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Abstract This paper focuses on the study of the crystallization
kinetics of an initially quasi-amorphous Poly(Ethylene
Terephthalate) (PET) during controlled heating treatments using
Raman Spectroscopy. Characteristic vibrational bands of both
crystalline and amorphous phases are then investigated in terms
of wavenumber values, full widths at half maximum and inte-
grated intensities variations which led to the establishment of a
more accurate crystallinity ratio criterion than the one obtained
by standard differential scanning calorimetry (DSC) analysis too
much dependent on the low polymer thermal conductivity.
Applying this last criterion, isothermal and non-isothermal crys-
tallization kinetics were investigated following the Avrami’s and
Ozawa’s theories in order to identify the germination and growth
modes of the triclinic crystals of PET as a function of thermal
treatment. Moreover, all the specific microstructural transitions
such as cold crystallization, crystallization from the melt, melt-
ing and glass transition are detected and characterized. Similar
thermal behaviors were obtained from Raman results and con-
ventional differential scanning calorimetry measurements.
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Introduction

The Poly(Ethylene Terephthalate) presents important micro-
structural modifications towards temperature of either its con-
formation process or its life cycle in use. This thermoplastic
polymer may show two main types of microstructure:
amorphous and semi-crystalline depending on its
thermomechanical history. The amorphous morphology is
characterized by the glass transition temperature which illus-
trates the change of the mechanical behavior from a viscoelas-
tic to a glassy state with decreasing temperature. The semi-
crystalline morphology shows, in addition to the glass transi-
tion temperature, two supplementary microstructural transi-
tions: crystallization and melting phenomena. Several authors
have previously studied the microstructure of such kind of
organic materials by using different common experimental
technics such as Wide Angle X-rays Scattering (WAXS) [1],
Differential Scanning Calorimetry (DSC) [2], Nuclear
Magnetic Resonance (NMR) [3], Infra-Red spectroscopy
(IR) [4] and Raman spectroscopy [5]. This last technique pro-
vides vibrational information related to the conformation and
architectural regularity of macromolecular chains. This makes
Raman spectroscopy a suitable tool for the microstructural
analysis of polymers [6—10]. The amorphous and semi-
crystalline vibrational bands have already been well identified
in the literature [11, 12]. Many authors have characterized
molecular properties of PET using Raman spectroscopy. For
instance, Jarvis et al. [13] and Yang et al. [14, 15] studied the
macromolecular chains orientation using Raman and Infra-
Red spectroscopies. Kawakami et al. [16] worked on the strain
induced crystallization process by identifying the develop-
ment of the transient mesophases in PET during stretching at
70 °C using Raman spectroscopy and X-rays scattering
[13—18]. Pongot [19], Martin [20] and Chaudemanche [21]
have also studied the microstructure modifications of various
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polymers by coupling Raman spectroscopy with several char-
acterization techniques and mechanical devices.

