalized heat capacity, Cg, that is determined from DSC scans as

G, — G
CPN _ (CP CPg)|T =X (2)
( pe — Pg)|T

where Cpg and Cpe refer to the glassy and the equilibrium (liquid)
heat capacities, respectively. Ty is calculated from DSC measure-
ments as the temperature where the step change in CB’ attains half
the value of the total change.

Note that this definition is the same with that used by Vyazovkin
et al. [42,43] while opposite to that used by Badrinarayanan et al.
[44,50] for evaluating cooling curves where X = 0 is taken to be the
liquid and X =1 is taken to be the glass.

Fig. 1 displays DSC data taken in the vicinity of Ty at different
heating rates. By transforming DSC data to the normalized heat
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Fig. 1. DSC curves of PEN glass transition temperature at different heating rates.

capacity, CQ vs T data sets similar to that shown in Fig. 2 are
obtained.

Application of the FWO isoconversional method to the Cy vs T
data yields the effective activation energy at different degrees of X.
Typical plots of In(3) vs 1/Tat different Xs appear in Fig. 3. It should be
noted here that in Fig. 3 only heating rates 10, 15, 20 and 25 °C/min
were included since it was observed that using the whole range i.
e. from 5 to 25 °C/min a curvature appeared at values of X greater
than 60%. Then, the estimated values of AE, using the two different
heating rate regimes are plotted as a function of X in Fig. 4. When
employing the whole heating range the values increased with X,
while when using 10—25 °C/min the dependency demonstrated
a decrease with the extent of conversion from the glassy to the
liquid state that is in agreement with literature findings [42,43].
Moreover, other than isoconversional methods expect the value of
the effective activation energy to remain constant throughput the
glass transition. In order to determine thus an average effective
activation energy AE,y. Moynihan et al. [30] have proposed the use
of a dependence of the T; on the rate of heating or cooling in accord
with Eq. (1) as

AEave _ d(lﬂ\ﬁ\) 3)
R d(1/Tg)

For heating, Eq. (3) is applicable subject to the constraint that prior

to heating the glassy material should be cooled from above to well

below the glass transition region at a rate whose absolute value is

equal to the rate of heating.

From Fig. 2 the glass transition temperatures measured at
different heating rates where 119.8, 120.8, 121.6, 122.5, 123.5 and
124.2 °C for the heating rates 5, 7.5, 10, 15, 20 and 25 °C/min,
respectively. From these values and Eq. (3) the average effective
activation energy was estimated using either the 5—25 °C/min
heating rate range or the 10—25 °C/min. The resulted values were
477 and 451 kJ/mol, respectively and are plotted as straight lines in
Fig. 4. These follow the corresponding values estimated from the
isoconversional methods.

The AE, dependencies can be further converted to the depen-
dencies of AE, on T. This is accomplished by replacing X with an
average of the temperatures corresponding to this X at different
heating rates [42,43]. The resulting temperature dependencies are
presented in Fig. 5. The values of AEy in the 10—25 °C/min region
decrease from 590 to 430 kJ/mol, which is in the same order of
magnitude with those reported earlier by Vyazovkin et al. (i.e. 510
to 370 kJ/mol) [42,43].
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Fig. 2. Temperature dependence of the normalized heat capacity determined for PEN
at different heating rates.
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Fig. 3. Typical plots of In(8) vs 1000/(RT) at different Xs.

Finally, it has been proposed that the observed decrease of AEy
with T could be consistent with the general tendency predicted by
the WLF equation:

o912

E = 2.303R .
(Cg +T- Tg)

(4)

where, (§ and J are constants, which for temperatures at the
vicinity of Ty take the universal WLF values 17.44 and 51.6 K,
respectively.

By taking an average Ty=123°C, Eq. (4) can simulate the
experimental data very well (Fig. 5) using the values 8.1 and 51.6 K
for § and 3, respectively.

