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Abstract

A series of poly(ethylene succinate) (PESu) samples with varying molecular weight were synthesized by the melt polycondensation method.
The effect of the molecular weight on the cold-crystallization and the subsequent melting behaviour of melt-quenched PESu was studied by
means of standard DSC and Step Scan DSC. Recrystallization and multiple melting followed the cold-crystallization of the samples. In general a
melting—recrystallization—remelting scheme was supposed. The phenomenon is more pronounced for the low molecular weight samples. Higher
degree of crystallinity is achieved during heating of low molecular weight samples. Cold-crystallization kinetics was also studied using microscopic
and macroscopic models. The modified Avrami and the Ozawa methods seem to describe well the experimental data in contrast to the Tobin model.
The spherulite growth rates during isothermal crystallization from the melt were studied using polarizing light microscopy (PLM). They were found
to decrease with increasing molecular weight. A regime transition was observed at about 70 °C and the Ké”/Ké’ ratio was close to 1.8. Furthermore,
the nucleation constant K of the Lauritzen—Hoffmann equation was estimated using either isothermal PLM measurements or non-isothermal DSC
cold-crystallization data and the assumption that the growth rate is inversely proportional to the half crystallization time. No clear trend of K,
with the polymer molecular weight was observed. Finally, the effective activation energy at different relative degrees of crystallinity was estimated
using the differential isoconversional method of Friedman. Based on these values, both Lauritzen—Hoffman parameters (U" and K) were evaluated
using the overall rates of non-isothermal cold-crystallization according to the method of VVyazovkin and Shirrazzuoli. A clear increase of U” with
the molecular weight was observed meaning that the effect of diffusion is more pronounced in polymers having higher average molecular weight
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction meaning the existence of specific chemical bonds along its chain,
which might be susceptible to hydrolysis [1,2]. Such groups are
those of esters, ethers, amides, etc. It has been reported, that
an increase in the polymer average molecular weight up to a

critical value leads to decreased biodegradation rates [3-5]. It is

New biodegradable polymers have been developed during
last decades in an attempt to face the problem of increasing
plastic waste. Aliphatic polyesters have attracted considerable

attention due to their combination of biodegradability, biocom-
patibility and appropriate physical or chemical properties. They
are susceptible to microbial attack via enzymatic hydrolysis of
their ester groups in their main chains.

Biodegradability of a certain polymer in the form of enzy-
matic hydrolysis is controlled by several factors. The most
important one is the chemical structure of the polymer itself,
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also well known that the degree of crystallinity may be a cru-
cial factor, since enzymes mainly attack the amorphous domains
of a polymer sample. Copolymers with low crystallinity show
increased hydrolysis rates [6,7].

Poly(ethylene succinate) (PESu) is one of the most important,
commercially available, synthetic biodegradable polyesters due
to its sufficient mechanical properties as well as its high thermal
stability [8]. However, only a limited number of works have been
published on the crystallization and multiple melting behaviour
of this polyester [9-13]. It is well-known that the properties
of the final polymeric material are dependent on the morphol-
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ogy generated during its processing. Therefore, knowledge of
the parameters affecting the crystallization is essential for the
optimisation of the processing conditions and the properties of
the end product. Research on the polymer crystallization process
can be carried out under isothermal or non-isothermal conditions
[14]. Analysis of the overall crystallization rate under isothermal
conditions is generally accomplished with the use of the so-
called Avrami equation [15-19]. However, solidification during
polymer processing is always dynamic. Non-isothermal crys-
tallization of polymers is quite difficult to be modelled. Some
authors tried to model the non-isothermal process, assuming
it can be approximated by a sequence of infinitesimally small
isothermal stages, so it can be described based on modifications
of the Avrami equation [14].

In a previous paper, synthesis of three polyesters of suc-
cinic acid with ethylene, propylene or butylene glycol, by
the two-stage melt polycondensation method, was reported
[20]. Mathematical modelling of the esterification reaction
together with comparative biodegradability studies of the
three polyesters, namely, poly(ethylene succinate) (PESu),
poly(propylene succinate) (PPSu) and poly(butylene succinate)
(PBSu) was presented [21]. It was found that polymer crys-
tallinity plays an important role in the biodegradability of
aliphatic polyesters and that PBSu exhibited the lower biodegra-
dation compared to other two polyesters due to its higher
crystallinity [21]. Furthermore, in another work, the isothermal
crystallization from the melt, as well as the melting behaviour
of the isothermally melt-crystallized samples of these three
polyesters (PESu, PPSu and PBSu) having the same molecular
weight was studied in order to investigate the effect of the vari-
ation of the number of the methylene groups in their repeating
units on the behaviour of these succinate polyesters [22].

Going a step further, in this work, a detailed study was carried
outon the cold-crystallization of quenched PESu samples during
heating from the glass, as well as on their subsequent melting
behavior. The research was focused on the effect of the molecular
weight of PESu. Crystallization kinetics was also analyzed using
different macroscopic models in order to test the validity of the
equations usually elaborated to describe the process. The effec-
tive activation energy was determined using isoconversional
approaches. Finally, the Hoffman—Lauritzen parameters (U" and
Ky) were estimated using the overall rates of non-isothermal
cold-crystallization according to the method of Vyazovkin and
Shirrazzuoli [23]. Thus, the effect of polymer average molecular
weight on both these parameters was evaluated.

2. Experimental
2.1. Materials

Succinic acid (purum 99%), ethylene glycol (purum 99%)
and tetrabutoxytitanium used as catalyst (analytical grade) were
purchased from Aldrich Chemical Co. Polyphosphoric acid
(PPA) used as heat stabilizer was supplied by Fluka. All other
materials and solvents used for the analytical methods were of
analytical grade.