Specific singularities which could occur in the Raman
spectrum of PET due to the effect of temperature have been
already studied and reported in the literature. Most of them are
related to vibrational band variations in terms of intensity,
wavenumber shift and Full Width at Half Maximum
(FWHM) [19, 22, 23]. Melveger [5] and McGraw [24, 25]
were the first authors working on crystallinity changes in
PET using Raman results by correlating the density of the
polymer with the evolution of some characteristic vibrational
bands. Melveger [5] considered the 1096 cm™'/632 cm™" in-
tensity ratio to study the crystallization but it must be only for
PET samples having no preferential orientation since the
632 cm ! band intensity changes as a function of the macro-
molecular chains orientation. Nevertheless, to avoid orienta-
tion problems, Bulkin et al. [26] have studied the 1092 cm '/
1117 cm ! ratio. They showed that this Raman ratio correlates
well with the FWHM of the carbonyl stretching band
(1725 cm™') which confirms that these two evolutions de-
scribe the same phenomenon. McGraw [24] have studied by
Raman spectroscopy different semi-crystalline microstructure
of PET by annealing at different times and temperatures to
obtain the crystallinity ratio by density measurements. He
found that the evolution of the intensities of 1096 c¢m ',
857 cm ™' and 278 cm ! vibrational bands correlate with the
material density too. Meanwhile, Wei et al. [27] studied the
fast transitional states of PET quenched at different crystalli-
zation states using Ultrafast scanning calorimetry with micro-
Raman spectroscopy. Their studies reveal that the intensity
evolution of the vibrational band characteristic of the
stretching of C(O)-O/C-C/C-C(EG) bonds and the melting
enthalpies, as a function of annealing time, are in complete
agreement. Nevertheless, they did not use vibrational bands
intensities to precisely quantify the evolution of crystallinity
ratio and the crystallization kinetics during heating and
cooling treatments. Some authors studied the crystallization
kinetics of PET by isothermal and non-isothermal crystalliza-
tion technics [28-31]. Large ranges of Avrami’s and Ozawa’s
exponents have been obtained extending from 1 to 4 depend-
ing on the experimental conditions. Keller et al. [32] studied
isothermal crystallization of PET bulk samples from the melt
and found Avrami’s exponent values in the range from 2 to 4,
whereas Mayhan et al. [33] who studied PET thin films found
Avrami’s exponent values in the range from 1.04 to 1.46
which confirms that this exponent depends on the material
shape, crystallization temperature and cooling or heating rates
[34]. Papageorgiou et al. [28], Ghasemi et al. [35] and Lee
et al. [36] who studied the non-isothermal crystallization of
PET from the melt, confirm that the Ozawa’s plots should lead
to a series of straight lines. Ghasemi et al. [35] considered that
the Ozawa’s theory should be applied with caution because
curvatures appear at higher cooling rates and the slope
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(Ozawa’s exponent) changes with the temperature.
Papageorgiou et al. [28] found that the curvature of the straight
lines increases with increasing temperature but the Ozawa’s
exponent keeps always lower than the Avrami’s one even if
both theories are performed following the same conditions
[37-40].

In this paper, DSC-like thermograms are obtained from
Raman spectra focusing on the variations occurring in the
FWHM of the carbonyls band during heating and cooling
treatments. They reveal all the microstructural transitions of
PET (crystallization, melting and glass transition phenomena).
A rigorous crystallinity ratio is also proposed and used to
study the isothermal and non-isothermal crystallization kinet-
ics applying Avrami’s and Ozawa’s theories. Avrami’s and
Ozawa’s exponents are finally estimated and compared with
those obtained by conventional differential scanning calorim-
etry, in order to compare results with literature and to reveal
the right nucleation and crystal growth modes of a 2 mm thick
extruded plates of PET.

Material and experimental setups
Material: Poly(Ethylene Terephthalate), PET

The material used in this work is a Poly(Ethylene
Terephthalate) produced by BAYER and commercialized by
Loraplast under the reference Axpet® clear 099. 1t is provided
as 2 mm-thick extruded plates. According to Differential
Scanning Calorimetry (DSC) analysis performed at a constant
heating rate of 5 °C/min, samples exhibits a glass transition
temperature (7,) at 76 °C, a melting temperature (7,,) at
248 °C and a cold crystallization temperature (7,.) at
125 °C. The initial degree of crystallinity of the extruded
plates is about 3 % using the following formulae:

X.= %. The theoretical enthalpy of fusion for a perfect

m

crystal of infinite size is taken as AH& =140 J/g [37, 38].
Wide-angle X-ray scattering (WAXS) analysis confirms this
small amount of crystals and informs about an isotropic dis-
tribution of the macromolecular chains whatever the spatial
direction that could be induced by the extrusion process.