Moreover, Vyazovkin et al. [43], in order to correlate the effec-
tive activation energy with the dynamic fragility of a sample
introduced a variability parameter, Ag, denoting the rate of change
of AEy with temperature and defined as

Ap = N;'o.zs - ?Ems 5)
025 — 10.75

where AEg»5 and AEg 75 are the effective activation energy values at
X =0.25 and 0.75 respectively and Ty 25 and Ty 75 are the values of Ty
for the respective values of X. Then from the values reported in
Fig. 5, the variability parameter for PEN was estimated to be equal
to —15.6 kJ/mol/K, close to that reported by Vyazovkin et al. (i.e.
—10 kJ/mol K) [43].
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Fig. 4. Variation in the effective activation energy with the extent of conversion from
the glassy to the liquid state for PEN at two different heating-rate ranges (i.e. 5—25 °C/
min and 10—25 °C/min). Straight lines represent the constant values estimated from
Eq. (3).
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Fig. 5. Variation in the effective activation energy with temperature for PEN at two
different heating-rate ranges (i.e. 5—25 °C/min and 10—25 °C/min). The straight line
represents the values estimated from Eq. (4).

3.2. Prediction of PEN dynamic fragility

In this section the dynamic fragility of PEN was estimated
using two thermal methods reviewed in the paper of Crowley and
Zografi [51].

3.2.1. Calculation using the scanning rate dependency of T,
At a single temperature, the fragility parameter, m could be
defined by [51]:

AE;,

r—r, (In10)RT, (6)

dlogt

M= AT/ T)

where 7 is a mean relaxation time given by the following form of
the Vogel-Tammann—Fulcher (VTF) equation:

DT,
T = Tg exp (T 7(7).0) (7)

70, D and Ty are constants, with D termed the strength parameter,
with a large value (>30) representing ‘strong’ behavior and low D
value (<10) representing ‘fragile’ behavior. According to the
assumptions made in Ref. [51], parameter D can be calculated by
the following Eq. (8) using mmpj, = 16

D_ (In10)ym2 . (8)
m — Mpjp

In Eq. (6), AE7, is equal to the average effective activation energy,
AE,ye calculated from the variation of T, with the heating rate, Eq.
(3). Therefore, using the value estimated in the previous section, i.e.
AEr, = 451 or 477 KkJ/mol, mis calculated from Eq. (6) to be equal
to 60 or 63, respectively. These values are similar to that reported in
Ref. [43] taken from Ref. [52] (i.e. 66). A large m value indicates
rapidly changing dynamics at T; which equates to ‘fragile’ behavior.
Parameter D is then calculated form Eq. (8) to be equal to 13.5 or
12.5, respectively.

3.2.2. Extrapolation of configurational entropy to zero
According to this procedure, the fragility, m, is determined from
Eq. (9), which results from substitution of the VTF Eq. (7), into Eq. (6).

_ DTy /Ty 9
" (In10) (1 - To/Tg)? ®)

For the estimation of Ty the assumption made is that it is equal to
the Kauzmann temperature, T that describes the isoentropic point
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between a super-cooled liquid and crystal. Taking the extrapolation
of the configurational entropy to zero, allows estimation of Tk from
the following relationship:

11 AHp
T = m(l + ) (10)

Cgonf Tg
where, AHy, represents the enthalpy of melting and Cf)"“f is the
configurational Cp. Ci°"f is calculated from the difference in C,
between the amorphous and the crystalline phase at temperature
equal to T,. Then from the ATHAS data bank, for PEN [53] it is
calculated as:  CM = GO - G5V |y = 428 - 3433 =
84.7 J/mol/K.

The strength parameter, D is estimated using the VTF Eq. (7) at
T=T,, To=Tx, T at Ty approximately equal to 10 s (which has been
found from thermal analysis at a heating rate of 10 K/min) and 7q
representing the timescale of vibrational motions, approximately
equal to 1075 [51].