2.2. Synthesis of poly(ethylene succinate)

Poly(ethylene succinate) (PESu) was prepared by the
two-stage melt polycondensation method (esterification and
polycondensation) in a glass batch reactor [24]. In short,
the proper amount of succinic acid and ethylene glycol in a
molar ratio 1/1.1 and the catalyst (10~2 mol TBT/mol SA) were
charged into the reaction tube of the polyesterification apparatus.
The reactor with the reagents was evacuated several times and
filled with argon in order to remove the whole oxygen amount.
The reaction mixture was heated at 190 °C under argon atmo-
sphere and stirring at a constant speed (500 rpm). This first step
(esterification) is considered to be complete after the collec-
tion of theoretical amount of H,O, which was removed from
the reaction mixture by distillation and collected in a graduate
cylinder.

In the second step of polycondensation, PPA was added
(5 x 10~* mol PPA/mol SA), in order to prevent side reactions
such as etherification and thermal decomposition. A vacuum
(5.0Pa) was applied slowly over a period of about 30 min, to
avoid excessive foaming and to minimize oligomer sublimation,
which is a potential problem during the melt polycondensation.
In order to prepare samples with different molecular weight,
polycondensation was performed at different temperatures such
as 170, 200, 220, 230 and 250 °C. Polycondensation time was
constant at 60 min, for all prepared polyesters while stirring
speed was increased at 720 rpm. After the completion of the
polycondensation reaction, the polyesters were easily removed,
milled and washed with methanol. Detailed presentation of the
synthesis of the samples can be found in a previous paper
[25].

2.3. Measurements

2.3.1. Intrinsic viscosity

Intrinsic viscosity [n] measurements were performed, by
using an Ubbelohde viscometer at 25°C. All polyesters were
dissolved in chloroform at room temperature in order to prepare
solutions with concentrations up to 1 wt% and filtered through a
disposable membrane filter 0.2 wm (Teflon). Intrinsic viscosity
(IV) was calculated after the Solomon-Ciuta equation: [26]

o=l

where c is the concentration of the solution; ¢, is the flow time
of solution and 7, the flow time of pure solvent.

2.3.2. Gel permeation chromatography (GPC)

GPC analysis was performed using a Waters 150 C GPC
equipped with differential refractometer as detector and
three ultrastyragel (103, 104 105 A) columns in series.
CHCI3 was used as the eluent (1 mL/min) and the measure-
ments were performed at 35°C. Calibration was performed
using polystyrene standards with a narrow molecular weight
distribution.
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2.3.3. Carboxyl end-group content

Carboxyl end-group content (-COOH) of the resins was
determined as follows: About 0.1 g of polyesters was dissolved
in chloroform at room temperature and the solution was titrated
by using a standard NaOH in methanol (N/10) and phenol red
as indicator.

2.3.4. Nuclear magnetic resonance (NMR)

1H-NMR spectra of polyesters were obtained with a Bruker
AMX 300 spectrometer operating at a frequency of 300 MHz for
protons. Deuterated chloroform (CDCl3) was used as solvent in
order to prepare solutions of 5% w/v. The number of scans was
10 and the sweep width was 6 kHz.

2.4. Differential scanning calorimetry (DSC)

Non-isothermal crystallizations were performed in a
Perkin—Elmer Pyris 1 differential scanning calorimeter. A
Perkin—Elmer Intracooler IIP was connected to the DSC to
achieve high cooling rates. The instrument was calibrated with
high purity indium and zinc standards. It is important for the
crystallization experiments to minimize the thermal lag, so low-
mass samples of about 5mg were used. For non-isothermal
crystallizations, the samples were first melted to 130 °C for 3 min
and then rapidly cooled to —50 °C by 500 °C/min. It should be
noted here that PESu samples do not crystallize during cooling
if a rate faster than 10 °C/min is applied. Subsequently, heating
scans at rates 2.5, 5, 7.5, 10, 15 and 20 °C/min were performed
in the range from —50 to 130 °C. Kinetic analysis was based
on integration of the first, low temperature cold-crystallization
exothermic peak, observed on heating of the quenched samples,
after subtraction of the corresponding baseline at the same heat-
ing rate in the temperature range of interest. To evaluate the
samples’ ultimate degree of crystallinity, the heat of fusion cal-
culated from integration of the melting peaks was used together
with the enthalpy of fusion of the pure crystalline PESu, esti-
mated in [22].

Modulated Temperature DSC experiments were also carried
out using the same Pyris 1 DSC and the Perkin Elmer Step
Scan software. Step-Scan DSC is a temperature modulated DSC
technique. The approach applies a series of short interval heating
and isothermal steps to cover the temperature range of interest.
With this TMDSC approach, two signals are obtained. Apparent
thermodynamic Cp signal represents the reversible aspects of
the material, while the isothermal signal reflects the irreversible
nature of the sample during heating. For the heating scans in this
work a program involving short heating steps of 2.5°C at a rate
5°C/min, between true isothermal steps of 0.5 min was applied
in the temperature from —35to 135 °C. The average heating rate
was 2.5 °C/min.

2.5. Polarizing light microscopy (PLM)

Measurement of the radius growth rate of PESu spherulites
under isothermal crystallisation was investigated using a polar-
izing optical 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. By plotting spherulite radius versus time at dif-
ferent crystallization temperatures, the spherulitic growth rate,
G can be estimated from the slope of the straight lines obtained.

3. Results and discussion
3.1. Synthesis and characterization of the samples

As it was described in the experimental section, synthesis
of PESu samples was performed following the two-step melt
polycondensation method. In the first stage of the polymeri-
sation process, succinic acid reacts with ethylene glycol at an
elevated temperature (190 °C), forming oligomers, while water
is removed from the rector as by-product. In order to prepare
polyesters with different average molecular weights, the second
step, involving polycondensation of oligomers, was performed
ataseries of temperatures ranging between 170 and 250 °C [21].
Results on the characterization of the synthesized PESu samples
are shown in Table 1. As one can see, the average molecular
weight values of the samples were quite different covering awide
range. At low temperatures, the removal of water and ethylene
glycol (formed as by-products) from the melt is difficult and
as a result polycondensation proceeds with very low rate. At
high temperatures (230-250 °C) polymers with higher molec-
ular weight are prepared, the optimum value being achieved at
250 °C. This value however, cannot be exceeded due to the ini-
tiation of thermal degradation [25]. In the following text, the
prepared samples are coded using their intrinsic viscosity val-
ues. It was preferred to use the 1V instead of the corresponding
number average molecular weight since there results are more
reliable