Experimental setup

The Raman spectrometer used in this study is a “RXN1”
manufactured by Kaiser Optical Systems. This spectrometer
is equipped with optical fibers allowing the use of a
delocalized probe. The laser diode is used as a light source
and produces a monochromatic exciting radiation with a
wavelength of A = 785 nm (Laser power 400 mW). This
wavelength is adapted to the study of polymer materials be-
cause it eliminates part of the fluorescence emission that could
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degrade the Raman signal quality. Its wavenumber range is
between 100 cm™' to 3500 cm™' but the studied range of
wavenumbers is limited in this study between 500 cm ' to
2000 cm ', The spectral resolution is 1 cm '. The Raman
acquisitions were performed using the “iC Raman 4.1” soft-
ware. All spectra were adjusted by spectral deconvolution
procedure using Gaussian and Lorentzian functions to fit the
vibrational bands of amorphous and semi-crystalline phases,
respectively.

The Raman spectrometer is then coupled to a Differential
Scanning Calorimetry set up (DSC) in order to acquire in situ
the PET vibrational signature at the same time as well-
controlled thermal treatment [27, 39, 40]). A specific probe
was designed by Kaiser Optical Systems to perfectly accom-
modate the DSC sample oven.

Calorimetric data were recorded using a Q200 device com-
mercialized by TA-Instruments and analyzed by TA Universal
Analysis Software. The experimental errors on the measure-
ments of the enthalpies and temperatures are about =1 % and
+1 °C, respectively. The thermal analysis is recorded under an
inert azote atmosphere at a flow rate of 50 ml/min. The DSC
device was calibrated by keeping the Raman laser on during
the whole scan. This way, the laser power does not influence
the measurements of the differential heat flow between the
reference and the sample ovens. Samples were shaped to per-
fectly fit with the geometry of the pans in order to always keep
the same analyzed volume fraction of the material even when
it melts. The sample weights were close to 20 mg. The stan-
dard thermal cycle (heating-cooling-heating) applied to the
material was performed at a constant rate of 5 °C/min in the
range from 40 °C to 300 °C.

Isothermal and non-isothermal crystallization kinetics were
studied using the following experimental parameters:

» Isothermal crystallizations were performed on the one
hand by heating the sample to 115 °C, 120 °C and
125 °C from the glassy state and on the other hand by
cooling to 200 °C, 205 °C and 210 °C from the melt at a
constant rate of 5 °C/min. The material has not been heat-
ed to the melt before these thermal treatments in order to
enlighten the effect of the initial morphology on the nu-
cleation and growth modes.

* Non-Isothermal crystallizations were performed by
cooling the sample from the melt at different cooling rates
(2.5, 5,10, 15 and 20 °C/min) to 40 °C (the end of the
crystallization phenomenon).

To follow the crystallinity ratio and the vibrational signa-
ture of the material by Raman spectroscopy, the acquisition
parameters of Raman spectra have been determined in order to
allow recording one spectrum every Celsius degree during
heating or cooling. The acquisition times for each thermal
treatment are summarized in Table 1.

Table 1  Spectral acquisition times for each heating and cooling rate

Heating/Cooling rate ~ Acquisition time (s)  Acquisition interval (s)

(°C/min)

25 22 24
5 10 12
10 8 10
15 6 8
20 4

For isothermal crystallization, the data of polymer crystal-
linity kinetic are extracted using the most widely used method
based on Avrami’s equation (Eq. 1) [41-43].

1-X.(t) = exp(—K.t") (1)

where X(?) is the crystallinity ratio at a time ¢, K is the constant
crystallization rate and 7 is the Avrami’s exponent which de-
pends on the nucleation and the geometry of growth of the
crystalline form.

In order to describe the evolution of the crystallinity during
non-isothermal crystallization, Ozawa’s analyses were per-
formed. According to this theory [28, 44], the non-
isothermal crystallization is a result of a large number of small
isothermal crystallization stages. Parameters of polymer crys-
tallization kinetic according to Ozawa’s theory were extracted
from the following equation (Eq. 2):

1-X (1) = exp <_IZEnT ))

(2)

where X(¢) is the crystallinity ratio at a time ¢, K(7) is the
cooling function at a temperature 7, C is the constant cooling
rate and m is the Ozawa’s exponent which depends on the
nucleation and the geometry of growth of the crystalline form.
For both isothermal and non-isothermal crystallization, the
crystallinity ratio is plotted as a function of the temperature. In
order to determine the Avrami’s and Ozawa’s parameters, a
linearization of the crystallinity evolutions was done applying
a double-logarithmic form to the above described equations.