In this investigation, two values were assumed for AHy, i.e.
either 25 kJ/mol, taken from the work of Cheng and Wunderlich
[53,54], or 46 k]/mol estimated from the 190 J/g value given in the
work of Zachmann and co-workers [5]. T was set equal to the glass
transition temperature onset, i.e. 390 K. Results for m and D were
calculated with also two values for Ty, the first (i.e. 333.5 °C) rep-
resenting the equilibrium melting point, as it is estimated in the
next paragraph and the other the typical melting point of PEN, i.e.
267 °C. The values of m and D are illustrated in Table 1. The m = 145
is exactly the same with that estimated in ref. [55], while D=5 is
near that reported in Ref. [56] (i.e. 5.6). Moreover, the value near 13
obtained for D in the previous section, lies in between the two
limits reported in Table 1 (i.e 5 and 20).

Furthermore, the variation of the relaxation time, t with
temperature according to the VTF Eq. (7) appears in Fig. 6 for two
values of the parameter D. As it can be seen, using the value of D =5
the shape of the curve represents a more fragile material, while
using the value of 20 for D the shape of the curve denotes a more
strong material.

3.3. Isothermal crystallization

Following, the isothermal crystallization of PEN was investi-
gated in a series of experiments, according to the self-nucleation
procedure similar to that proposed by Miiller et al. [46,47] and
described in the experimental section. The temperatures where
tests were conducted ranged from 210 to 260 °C with intervals of
2.5 °C. The subsequent heating scans after isothermal crystalliza-
tions are exhibited in Fig. 7. As can be seen in the heating scans
multiple melting peaks appear if crystallization occurrs below
240 °C. Multiple melting behavior of PEN was analyzed in a few
papers in the past and in general it was attributed to partial melting
recrystallization and final melting of the recrystallized material
[18,19,54]. Single melting peaks appear only in the heating scans
after crystallization at T.s equal or above 250°C. Then peak
temperature increases with increasing crystallization temperature.

Table 1
Fragility, m from Eq. (9), parameter D from Eq. (7) and Tk from Eq. (10) estimated at
different values of AH,, and T,.

AHp, (kJ/mol) T (°C) Tk (K) D m

25° 3335 345.0 5 145
257 267.0 307.5 10 76
46° 3335 253.6 20 46

2 Value reported by Cheng and Wunderlich [53,54].
b Value reported by Zachmann and co-workers [5].

1012
1010::
10° 3
10° 3
10* ]
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10710'|
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Fig. 6. Relaxation time versus temperature scaled to Ty at two sets of the D, m
parameters. Notice that a large value for D (>30) represents a ‘strong’ behavior, while
a low D value (<10) represents ‘fragile’ behavior.

These temperatures were used to estimate the equilibrium melting
temperature of PEN.

3.3.1. Determination of the equilibrium melting temperature

Equilibrium melting temperature (T%,) is one the most impor-
tant parameters characterizing a polymer. Study of crystallization
of polymers demands knowledge of T, which by definition is the
melting temperature of lamellar crystals with an infinite thickness.
Extrapolative methods are used to estimate equilibrium melting
temperature (Tg,). The Hoffman—Weeks (H—W) method has been
commonly used and accepted to estimate Tg, [57]. In this procedure,
the measured Tn,s of specimens crystallized at different crystalli-
zation temperatures (Tcs) are plotted against T, and a linear
extrapolation to the line Ty, = T, and the intercept gives Tj,. In the
Hoffman—Weeks equation:

o 1 Tc
Tm*Tm(l—;)‘*‘? (11)
Ty is the observed melting temperature of a crystal formed at
a temperature T, 1 is the thickening coefficient equal to I/l where
I is the thickness of the grown crystal and I is the initial thickness
of a chain-folded lamellar crystal [57]. The prerequisite for the
application of this theory is the isothermal thickening process of
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Fig. 7. DSCheating scans of PEN samples isothermally crystallized at different temperatures.
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lamellar crystals at a specific crystallization temperature and the
dependence of the thickening coefficient on the crystallization
temperature.