The appearance of the samples varied with molecular weight.
The samples with low molecular weight (PESu 0.15 and 0.28)
were rather brittle, while those with higher molecular weight
(PESu 0.57 and 0.69) were more tough with tensile strength
at break higher than 28 MPa and elongation at break >500%.
The number of carboxyl end groups gradually decreased from
oligomers till intrinsic viscosity 0.57 dL/g. A small increase in
IV and a light brown colour observed for the PESu 0.69 is pos-
sibly an indication of degradation reactions at high reaction
temperature (250 °C). From DSC thermograms, it was found
that the melting temperatures of the polyesters shifted to higher
values as the molecular weight increased, while the heat of fusion
was reduced (Table 1). Furthermore, the TH-NMR spectrum of
PESu was very simple, containing only two characteristic peaks
at 2.55-2.67 and 4.18-4.3 ppm attributed to methylene proton a
of succinic acid and b of ethylene glycol, respectively.

3.2. Cold-crystallization and melting behavior of PESu

PESu shows slow crystallization on cooling from the melt. It
does not crystallize if it is cooled by 10 °C/min or faster. Subse-
guent heating scans however after rapid cooling from the melt,
give cold-crystallization of the polymer. For the study of the
cold-crystallization and the melting of non-isothermally cold-
crystallized PESu, all of the five PESu polymers with different
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Table 1

Intrinsic viscosity, 1V, number average molecular weight, M,, weight average molecular weight, Mw, polydispersity, A_/IW/A_/I,L, melting temperature, Ty, heat of
fusion, AHp and carboxyl number, [-COOH], of PESu samples prepared at different polycondensation temperatures, Tpol

Tpol (°C) IV (dL/g) M, Mw Mw/M, T (°C) AHp (31g) [—~COOH] (equiv/10~)
170 0.15 3560 9820 2.76 101 67.7 178
200 0.28 6810 17980 2.64 102 67.7 80
220 0.41 11350 29050 2.56 103 61.0 39
230 0.57 17100 43780 2.56 105 59.1 16
250 0.69 21480 53700 25 106 54.2 21

molecular weight values were tested. Fig. 1 shows the normal-
ized DSC heating scans from the glass for the PESu samples. As
one can see the cold-crystallization involves two stages. The first
stage is supposed to be associated with the growth of spherulites,
which were nucleated on cooling from the melt. PLM observa-
tions showed slow nucleation rates for PESu [22]. A second
exothermic event occurring at much higher temperature, is most
probably associated with recrystallization after partial melting
of the unstable crystallites. Cold-crystallization is expected to
result in generation of poor crystals and a significant portion of
rigid amorphous phase. After partial melting of the poor crys-
tals and relaxation of the rigid amorphous phase the respective
fractions of the material might participate in the subsequent
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recrystallization [27]. DSC traces of Fig. 1 show clearly the
effect of the heating rate.

For each polymer sample, increase of the peak tempera-
ture, corresponding to the first cold-crystallization and peak
broadening was observed with increasing heating rate. The
recrystallization peak temperature depends on the molecular
weight of the polymer, but it is always higher than 70 °C. Com-
paring to the main cold-crystallization peak, it was much less
affected by the increase of heating rate and slightly shifted
to higher temperatures. In advance, two melting peaks were
recorded. This phenomenon was more pronounced for low
molecular weight samples, which also exhibited larger recrys-
tallization peaks at a given heating rate. In fact, melting is also
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Fig. 1. DSC curves of PESu samples on heating by different scanning rates. (a) PESu 0.15; (b) PESu 0.28; (c) PESu 0.57; and (d)PESu 0.69.
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expected to occur before recrystallization. However, only two
of the melting peaks are observable in the standard DSC heating
traces, from which the one observed at lower temperature (peak
1) increases in temperature and heat of fusion with increasing
heating rate. On the other hand, the ultimate peak (peak 2) for
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all samples decreases with heating rate in both peak temperature
and heat of fusion.

At high heating rate scans the recrystallization is prevented
or restricted due to less available time. Overall, the picture
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seems to be consistent with the melting—recrystallization—final
melting scheme proposed for multiple melting of polymers
[28-33]. After cold-crystallization and for high molecular
weight samples, the range where (observable) melting occurred
was narrower, and the respective peaks were sharper with higher
peak temperature (Fig. 2), indicating a more uniform distribution
of crystals with respect to crystal size and stability. In contrast,
the final degree of crystallinity at a given heating rate was always
higher for the low molecular weight samples, mainly due to
the effect of chain entanglements. As one can see in Fig. 3 for
given molecular weight the crystallinity decreased with increas-
ing heating rate, since the available time for crystallization was
reduced.

Fig. 3 also shows the dependence of the glass transition tem-
perature (Ty) onthe molecular weight and heating rate. T values,
at a given heating rate, increased with molecular weight due to
reduction in chain mobility. For a certain molecular weight, T
increased with heating rate. This is related with the relaxation
times involved in glass transition. In tune with the observations
for Ty, the first cold-crystallization peak temperature, at a given
heating rate, is increased with the molecular weight while, for
given temperature, the cold-crystallization was slower. At a spe-
cific heating rate, the phenomenon for higher molecular weight
samples takes place at higher temperatures, but then the avail-
able time before approximating the melting region is less, and
this in turn results in reduced crystallinity.