Experimental results and discussion

Identification of the specific signatures of the amorphous
and semi-crystalline microstructure of PET by Raman
spectroscopy

Raman spectra of both quasi-amorphous and semi-crystalline
PET are presented in Fig. 1. The semi-crystallized material
was obtained by annealing of the initial quasi-amorphous ma-
terial at the cold crystallization temperature of 125 °C for 24 h
to ensure a maximal degree of crystallinity of 29 % as revealed
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Fig. 1 Identification of the specific vibrational signatures for (a)
amorphous and (b) semi-crystalline PET revealed by Raman
spectroscopy

by DSC and WAXS post-analysis. The spectra of Fig. 1 en-
lighten the characteristic vibrational bands peculiar to these
two microstructures since Raman spectroscopy is really sen-
sitive to the molecular conformations of PET [5, 11, 16, 26,
45, 46).

Regarding the architecture of PET macromolecules, they
can arrange themselves following two different conformation-
al states: “Trans” and “Gauche” either of the ethylene glycol
(EG) segment or of the ester function. It was reported in the
literature that PET is able to crystallize only under a global
“Trans” conformation state of both segments [45, 47]. In the
opposite, the amorphous morphology is made of a major frac-
tion of “Gauche” conformations but can contain also “7rans”
one [25, 48, 49].

The vibrational bands assignment can be done easily from
the numerous data encountered in the literature [5, 11, 16, 26,
45, 46]. The 1725 cm™' vibrational band is one of the two
most intense in the PET spectra and corresponds to the
stretching of the C = O bond of the terephthalic acid. This
band is narrower in the semi-crystalline material spectrum
than in the one of the quasi-amorphous [11]. Its Full Width
at Half Maximum (FWHM) can be correlated to the polymer
density [5, 50]. The 1614 cm™ vibrational band is assigned to
the (C-C/C = C) in plane stretching of the benzene ring [5, 11,
51]. The 1003 cm™ ' and 1033 cm ' are two characteristic
vibrational bands of the “Gauche” conformation of the mo-
lecular structure (Fig. 1). The bands are then characteristic of
the amorphous form and represent respectively the C-C and
C-O stretching at the ethylene glycol unit [11]. Once the ma-
terial is wholly crystallized, the 998 cm ™' vibrational band
characteristic of the “7Trans” conformation of the ethylene
glycol appears as a substitute of the two previous bands
[51]. The most significant change that falls within the context
of our study is the vibrational variations of 1096 cm ' and
1118 cm ™' vibrational bands from the amorphous to the
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semi-crystalline form. The 1118 cm ™' band, considered as a
reference, characterizes the C-H rocking in the benzene ring
and the C-O stretching in the ethylene glycol unit [49, 51, 52].
The 1096 cm™ ' band characterizes the combination of C(O)-
O/C-C/C-C (EG) symmetric stretching bonds and describes
the evolution of the conformation from “Gauche” to
“Trans” [45, 53].

Table 2 gathers some characteristic vibrational bands of
PET that will be especially focused on for our further studies.

Figure 2 shows the evolution of the 1096 cm ' vibrational
band from the glassy amorphous state at 40 °C to the semi-
crystalline state at 190 °C just before melting. The 1096 cm ™
vibrational band intensity increases with increasing tempera-
ture which enlightens the initially quasi-amorphous PET crys-
tallization. From these observations, the estimation of the PET
degree of crystallinity is obtained during DSC controlled ther-
mal treatments. The changes that occur in the 1096 cm™" and
1118 cm ! vibrational bands have already been correlated by
Everall et al. in 1994 with the evolution of the material density
characterized by the FWHM evolution of the 1725 cm™" vi-
brational band [54]. However, the intensities of the two pre-
vious considered vibrational bands were not yet considered to
elaborate a ratio able to follow with a good accuracy the real
evolution of the PET crystallization.