In this work the Hoffman—Weeks extrapolation was used for the
estimation of Tfys of PEN. The respective plot is shown in Fig. 8. The
obtained T3, value was 333.5 °C. This value is close to that reported
by Chen and Wunderlich (337 °C) [54], while higher than that
reported by Woo et al. (289 °C) [18], Lee and Cakmak (296 °C) [17],
etc.

3.3.2. Secondary nucleation theory

It has been suggested that the kinetic data of isothermal poly-
mer crystallization can be analyzed using the spherulitic growth
rate in the context of the Lauritzen—Hoffman secondary nucleation
theory [58,59]. Accordingly, the growth rate G is given as a function
of the crystallization temperature, T. by the following bi-expo-
nential equation:

U K
G = Goexp[M]EXp[Tc(Agﬂf} "

where, Gg is the pre-exponential factor, the first exponential term
contains the contribution of diffusion process to the growth rate,
while the second exponential term is the contribution of the
nucleation process; U* denotes the activation energy which char-
acterizes molecular diffusion across the interfacial boundary
between melt and crystals, usually set equal to 1500 cal/mol
(6285 J/mol) and T. is the temperature below which diffusion
stops, usually equal to T, =Ty — 30 K; K is a nucleation constant
and AT denotes the degree of undercooling (AT=T%—T.); f is
a correction factor which is close to unity at high temperatures and
is given as f=2 T/(TS, + T.); the equilibrium melting temperature,

m was set equal to 333.5 °C, finally the glass transition tempera-
ture was assumed equal to 123 °C. The nucleation parameter, K, is
usually calculated from Eq. (12) using the double logarithmic
transformation:

U Kg

Plotting the left-hand side of Eq. (13) with respect to 1/(T.(AT)f)
a straight line should appear having a slope equal to K. Critical
break points, identified by the change in the slope of the line, when
appear in such a plot, have been attributed to regime transitions
accompanied by morphological changes of the crystals formed (i.e.
change from axialite-like to banded spherulite and non-banded
spherulite morphology).
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Fig. 8. Hoffman—Weeks type plot to estimate the equilibrium melting point.

Morphology and sperulitic growth rates were studied using
PLM. Referring to the generated morphologies during isothermal
crystallization of PEN elliptical-shaped hedrite-like morphology
appeared at temperatures equal or higher than 253 °C. In general
PEN showed fast nucleation rates and small spherulites, especially
below 243 °C. These observations are obviously close related with
the crystallization regimes. Regime I is supposed to hold at high
temperatures where growth rates are much faster compared to
nucleation rates. Regime Il holds when growth and nucleation rates
are comparable, while in regime Il which is expected at low crys-
tallization temperatures, nucleation is much faster than crystal
growth. Results for growth rates from PLM measurements appear
in Fig. 9. Growth rates decrease with increasing crystallization
temperature. As a matter of fact in the Lauritzen—Hoffman type
plot (Fig. 10) two break points appear, the one corresponding to
regime II to regime I transition at about 253 °C and the second at
about 243 °C for regime Il to regime II transition. The Kg values
estimated, were 8.37 x 10°, 4.2 x 10° and 8.35 x 10°K? for regimes I,
Il and III, respectively and they are summarized in Table 2. As can be
seen, for regime I and III, K; is about 8.4 and for regime II, 4.2 that is
the ratios Kgii/Kg and Kgi/Kgy are very close to the expected value 2.
Also such high K values are consistent with the significant rigidity
of the macromolecular chains of PEN due to the presence of the
naphthalene ring. In this work regime transitions were found to
occur at high temperatures. In contrast Lee et al. [37] reported
aregime Il to regime I transition at about 230 °C which is rather too
low. In fact there was a skepticism about the applicability of the
secondary nucleation theory in case of semirigid chain polymers
like PEN [60]. A regime II to regime I transition above 250 °C was
also supposed by Lee and Cakmak, although their conclusions were
based on growth rates measurements at limited temperatures [17].