Thermal behavior of the glassy PESu samples was also
studied by means of Step Scan DSC. For all the samples, in
the reversible signal curve a small broad endothermic peak,
associated with melting of poor crystals, was observed in the
temperature range between the two exothermic events observed
in the respective non-reversible signal curve (Fig. 4). Also,
one single melting peak was observed at higher temperatures
in the reversible signal curve, in contrast to standard DSC
thermograms or the total heat flow of TMDSC curves which
showed double peaks. From the non-reversing signal curves it
was also concluded that the recrystallization occurred in the
range from approximately 15 °C above the end of the first cold-
crystallization peak up to the end of melting. For samples of
lower average molecular weight a significant portion of exother-
mic events appeared at lower temperatures (Fig. 4). For higher
molecular weight PESu, recrystallization occurs mainly close
to the final melting and also there is some non-reversing melt-
ing observable, proving the stability of the original crystals
in this case. After, all it is clear that there is a continuous
melting—recrystallization—-remelting process and the total heat
flow shows only the net effect of exothermic and endothermic
phenomena.

3.3. Cold-crystallization kinetics

Initially, it should be clear that from the two exothermic
events recorded during the DSC heating scans of the quenched
PESu samples (i.e. cold-crystallization and recrystallization),
kinetics involved in the first process, are analyzed in the follow-

ing.

To study the effect of the molecular weight on the cold-
crystallization kinetics of PESu, four samples were selected
namely PESu-0.15, PESu-0.28, PESu-0.41 and PESu-0.57,
corresponding to number average molecular weights, 3560,
6810, 11350 and 17100, respectively. Usually in literature non-
isothermal crystallization during cooling is studied and several
models have been developed. However, it is believed that the
non-isothermal crystallization kinetics during heating (i.e. cold-
crystallization) can be described using the same models.

From the dynamic crystallization experiments, data for the
crystallization exotherms as a function of temperature dH./dT
can be obtained for each cooling or heating rate. Then, the
relative crystallinity as a function of temperature X(7) can be
calculated as follows:

"e(dH,/dT)dT
) I @He/o) -
fT’o (dHc/dT)dT
where T, denotes the initial crystallization temperature and T,
T the crystallization temperature at time ¢ and after the com-

pletion of the crystallization process, respectively.
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theoretical Avrami model.
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The crystallization temperature 7;, can be converted to
crystallization time, ¢, with the well-known relationship for non-
isothermal crystallization processes that is strictly valid when the
sample experiences the same thermal history as designed by the
DSC furnace: [34]

(1= To) Q@
a
where a is the constant heating rate.

The evolution of the relative crystallinity as a function of
temperature for PESu 0.15 appears in Fig. 5a. X(7) is converted
to X(¢) using Eq. (3) and the data thus obtained are illustrated in
Fig. 5b using geometrical points for the different heating rates
used.

To quantitatively describe the evolution of the crystallinity
during nonisothermal crystallization, a number of models have
been proposed in the literature [14]. The most common approach
is that based on amodified Avrami equation. In this investigation,
the modified-Avrami, the Ozawa and the Tobin method were
tested.

3.3.1. Modified Avrami method
According to the modified Avrami method, the relative degree
of crystallinity, X, can be calculated from:

X=1—exp(—Zi") or X=1—exp [_(KAvramit)n] (4)

where Z; and n denote the growth rate constant and the Avrami
exponent, respectively. Since the units of Z; are a function of x,
equation (4) can be written in the composite-Avrami form using
K avrami instead of Z; (where Z; = Kayrami™) [35].

Parameters Z; and n are usually estimated by taking the
logarithm of Eq. (4). In this paper, instead of this linear fit-
ting transformation, a non-linear curve fitting procedure was
employed. Accordingly, the theoretical Eg. (4) was used to fit the
experimental data over the whole relative degree of crystallinity
range (0-100%). The non-linear curve-fitting algorithm used
was based on the Levenberg—Marquardt method (from the built-
in software of Origin v7., from OriginLab Corporation) and the
best fitting values for the parameters n, Z; and Kayrami are pre-
sented in Table 2. In Fig. 5b theoretical model simulation results
are compared to experimental data for the PESU-0.15 sample
for all heating rates examined. In all different samples and heat-
ing rates the correlation coefficient, R?, was greater than 0.997.
It is obvious that the modified-Avrami method can describe the
experimental data very well, at every heating rate used.

Since the rate of nonisothermal crystallization depends on «
it has been proposed that the crystallization rate constant Z; can
be properly corrected to obtain the corresponding rate constant
at unit cooling or heating rate, Z.: [34]

log Z
logZ; = g2t

®)

The obtained Z; values are summarized in Table 2. The
values of n estimated ranged between 3.4 and 4.7 showing three-
dimensional growth with thermal nucleation. Approximately the
same range of variation of » (i.e. between 3.5 and 4.1) was also
reported by Qiu et al. [12]. No significant trend of n with the
heating rate was noticed. In contrast, the values of Z; and Z;
were found to increase with heating rate. An explanation for
this observation follows. The crystallization rates of a polymer

Table 2
Parameters obtained after the Avrami analysis for the non-isothermal cold-crystallization of PESu samples
Polymer a (°C/min) n Z (min™") Kayrami (Min~1) A
PESu 0.15 25 3.88 6.8 x 10~* 0.1526 0.0541
5.0 421 0.0026 0.2432 0.3041
75 422 0.0095 0.3317 0.5375
10 4.14 0.0263 0.4153 0.6950
15 3.94 0.0950 0.5502 0.8548
20 4.14 0.2057 0.6825 0.9240
PESu 0.28 2.5 4.95 7x1074 0.1447 0.0218
5.0 4.20 0.0033 0.2567 0.3191
75 4.15 0.0144 0.3602 0.5684
10 3.65 0.0389 0.4108 0.7228
15 4.05 0.0912 0.5536 0.8524
20 4.34 0.1585 0.6541 0.9120
PESu 0.41 25 3.94 7.7 x 107 0.1621 0.0568
5.0 4.69 0.0017 0.2564 0.2793
75 3.82 0.0147 0.3514 0.5699
10 3.79 0.0627 0.4814 0.7581
15 3.34 0.2428 0.6545 0.9099
20 3.83 0.3860 0.7799 0.9535
PESu 0.57 25 3.82 8.9 %104 0.1590 0.0602
5.0 4.28 0.0032 0.2611 0.3168
75 4.24 0.0127 0.3569 0.5585
10 3.84 0.0520 0.4630 0.7440
15 3.52 0.2387 0.6657 0.9089
20 3.43 0.4396 0.7869 0.9597
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Fig. 6. Plot of the composite-Avrami rate constant as a function of the heating
rate for non-isothermal cold-crystallization of all PESu samples.