Equation 3 is considered as the Raman ratio able to de-
scribe the evolution of crystallinity:

I5(1096 em™)

(3)

I51118 emty + 15(1096 em )

where / 5(1096 e ') and / B(1118 em) are respectively the inten-
sities of the 1096 cm ' and 1118 cm ' vibrational bands.

Considering this Raman vibrational bands ratio, crystalli-
zation evolution shows a similar shape with the one obtained
by conventional DSC (crystallization enthalpy evolution).
However, an important overestimation appears of about
30 %. It is known that the studied PET presents a small initial
fraction of crystalline phase (degree of crystallinity close to
3 %). However, it cannot explain this large difference. So,
Fig. 3 compares the Raman spectra of the studied quasi-
amorphous PET to the one in case of a 100 % amorphous
PET (obtained after fast cooling from the melt).

Table 2 Assignments of characteristic vibrational bands for
Poly(ethylene terephthalate)

Raman vibrational Chemical bond Vibrations

bands

1096 cm™! C(0)-0O/C-C/C-C (EG) Symmetric stretching

1118 cm! C-H/C-0 Rocking/Stretching

1614 cm™! cc/ic=cC Ring symmetric stretching
[5, 11, 51]

1725 cm™! C=0 Stretching [11, 50]
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Fig. 2 Focus on the wavenumbers range 1060 cm™' — 1160 cm'. a Evolution as a function of temperature from 40 °C to 190 °C at 5 °C/min of the
Raman spectra of the initially quasi-amorphous PET, b quasi-amorphous PET Raman spectra at 40 °C, ¢ semi-crystalline PET Raman spectra at 190 °C

In Fig. 3 (a), at 40 °C, the intensity of 1096 cm ™' vibration-
al band is higher than the one observed in Fig. 3 (b) which
illustrates the 1096 cm ™' and 1118 cm ™" bands at 40 °C in case
of 100 % amorphous PET. As a conclusion, in case of 100 %
amorphous PET, the 1096 cm™' vibrational band still exists
and exhibits an initial intensity value (1 (1096 cm™! )u) which has

to be also taken into account in Eq. 3. A Raman criterion
taking into account these initial values of the 1096 cm " vi-
brational band is presented in Eq. 4 and can be considered as
an accurate expression allowing the quantitative determina-
tion the degree of crystallinity of PET:
I5(1096 ey 15(1096 em™)a

rRaman _
. =

(4)

51118 emty + 15(1096 em )

where 15(1096 em™) 15(1096 em™a and 16(1118 em!) AIC the in-

tensities of the 1096 cm ™', 1096 cm ™" in the 100 % amorphous
state and 1118 cm ! vibrational bands respectively.

The evolutions of 72" and degree of crystallinity deter-
mined simultaneously by DSC as a function of the tempera-
ture are plotted in Fig. 4(a). A good correlation is now ob-
served (Fig. 4(b)) in terms of shape and value. Only a slight
shift to higher temperatures can be noticed in case of DSC
results and can be explained by the fact that Raman
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)
< 4
>
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c
g J 4
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spectroscopy data are acquired in a more reactive way than
those obtained by DSC and moreover Raman spectroscopy is
sensitive to the change of PET conformations whereas DSC is
not. Hence, Raman results seem to be more accurate than
those obtained by DSC.