For a secondary or heterogeneous nucleation, K can be calcu-
lated from:

nooebo TS,
AhfpckB

where, n is a constant equal to 4 for regime I and IIl and 2 for regime
II, o, 0. are the side surface (lateral) and fold surface (end) free
energies which measure the work required to create a new surface,
bg is the single layer thickness, Ahf p.= AHr is the enthalpy of
melting per unit volume and kg is the Boltzmann constant
(kg =1.38 x 10723 J/K).

In order to estimate the parameters appearing in Eq. (14), the
values proposed by Lee et al. [37] and the assumptions made there,

Ky = (14)
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Fig. 9. Variation of growth rate with crystallization temperature obtained from PLM
measurements.
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Fig. 10. Lauritzen—Hoffman type plot obtained from PLM measurements and exhib-
iting regime transitions.

were adopted. Accordingly, since B-form crystals are assumed to
grow at the regime I region and ¢-form in regime Il region, different
input parameters for the calculation of the surface free energy cce
were used. According to the X-ray studies of Zachmann et al. and
others [5,18] crystallization from the melt usually results in
formation of crystals of both crystal modifications of PEN, although
at temperatures above 240 °C it mainly produces crystals of B-
modification and the opposite is supposed to occur at lower
temperatures. In this work, during PLM study above 253 °C hedrites
(or spherulites with squeezed peanut shape) were observed,
although wusual spherulites were still present. Hedrites are
supposed to be formed by crystals of B-modification, while spher-
ulites are formed by crystals of a-modification [37]. It must be
noted here that at temperatures above 253 °C growth rates of
hedrites were measured. In contrast, at lower temperatures growth
rates of spherulites were measured. Thus, in computations using
PLM data for regime I that is for temperatures above 253 °C, the
parameters associated with the unit cell of crystal of B-modification
were used, while for regime Il and IIl the parameters of the unit cell
of crystal of a-modification were supposed. In case of DSC data, the
samples were first self-nucleated before isothermal crystallization.
Thus, the procedure involved crystallization at 210 °C first, which is
related with formation of crystals of a-modification mainly and
then melting and self nucleation at 275 °C, which means that nuclei
of crystals of a-modification were remained and thus formation of
crystals of a-modification is expected during isothermal crystalli-
zation at least at low temperatures. Formation of crystals of B-
modification can still occur in this case during isothermal crystal-
lization at temperatures above 240 °C. Thus, the same methodology

Table 2
Kinetic data for crystallized PEN calculated from secondary nucleation theory and
PLM measurements.

Regime I Regime II
Ky (K?) 8.37 x 10° 4.20 x 10°
U” (J/mol) 6285 6285
a0e (Jm—2)?) 2.72x1073 226x1073
o (Jm2) 14.1 x 1073 17.8 x 1073
e (Jm2) 193 x 1073 127 x 1073
q (kfmol™") 51.5 56.4
Parameters of input data from ref. [37]
n 4 2
ap (nm) 0.463 0.651
bo (nm) 0.478 0.566
Ahgx 10% (Jm~3) 2734 267.3

as for the treatment of PLM data was followed. Differences however
may be due to the fact that at regime I it is not so sure that overall
growth rates are related with growth of crystals of B-modification.
The monomolecular layer thickness, by value, of the a-form was
taken as the d-spacing of the (010) plane, while bg of the f-form was
taken as the d-spacing of the (020) plane. On the other hand, the
lateral surface free energy, ¢ is commonly estimated as [58]:

v = a(Ahf> (apbo)°? (15)

where, « was derived empirically to be 0.11 by analogy with the
well-known behavior of hydrocarbons. ag and bg factors are the
monomolecular width and layer thickness, respectively. The input
data and the results obtained from the secondary nucleation
analysis are listed in Table 2.

Finally, the work of chain folding, g, which is most closely
correlated with molecular structure, can be calculated from:

q = 2agbgoe (16)

The values of g are also illustrated in Table 2. The work of chain
folding calculated for PEN was higher than that for PBN [61],
meaning that the inherent stiffness of the PEN chains is larger than
that of the PBN chains.