show a maximum at temperatures between the glass transition
temperature Ty and its melting point 7. At low temperatures
nucleation is favored while at temperatures close to Ty, diffu-
sion is faster. From a previous study on PESu, using PLM for
the growth rates and DSC for the overall crystallization rates
under isothermal conditions, it was concluded that faster rates
are achieved in the vicinity of 55 °C [22]. Since at high heating
rates cold-crystallization takes place at this temperature region,
it is reasonable the Z; and Z; to increase with the heating rate.
However, as it was reported the maximum crystallinity value
achieved in such a case is lower. This occurs because the time for
crystallization is limited comparing to the cases of slower heat-
ing rates as it is clearly shown in Fig. 5b. Moreover, it seems that
at low heating rates the values of the Avrami rate constant are not
influenced much by the different molecular weight of the sam-
ples. In contrast at high heating rates (greater than 10 °C/min)
samples with higher molecular weight present also higher values
of Kavrami.

Concerning the values of Z, it was observed (Table 2) that
they become constant only at high cooling rates (greater than
10 °C/min). Moreover, it was noticed that the composite-Avrami
rate constant correlates very well with the heating rate in a
double-logarithmic plot. Thus, by plotting log (Kavrami) Ver-
sus log(a) very good straight lines were obtained for all PESu
samples (Fig. 6). The correlation equation can be expressed as:

log(K avrami) = C1 + C2 log() (6)

where C1 and C, denote the intercept and the slope of the straight
lines obtained, respectively.

Values of the constants C1 and C, together with the corre-
lation coefficient R? appear in Table 3. It was estimated that
R? is always greater than 0.994. Therefore it seems that Eq.
(6) describes well the correlation of the composite-Avrami rate
constant and the heating rate in non-isothermal crystallization
experiments. A similar slope (approximately equal to 0.8) was
also estimated for poly(butylene succinate).

Table 3
Values of the constants C1 and C, according to Eq. (6) and correlation coefficient,
RZ

Sample C1 C R?

PESU-0.15 -1.110 0.725 0.999
PESU-0.28 —1.106 0.722 0.994
PESU-0.41 —1.116 0.780 0.995
PESU-0.57 —-1.120 0.788 0.997

3.3.2. Ozawa analysis

According to the Ozawa theory the nonisothermal crystalliza-
tion process is the result of an infinite number of small isothermal
crystallization steps and the degree of conversion at temperature
T, X(T), can be calculated as: [36]

mg) 0
a

where m is the Ozawa exponent that depends on the dimension
of crystal growth and K™ is the cooling or heating crystalliza-
tion function. K~ is related to the overall crystallization rate
and indicates how fast crystallization occurs. Taking the double-
logarithmic form of Eq. (7), it follows:

In[1 — X(T)] = —

log{—In[1 — X(T)]} = log K*(T) —m loga (8)

By plotting log{—In[1 — X(7)]} versus log a, a straight line
should be obtained and the kinetic parameters, m and K~ can be
achieved from the slope and the intercept, respectively. Ozawa
plots for cold-crystallization of PESu 0.15 are shown in Fig. 7.
It is important to note that using values, which correspond to
a degree of crystallinity in the range between 5% and 95%,
the linearity in the plots is very satisfactory. It seems that the
model works well for the specific polymer, maybe because of
limited secondary crystallization. In other cases of polymers
where extensive secondary crystallization occurs, the Ozawa
model could not describe non-isothermal crystallization, but in
general major problems were found for very low (less than 5%)
or very high (exceeding 95%) crystallinity values, which induce
curvature of the plots [13]. The calculated values for the Ozawa
exponent m were found to range between 2 and 3 (Table 4). Thus,
the Ozawa exponent was less than the Avrami exponent. Also the

0.6
0.4 ]

log[-In(1-X)]

0.4 0.6 0.8 1.0 12 1.4
log[a(°C/min}]

Fig. 7. Plots of log [—In(1 — X)] against log a for various temperatures (Ozawa
plots) for non-isothermal cold-crystallization of PESu 0.57.
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Table 4
Parameters obtained after the Ozawa analysis for the non-isothermal cold-crystallization of PESu samples
T(°C) PESu 0.15 PESu 0.28 PESu 0.57

m K*((°C/min)™) m K*((°C/min)™) m K" ((°C/miny™)
28 2.52 3.02
32 2.48 10.00 2.97 16.60 2.65 7.94
36 2.20 17.78 2.58 31.62 2.56 23.44
40 2.20 47.86 2.89 151.36 271 112.20
44 2.20 102.33 2.85 323.59 2.32 120.23
48 2.15 194.98 247 281.84 2.26 234.42
52 1.90 186.21 242 512.86 2.18 37154
56 2.06 512.86 2.16 446.68 1.96 354.81

Ozawa crystallization function K(7) was found to increase rather
exponentially with the crystallization temperature. This means
that the crystallization rates below 56 °C increase exponentially
with temperature, as would be expected. As was reported in the
previous section, the maximum crystallization rates were antic-
ipated close to 50-55 °C. This was also evidenced by the Ozawa
analysis. Comparison showed that the K(7) values were faster
for the PESu 0.28 polymer. In general it is known for polymers
that the crystallization rates increase with molecular weight for
very low values due to the effect of nucleation, but decrease for
high molecular weight, as the growth rates are limited because of
reduced chain mobility. It seems that PESu samples show such
a behavior with PESu 0.28 (M,, =6800) to be the one with the
faster rates among the studied samples.