Monitoring of the PET microstructural transitions
by Raman spectroscopy in real time during thermal
treatments

To monitor the microstructural transitions of the PET during a
constant heating scan at 5 °C/min from 40 °C to 300 °C,
FWHM and positions of the 1614 cm ™' and 1725 cm ™" vibra-
tional bands were investigated. Figure 5 illustrates their both
evolutions as a function of temperature. The position of the
symmetrical stretching vibration of the C-C/C = C bond of
the benzene ring shifts linearly to smaller wavenumbers from
1614 cm ™' to 1609 cm ' with the increase of temperature
(Fig. 5(a)). By contrast, the position of the stretching vibration
of the C = O ester bond shifts to higher wavenumbers from
1725 cm™" to 1727 cm™" until the temperature range of 120 °C—
125 °C corresponding to the characteristic temperature range of
the cold crystallization process (Fig. 5(b)). Then, from 130 °C
and 235 °C, the position keeps constant at 1727 cm ' until the

[PET-DSC/Raman
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Fig.3 Tllustration of the contribution of the initial crystallinity ratio of the studied PET in the Raman spectrum: a 1096 cm ™' and 1118 cm ™" bands of the
quasi-amorphous PET and b 1096 cm ™" and 1118 cm™' band of 100 % amorphous PET
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Fig. 4 a Evolutions of the crystallinity ratio by Raman Spectroscopy and DSC, b Correlation curve between Raman and DSC results

melting. Once passed through, it reaches the 1731 cm " final
position. Figure 5(c) shows the evolution of the FWHM of the
1614 cm™' vibrational band which increases almost linearly
from 11 cm™' to 15 cm ' with increasing temperature from
40 °C to 300 °C. Figure 5(d) shows the FWHM evolution of
the carbonyl vibrational band which keeps constant at 26 cm ™
until 120 °C. Then, the FWHM decreases considerably to
21 cm™" in the temperature range of 120 °C to 125 °C which
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corresponds to the cold crystallization process. This last value is
kept constant until 235 °C. In the range of melting temperature
(235 °C-250 °C) the FWHM of carbonyl increases and reaches
its initial state at 26 cm ' (Fig. 5(d)).

Shifts of bands position to higher or lower values are due to
mechanical and/or thermal overloads leading to the compres-
sion (higher wavenumbers) or the stretching (lower
wavenumbers) of the molecular bonds. This evolution of the
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Fig. 5 During a constant heating rate of 5 °C/min: a, b Evolutions of the 1614 cm ™' and 1725 cm ™! vibrational bands position, respectively and ¢, d
FWHM evolutions of the 1614 cm ' and 1725 cm ™" vibrational bands, respectively
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C = O vibrational band indicates a two time compressive state
due to the temperature increase and the changes in the geomet-
rical structure of the monomeric unit from a disordered amor-
phous phase to a regular crystalline state (Fig. 5(b)). Due to
their location, on both sides of the axis of the PET macromol-
ecule, these carbonyl bonds undergo an internal stress due to the
molecular arrangement to “7rans” conformation at the cold
crystallization temperature. The position then keeps constant
because the material reaches its maximum crystallinity ratio.
On the other side, the (C-C/C = C) vibrational band shifts to
the lower wavenumbers (Fig. 5(a)). This downward trend, char-
acterizes the stretching of the (C-C/C = C) bonds due to the
temperature increase to the crystallization zone inducing the
arrangement of the PET molecule along the same axis. After
the cold crystallization process and approaching the melting
temperature, an opposite trend of the two positions is expected.
But a second compressive state is observed in the case of the
carbonyl groups vibrational band and the (C-C/C = C) vibra-
tional band continues moving towards low wavenumbers. As
decoupling mechanical and thermal contributions is difficult,
these trends are due to both the thermal effect and to the internal
stress occurring in the PET macromolecule [55, 56]. The evo-
lution of these two vibrational bands to high wavenumbers for
the carbonyl vibration and to low wavenumbers for (C-C/
C = C) vibrational band is due to a possible balance between
melting and recrystallization phenomenon occurring simulta-
neously at the melting process.