Instead of using PLM measurements, several authors have
treated the isothermal crystallization rate data obtained by DSC,
according to the Lauritzen—Hoffman analysis (Eq. (7)) [62—66]. The
basic assumption used for the evaluation of G was that the spher-
ulite growth rate is inversely proportional to the crystallization
half-time, G = 1/ty2 [62]. This approximation although it is purely
empirical has been widely used in literature [61—70] to evaluate the
nucleation parameter K,. Muller and co-workers [46] proposed
a self-nucleation procedure for isothermal crystallization to better
approximate crystal growth rates, by neglecting nucleation. Then
the resulting 1/t;» values can be used in the L—H analysis. This
method was also used in this work.

In order to estimate tq, the relative degree of crystallinity, X, is
calculated from Eq. (17) based on the assumption that the evolution
of crystallinity is linearly proportional to the evolution of heat
released during the crystallization

t
/ (dHc/dt)dt
0

X(t) = (17)

/ (dHc/dt)dt

0

where dH. denotes the measured enthalpy of crystallization during
an infinitesimal time interval dt. The limits ¢t and « are used to
denote the elapsed time during the course of crystallization and at
the end of the crystallization process, respectively.

Results on the variation of the relative degree of crystallinity
with time during isothermal crystallization of PEN at temperatures
from 230 to 260 °C by 2.5 °C appear in Fig. 11. From these curves,
the half time of crystallization, t;2, can be directly determined as
the time elapsed from the onset of crystallization to the point
where the crystallization is half completed.

Variation of 1/t1» with Tc appears in Fig. 12. From the data dis-
played in this figure it is apparent that the ¢, values increase
almost exponentially as the crystallization temperature is
increased, which means that the crystallization rates, denoted by
1/t1)2, decrease with increasing temperature. The Lauritzen—Hoff-
man-type plot constructed using the 1/t;)2 values in the place of G,
appear in Fig. 13. As it can be seen, two break points corresponding
to regime II to regime I transition at about 252—255 °C and regime
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Fig. 11. Relative degree of crystallinity versus time during isothermal crystallization of
PEN at different temperatures.

IIl to regime II transition at about 245 °C, appear. These tempera-
tures are essentially the same with those found using PLM data, as
was describe above. The K value for regime I was found here about
8.2 x 10°K?, very close to 8.4 x 10°K? found using PLM data, while
for regime I was 4.3 x 10°k* well compared to the value 4.2 x 10°K?
found using PLM data (Table 3). For regime III, K; was estimated to
be 7.7 x 10°K?, close to the respective value 8.4 x 10°K? found using
PLM data. The ratios Kgii/Kgn and Kgi/Kgy in this case were found to
be 1.80 and 1.92, respectively, very close to the theoretical value 2.
Thus, the conclusion is that using the self-nucleation procedure for
isothermal crystallization study with DSC gives very realistic
results. In contrast, in most cases when DSC data are used without
self-nucleation, then much larger K values are obtained compared
to those from PLM measurements.

3.4. Isoconversional analysis of combined melt and cold
crystallization data

In this section, several crystallization experiments were carried
out under non-isothermal conditions either on cooling (melt
crystallization) or heating (cold crystallization). The aim was to
combine both crystallization rates into one set and fit it to the
Lauritzen—Hoffman equation according to a methodology
proposed by Vyazovkin and Dranca [71].

According to Vyazovkin and Sbirrazzuoli [72,73] the most
attractive feature in applying the isoconversional methods to DSC
data is that the resulting AEy dependencies can be utilized for
estimating the parameters of the Lauritzen—Hoffman theory.
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Fig. 12. Variation of 1/t;; with crystallization temperature obtained from isothermal
DSC experiments.
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Fig. 13. Lauritzen—Hofmann type plot obtained from DSC measurements with G =1/t;»
and exhibiting regime transitions.