3.3.3. Tobin analysis

The Avrami model is suitable for describing the early stages
of crystallization. Complications arise from the effects of growth
site impingement and secondary crystallization process, which
were disregarded for the sake of simplicity in the original
derivation of the model. Tobin proposed a theory for crystal-
lization with growth site impingement [37-39]. According to
this approach, the relative crystallinity function of time X() can
be expressed in the following form:

(K71)"T

O T ey

©)

where KT and nt are the Tobin crystallization rate constant and
the Tobin exponent, respectively. The exponent nt need not be
an integer and is governed by different types of nucleation and
growth mechanisms. Eq. (9) can be rewritten in its logarithmic
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Fig. 8. Plots of log [X/(1 — X)] against log ¢ for various heating rates (Tobin
plots) for non-isothermal cold-crystallization of PESu 0.57.

form as follows:

log {(1)_((20)} =nlog Kt + ntlogt? (20)

The parameters nt and Kt can be obtained from the slope
and intercept of the plots of log[X(¢)/(1 — X(¢)] against log z.
The respective plots for PESu 0.57 are shown in Fig. 8 and
the values of the calculated parameters are shown in Table 5.
The Tobin exponent was always close to 5 (compared to 4
for the Avrami exponent). These values were similar to those
reported by Qiu et al. [12] In the plots of Fig. 8 it is obvious
that there exists a positive deviation from linearity when the
degree of crystallinity is more than 50%. This proves that there
is an overestimation of the spherulite impingement in the case of

Table 5
Parameters obtained after the Tobin analysis for the nonisothermal crystallization of PESu samples
a (°C/min) PESu 0.15 PESu 0.28 PESu 0.57
nt Kt (min~1) nr Kt (min~1) nt Kt (min~1)
25 5.13 0.174 6.44 0.163 5.27 0.181
5 5.34 0.275 5.47 0.288 5.81 0.294
7.5 5.26 0.375 5.42 0.406 5.79 0.402
10 5.39 0.469 4.80 0.473 5.11 0.527
15 5.11 0.626 5.33 0.624 4.85 0.766
20 5.61 0.769 5.74 0.734 4.58 0.911
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PESu. This may have to do with the small nucleation density of
PESu.

3.4. Spherulite growth rates/Lauritzen—Hoffman analysis

Apart from the aforementioned macroscopic kinetic mod-
els it would be also interesting to evaluate the microscopically
measured spherulite growth rate. One of the most widely
accepted theories, describing the temperature dependence of
the growth rate is the Lauritzen—-Hoffmann theory [40]. The
major application area of this theory is polymer crystallisation
under isothermal conditions, while it has also been used under
non-isothermal conditions [35,41]. Accordingly, the spherulite
growth rate, G, is given as a function of the crystallisation tem-
perature, T, by the following bi-exponential equation [40]:

v ] exp { Kg} (1)

G =Goexp {_ R(Te—To)| P | To(aT) S

where Gy is the pre-exponential factor, and the first and sec-
ond exponential terms contain the contribution of diffusion and
nucleation process to the growth rate, respectively; U” denotes
the activation energy which characterizes molecular diffusion
across the interfacial boundary between melt and crystals and
T is the temperature below which diffusion stops; Ky is a
nucleation constant and AT denotes the degree of undercooling
(AT = T — T¢); fisacorrection factor which is close to unity at
high temperatures and is given as f = 2T, /(T3 + T¢); the equi-
librium melting temperature, T,?, can be calculated using some
extrapolative procedure like the linear or nonlinear Hoffman-
Weeks extrapolation.

The nucleation parameter, K, can be calculated from Eq.
(11) using the double logarithmic transformation:

U* Kq

Ot R =1y = MO0 Tanyy

(12)
Plotting the left-hand side of Eqg. (12) with respect to
(T (AT)f) astraight line should appear having a slope equal to
Ky. 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).
Subsequently Eq. (12) was used to determine the effect of
the molecular weight of the PESu samples on the nucleation
constant K. Values for the glass transition and equilibrium melt-
ing temperatures were taken from [22], i.e. T,Q] = 114°C and
Tg=-115°C (Tr?1 was estimated using a linear Hoffman—Weeks
extrapolation while Ty was measured using DSC). Further-
more, it was reported there that using the WLF values (U”
=4200cal/mol and To, =Ty—51.6K), for the PESu 0.28
sample, regime 11 to regime 111 transition is observable at approx-
imately 70 °C [22], in agreement with findings by Gan et al. [10].
The ratio of K/ /K was 1.8, close to the expected value 2.0
according to the secondary nucleation theory. It will be shown
later in the paper that using the value of 4200 cal/mol for U" is
a good approximation if a fixed value for this parameter should
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Fig. 9. Spherulite growth rate as a function of crystallization temperature
for melt crystallization of PESu samples with different molecular weight
obtained from isothermal PLM measurements. Solid lines are fits to the
Lauritzen—Hoffman theory according to Eq. (11).

be used. The spherulite growth rates, G, for the three PESu sam-
ples 0.15, 0.28 and 0.57, was measured during crystallization
from the melt under isothermal conditions at various tempera-
tures in the range from 55 to 85 °C using PLM. Fig. 9 shows the
dependence of the spherulite growth rates on crystallization tem-
perature for the three samples. Itis obvious that the rates decrease
with increasing molecular weight in this temperature range. The
experimental data were further analysed using the previously
reported parameters according to the Lauritzen—Hoffman the-
ory. The respective plots can be seen in Fig. 10. It was found
that a regime transition takes place for all the samples in the
vicinity of 70°C and the K/ K/ ratio was about 1.7-1.8. For
the lower temperature region (below 70 °C) and from the slope
of the linear curves, the K/ values were estimated to be equal to
1.87 x 10°,1.90 x 10° and 1.91 x 10° K? for PESu-0.15, PESu-
0.28 and PESu-0.57, respectively. The estimated results do not
show any clear effect of the samples’ average molecular weight
on the value of the nucleation constant Kg. Once the values of K
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Fig. 10. Lauritzen—Hoffman type plots constructed from spherulite growth rate
data obtained from isothermal PLM experiments for the PESu samples with
different molecular weight.
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were determined, the growth rate, G, can be theoretically pre-
dicted from Eq. (11). Results are plotted in Fig. 9 and compared
to the experimental data, since according to Miiller et al. [42] use
of a linear scale highlights the differences between experiment
and theory which are masked in Fig. 10 by the use of logarithms
and reduced parameters. Two theoretical curves with different
Ky values are plotted for every PESu sample, since a regime
transition was noticed around 70 °C. It can be seen that the esti-
mated Ky values when employed in Eq. (11) result to a rather
good fitting of the experimental data by the theoretical equation.