Extensive experimental measurements by Toda et al. [74] demon-
strate that the logarithmic derivative of the microscopic growth
rate is equivalent to the logarithmic derivative of the overall crys-
tallization rate, @, according to:

dIn(G) dIn(9)
dr-1 = dT-!

where, G is the growth rate and @ = AhSG with Ah the volumetric
heat of crystallization and S the total area of the growth surface.

Eq. (18) has been used by Vyazovkin and Sbirrazzuoli [72,73]
together with Eq. (12) to derive the temperature dependence of
the effective activation energy of the growth rate as follows:

(18)

(T%)Z—TZ ~TOT

(Tg1 - T)zT

_ . dinG . T2
A = Rd(l/T) =v (T -Ta)

5+ KgR (19)

The validity of Eq. (19) has been recently tested by Achilias et al.
[61] using different polymers. This temperature dependence of the
effective activation energy can be relatively easy obtained by
applying certain isoconversional methods to DSC data. Several
mathematical procedures have been proposed in literature for the
calculation of effective activation energy of non-isothermal crys-
tallization, such as the differential isoconversional method of
Friedman and the advanced integral isoconversional method of
Vyazovkin and Sbirrazzuoli [72]. In this investigation the method
of Friedman was used. According to the differential isoconversional
method of Friedman, different effective activation energies are
calculated for every degree of crystallinity from:

dx\ AEx
In (E)X,i = Const — RTx; (20)

where dX/dt is the instantaneous crystallization rate as a function
of time at a given conversion X, AEy is the effective activation

Table 3
Kinetic data for crystallized PEN calculated from secondary nucleation theory and
DSC measurements.

Regime I Regime II
Kg (K?) 8.18 x 10° 427 x 10°
U" (J/mol) 6285 6285
00e (Jm™2)?) 2.66 x 1073 229x1073
o (Jm™2) 141 x 1073 17.8 x 1073
ge Jm~2) 189 x 103 129 x 103
q (kj mol™) 50.4 57.3
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Fig. 14. Relative degree of crystallinity versus temperature during non-isothermal melt
crystallization of PEN at different cooling rates.

energy at a given conversion X, Ty; is the set of temperatures related
to a given conversion X at different cooling rates, §; and the
subscript i refers to every individual cooling rate used.

According to this method, the X(t) function obtained from the
integration of the experimentally measured crystallization rates is
initially differentiated with respect to time to obtain the instanta-
neous crystallization rate, dX/dt. Furthermore, by selecting appro-
priate degrees of crystallinity (i.e. from 5% to 95%) the values of dX/
dt at a specific X are correlated to the corresponding crystallization
temperature at this X, i.e. Ty. Then by plotting the left hand side of
Eq. (20) with respect to 1/Ty a straight line must be obtained with
a slope equal to AEy/R. The AE, dependence on T needed for eval-
uating the Lauritzen—Hoffman parameters K, and U" in Eq. (19) is
readily obtained by replacing X with the temperature which is
estimated as an average of the temperatures corresponding to this
X at different heating or cooling rates.

Results on the relative degree of crystallinity as a function of
temperature obtained from melt crystallization experiments of PEN
at different cooling rates appear in Fig. 14. Application of the
differential isoconversional method, Eq. (20), at different Xs from
0.1 to 0.9 to estimate the effective activation energy, linear curves
were obtained for cooling rates ranging between 2.5 and 10 °C/min.
The effective activation energy, thus obtained, was subsequently
plotted as a function of the relative degree of crystallinity, as one
can see in Fig. 15. The effective activation energy increases with X as
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Fig. 15. Effective activation energy (squares) and average temperature corresponding
to various extents of relative crystallization (circles) as a function of the relative extent
of crystallization for melt crystallization of PEN.
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Fig. 16. Effective activation energy as a function of temperature for melt crystallization
of PEN. Lines represent results of the non-linear fitting procedure using Eq. (19).