Instead of using PLM measurements, several authors have
treated the isothermal crystallisation rate data obtained by DSC,
according to the Lauritzen—-Hoffmann analysis (Eg. (12)) and
assumed that G is proportional to the inverse of the crystallisation
half time (G ~ 1/r1/) [43-45]. The validity of such an attempt
has been tested in [46]. Furthermore, during non-isothermal
crystallization a modified Lauritzen—-Hoffman model can be
used by substituting T, with T, + at, where T, denotes the onset
temperature of the cold-crystallization. The resulting equation
is as follows:

*

hG+—— O
T R(To 1 at— 1)

Kg

=InGo — (To + at)[TQ — (To + an)lf

(13)

Eq. (13) was used in this study in order to estimate the Kg
using non-isothermal cold-crystallization data of different PESu
samples obtained from DSC. The above mentioned assumption
was used for the growth rate, i.e G ~ 1/11,5. Thus, the crys-
tallization temperature and time at 50% degree of crystallinity
were used (i.e. t=r12). These Lauritzen—Hoffman type plots
for different PESU samples appear in Fig. 11a. Since the tem-
perature range of the measurements was always below 70 °C,
crystallization regime 111 was assumed. The obtained values
for K} were found to be equal to 2.48 x 10°, 2.62 x 10°,

2.47 x 10° and 2.45 x 10° K? for the PESu-0.15, PESu-0.28,
PESU-0.41 and PESu-0.57 polymers, respectively. The regres-
sion coefficient RZ was in the vicinity of 0.98. These values
are comparable to those reported previously, though slightly
higher. However, they were obtained from a totally different
experimental method, meaning that in this case the data were
collected from non-isothermal cold-crystallization DSC exper-
iments instead of isothermal from PLM. In addition, these data
were calculated at a lower range of crystallization tempera-
tures (from 30 to 56 °C) compared to corresponding from PLM
measurements (55 to 70 °C). Again, the effect of the samples’
average molecular weight on Ky was not clear. Moreover, in
order to have more comparable results, the nucleation con-
stant Ky was estimated once again but using experimental data
from [22] from isothermal DSC measurements and the assump-
tion, G ~ 1/1t1/,. Comparable Lauritzen-Hoffman type plots
for PESu-0.28 obtained from isothermal and non-isothermal
DSC measurements together with isothermal PLM measure-
ments appear in Fig. 11b. The Ky estimated in the temperature
region 50-70 °C (the same as that used in isothermal PLM mea-
surements) was 2.44 x 10° K2, again a value higher than that
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Fig. 11. Lauritzen—Hoffman type plots constructed from (a) DSC non-
isothermal rate data for the PESU samples, using the inverse of the half
crystallization time in place of G and (b) DSC isothermal and non-isothermal
and PLM isothermal data for the PESU-0.28 sample.

estimated from isothermal PLM measurement and close, though
slightly lower, than that calculated from non-isothermal DSC
measurements. A good explanation on this result is given by
Miiller et al. [42]. Accordingly, the values obtained from DSC
measurements deal with overall crystallization rates including
both nucleation and growth, while those estimated from PLM
measurements are growth only dependent. Therefore, it seems
that the process of nucleation and growth has a larger energetic
barrier than the process of spherulite growth only. The increase
in the estimation of Ky is almost 28%, approximately the same
with that reported in [42].

Moreover, it was examined if a better estimation of the K
values (i.e. resembling those measured from PLM) could be
obtained if a different characteristic time will be used in place
of G. Therefore, the growth rate was assumed equal to the inverse
of the crystallization time to achieve 2% relative degree of crys-
tallinity (G =1/r.02). Although a good linear dependence was
found in all cases, the values of K calculated ranged between
4 and 5 x 10° K? much higher than those from PLM measure-
ments. This can be attributed to a much lower temperature range
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involved in these measurements (i.e. from 20 to 40 °C) together
with uncertainties in the calculation of the crystallization rate at
2% relative degree of crystallinity.

3.5. Estimation of the Lauritzen—Hoffman parameters (U”
and Kg) using the Vyazovkin—Sbirrazzuoli method

Since the values of Ky estimated from the Lauritzen-Hoffman
analysis did not show any clear effect of the sample average
molecular weight, they were further estimated in this sec-
tion using an isoconversional approach and the overall rates
of nonisothermal crystallization, according to the method of
Vyazovkin and Shirrazzuoli [23]. To this direction initially the
effective activation energy as a function of relative crystallinity
should be estimated using an isoconversional approach. The
use of multiple heating rate methods such as isoconversional
methods is quite helpful and recommended in detecting and elu-
cidating complex kinetics in polymeric systems [47]. Among the
isoconversional approaches, the differential method of Friedman
[48] and the advanced integral method of VVyazovkin and Shir-
razzuoli [49] are the most appropriate [50]. In this investigation
the method of Friedman was used. According to the differential
isoconversional method of Friedman, different effective acti-
vation energies are calculated for every degree of crystallinity
from

dx AEx
In{ — = Const — 14
( dr )X,i RT (14)

X,i

where dX/dt is the instantaneous crystallization rate as a function
of time at a given conversion X, AEy is the effective activation
energy at a given conversion X, Tx; is the set of temperatures
related to a given conversion X at different heating rates aj, and
the subscript i refer to every individual heating rate used.

According to this method, the X(7) function obtained from
the integration of the experimentally measured crystallization
rates is initially differentiated with respect to time to obtain the
instantaneous crystallization rate, dX/dz. Furthermore, by select-
ing appropriate degrees of crystallinity (i.e. from 2% to 98%) the
values of dX/dr at a specific X are correlated to the correspond-
ing crystallization temperature at this X, i.e. Tx. Then by plotting
the left hand side of Eq. (14) with respect to 1/Tx a straight line
must be obtained with a slope equal to AEx/R. Indicative plots
appear in Fig. 12. Almost linear curves were obtained at relative
degrees of crystallinity less than approximately 70%, whereas
at higher X a curvature in the plots was obvious. This means
that the results on AEx calculated at high values of X are not
reliable.

The effective activation energy, thus obtained was sub-
sequently plotted as a function of the relative degree of
crystallinity as one can see in Fig. 13. Since different heating
rates are involved during the cold-crystallization experiments,
positive values for AEx were estimated in contrast to melt-
crystallization, where negative values are usually estimated.
From Fig. 13 it can be seen that the effective activation energy
decreases with conversion for the cold-crystallization. This
decrease is expected from the theoretical dependence of AE ver-
sus 7, keeping in mind that X increases with temperature [51].
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Fig. 12. Plot of In(dX/ds) vs. 1/T for the PESu-0.57 non-isothermal cold-
crystallization at different heating rates and relative degrees of crystallinity from
2% to 90%.

The values for the polymer with the higher molecular weight
were slightly higher compared to samples with lower average
molecular weight. This may be related to slower nucleation of
PESu 0.15. In contrast the PESu 0.57 has a very higher molecu-
lar weight and the increased value of AE is probably associated
to decreased diffusion rates. In order to test this hypothesis, a
plot of AE versus T was constructed by replacing X with an
average T, according to the method proposed by Vyazovkin and
Shirrazzuoli [47]. This plot for different PESu samples appears
in Fig. 14. The values of AE decrease with temperature until
46 °C (corresponding to 70% degree of crystallinity), whereas
afterwards they tend to increase.

According to Vyazovkin and Sbirrazzuoli [23,47], the most
attractive feature in applying the isoconversional methods to
DSC data is that the resulting AEx dependencies can be utilized
for estimating the parameters of the Lauritzen—-Hoffman theory.
Eqg. (11) has been used to derive the temperature dependence
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Fig. 13. Dependence of the effective activation energy on the relative degree of
crystallinity (isoconverional analysis) for the PESu samples obtained using the
differential method of Friedman.
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Fig. 14. Effective activation energy as a function of temperature calculated using
the method of Friedman for different PESu samples (geometrical points). The
continuous lines represent the best fit to the experimental data using Eq. (15)
and X < 70%.

of the effective activation energy of the growth rate as follows
[23]:

AE — d(In G)
T d@y/n)
2 02 _ 72 _ 70
_ T Lk gim) =T —TnT (15)

(T-T? % (@0 —1)°r

Thus the temperature dependence of the effective activation
energy derived from DSC data (e.g. from the method of Fried-
man) can be fit to Eq. (15) to evaluate the Lauritzen—-Hoffman
parameters Ky and U” for all different molecular weight sam-
ples. It should be noted that in the estimation procedure only
data points corresponding to X < 70% were employed, since the
plots used to estimate AE at X >70% showed a curvature. The
Levenberg—Marquardt method was used as a non-linear fitting
algorithm (from the built-in software of Origin v7., from Origin-
Lab Corporation). The best fit values for K4 and U" appear
in Table 6. The numerical values of Ky appear to range in
between the corresponding calculated from isothermal PLM
measurements and non-isothermal DSC using the approxima-
tion G = 1/t1y2, though closer to those obtained from PLM data.
Again a clear dependence of Ky on the sample average molecu-
lar weight was not observed. However, a very interesting result
came from the estimated values of U". The first point is that

Table 6

Values of the Lauritzen-Hoffman parameters, Ky and U" evaluated using
an isoconversional approach and the overall rates of non-isothermal cold-
crystallization for different PESu samples

Sample Kq (K?) U”(cal/mol) R?

PESU-0.15 2.1x10° 4132 0.996
PESU-0.28 2.17 x 10° 4255 0.993
PESU-0.41 2.17 x 10° 4429 0.984
PESU-0.57 2.3x10° 4508 0.986

the best fit values for U™ are close to the constant value of
4200 cal/mol used in the isothermal crystallization experiments.
Verifying thus the initial assumption made. Furthermore, a clear
increase of U”" with the polymer average molecular weight was
obtained. Since U” is an activation energy which character-
izes molecular diffusion across the interfacial boundary between
meltand crystals, it seems that the effect of diffusion is more pro-
nounced in polymers having higher average molecular weight.

Finally, better results should have been obtained if both melt
and glass crystallization data were used, according to a recent
publication carried out for PET and PEN [51]. However, this is
not possible for PESu samples since it experiences very slow
crystallization rates from the melt.

4. Conclusions

The cold-crystallization of PESu was found to be affected by
the molecular weight of the polymer, meaning that an increase
in the cold-crystallization temperature was in general found
with increasing molecular weight. Also the ultimate degree of
crystallinity decreased with molecular weight. Recrystalliza-
tion takes place before melting of the cold-crystallized samples.
The Step Scan DSC showed that the multiple melting behavior
observed in standard DSC traces is the result of two recrystal-
lization exotherms and two melting peaks. The recrystallization
is more significant for low molecular weight PESu. The kinet-
ics of cold-crystallization was analyzed using several models.
The Avrami and Ozawa models were found to give satisfactory
results in contrast to the Tobin model. The nucleation constant K
of the Lauritzen—Hoffmann equation was estimated using either
isothermal PLM measurements or non-isothermal DSC cold-
crystallization data and the assumption G = 1/r1>. No clear trend
of Kg with the polymer molecular weight was observed. Finally,
both Lauritzen—Hoffman parameters were evaluated using an
isoconverional analysis and the overall rates of non-isothermal
cold-crystallization. A clear increase of U" with the molecular
weight was observed meaning that polymers with longer chains
are influenced more by diffusional phenomena.
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