it has also been observed in other systems. As described previously,
the AEy dependence can be converted into a AE versus T depen-
dence if an average temperature for the corresponding X is evalu-
ated. This plot is presented in Fig. 16. As it was expected a decrease
of the effective activation energy with temperature was observed.
Using Eq. (19) and the Marquardt—Levenberg non-linear optimi-
zation algorithm the best fit values of U" and K estimated with all
experimental data points were 2376]/mol and 4.76 x 10°K?,
respectively. Since the value of U* was rather low, we also used the
same equation but only data points above 474 K to find new best fit
values of the L—H parameters. The new estimated values for U* and
Ky were 4905 J/mol and 7.35 x 10°K?, respectively. According to the
temperature range, regime Il was assumed following the values
reported in a previous section. Then, the estimated K; is very close
to the value found with the DSC measurements (i.e. 7.69 x 10°K?),
while the U* was much lower.

As a step further, the differential isoconversional method was
applied to the cold crystallization data and the dependence of the
effective activation energy with the relative degree of crystallinity
appear in Fig. 17. Again, as expected from the theory [71] the
dependence is decreasing. However, since this time the values were
estimated from heating experiments, all AE, have positive sign.
Finally the respective AE, versus T dependence is shown in Fig. 18.
In the same figure the results from the melt crystallization have
been included also. It was very interesting that the part of the two
different experimental data were simulated by the same line
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Fig. 17. Effective activation energy (squares) and average temperature corresponding
to various extents of relative crystallization (circles) as a function of the relative extent
of crystallization for cold crystallization of PEN.
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cold (circles) crystallization of PEN. Solid line represents results of Eq. (19) using the K,
and U” values from PLM measurements (regime III).

coming from Eq. (19) with the K and U” values estimated from PLM
measurements in regime III (see Table 2). Therefore, it seems that
Eq. (19) is valid in both crystallization experiments.

4. Conclusions

Isoconversional methods were applied to DSC data to determine
the effective activation energy for the glass transition in PEN. A
decrease with temperature was observed. Using the same data and
different thermal methods, the dynamic fragility of PEN was also
evaluated.

Secondary nucleation theory was used for the analysis of the
spherulitic growth rates during isothermal crystallization of the
polymer. Using PLM measurements, the Lauritzen—Hoffmann type
plots showed two critical break points, at about 253 °C and 243 °C,
being attributed to regime Il to I and Il to Il transitions, respectively.
The nucleation constant Ky for regime I and Il was about
8.4 x 10°K? while for regime Il 4.2 x 10°K? that is the ratios Kgni/Kgn
and Kg/Kgi were very close to the expected value 2. Such high K,
values are consistent with the significant rigidity of the macro-
molecular chains of PEN due to the presence of the naphthalene
ring. Above 253 °C elliptical-shaped hedrite-like morphology was
observed, while at lower temperatures only spherulites appeared.
Below 243 °C the nucleation rates of PEN were very fast.

The same procedure to estimate the Lauritzen—Hoffman
parameters was followed but using DSC data from self nucleation
experiments and the inverse of crystallization half times in place of
the growth rate. Break points were observed at 255 °C and 245 °C
for regime II to regime I and regime III to regime II, transitions,
respectively. The K values were found to be similar to those from
the PLM measurements (i.e. about 8.2 x10°, 4.3 x10° and
7.7 x 10°K?, for regime I, I and III, respectively). The ratios Kgini/Kgn
and Kgi/Kgy were about 1.90. It was thus verified that using the DSC
self-nucleation experiments, the effect of nucleation is neglected
and the measured values are related directly with crystal growth.

In the DSC heating scans after isothermal crystallization above
253 °C single melting peaks appear, while double peaks appear in
the respective traces for samples crystallized at temperatures in
between 243 °C and 253 °C and finally triple melting behavior is
observed for samples crystallized below 243 °C. These observations
are evidences for the regime transitions, since they obviously have
to do with the relative rates of nucleation and crystal growth.

Finally, the effective activation energy was calculated using the
isoconversional method of Friedman for both melt and glass
non-isothermal crystallization. The combined set of activation
energies was found to be described by the theoretical Vya-
zovkin—Sbirrazzuoli equation using a single set of LH parameters
coming from PLM measurements.
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