FWHM of specific vibrational bands is related to static and
dynamic environmental disorder occurring in the material
structure. Indeed, a narrow peak corresponds to a regular spa-
tial organization which characterizes a semi-crystalline form of
the polymer whereas a broad peak corresponds to a disordered
structure corresponding to the amorphous state [53, 57]. So,
the FWHM can be correlated with the total density which
means that it may describe the evolution of the crystallinity
of the material. The changes that occur in the terephthalate
segment of the PET molecule are responsible for the amor-
phous or semi-crystalline phases. Indeed, the carbonyl groups
symmetrically placed in the same plane as the benzene ring are
in “Trans” conformation in the semi-crystalline state. This con-
figuration is characterized by its regularity implying a narrow
C = O vibrational band (Fig. 5(d)). By increasing the tempera-
ture, the molecular mobility becomes easier which leads to
some rotation of the carbonyl groups out of the benzene plane.
Each rotational state is represented by a different vibrational
stretching frequencies which may be responsible of the broad-
ening of the C = O band in comparison to the crystalline state
[48, 58]. Approaching the cold crystallization temperature, the
carbonyl groups tend to be in a “Trans” conformation in the
same plane as the benzene ring and the bandwidth of the C=0
stretching vibration becomes narrower. Figure 5(c) shows that
the bandwidth of the C-C/C = C stretching vibration
(1614 cm ") is not sensitive to the characteristic temperatures

because of the planarity of the benzene ring which is main-
tained in both amorphous and crystalline phases.

Regarding the evolution of the 1725 cm™' FWHM of
Fig. 5(d), its derivative as a function of temperature is plotted
in Fig. 6. The DSC thermogram obtained in situ is also given.
Perfectly similar shapes are observed. Thus, it is shown that
the % allows the determination of the characteristic tem-
peratures of the material, glass transition, cold crystallization and
melting which corresponds exactly to the characteristic temper-
atures determined by DSC (onset, maximum and endpoint).

% and the heat flow are also plotted as a function of
temperature at different heating rates in order to confirm the
determination of the characteristic temperature by Raman
spectroscopy (Fig. 7). Both by DSC and Raman spectroscopy,
the glass transition and the cold crystallization temperatures
increase and the melting temperatures decrease with increas-
ing the heating rates. These evolutions confirm that FWHM is
sensitive to macromolecular changes occurring during thermal
treatments. The characteristic temperatures determined by
DSC and Raman spectroscopy are presented in Table 3.

The temperatures determined by both DSC and Raman
spectroscopy are the same. In addition the difference between
the areas of the melting and the cold crystallization peaks for

both heat flow and % curves gives the same value

which means that we are able to determine the crystallinity
ratio of our material only by realizing Raman scans.

Study of the crystallization kinetics of the PET by Raman
spectroscopy

Isothermal and non-Isothermal crystallizations were per-
formed to study the crystallization kinetics of PET applying
the previously proposed Raman crystallinity ratio criterion.

L} L "‘ L} L) L) L) L)
i) ——Heat Flow
tExo up i - - -~ d(FWHM)/dT
- g |2
5 i1y D
3 DU & SO I
3 Y =
o Mo h =
- Cold {2
[+ - . .
o crystallization i Melting
= — ' 3 : L;'-,
i J T
: ] S
o =7R0, = o - oV N
T,=76°C ;T =125°C T, =248°C’
L) L)

L] L] L] L] L) L)
60 90 120 150 180 210 240 270 300

Temperature (°C)
Fig. 6 Comparison between the DSC thermogram and the differential
evolution of FWHM of the 1725 cm ™' vibrational band <™
(derivative of Fig. 5 (d) curve) plotted as a function of temperature at a
constant heating rate of 5 °C/min
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Fig. 7 a Heat flow and b d
Isothermal crystallization

In order to characterize the crystallization kinetics of PET by
Raman spectroscopy, a classical isothermal crystallization
using the Avrami theory is used to validate the proposed
Raman crystallinity criterion and test if the Raman results
are in agreement with those obtained by the DSC method.

These two different methods are used in order to study the
thermal response of the material from the glassy state due to
the presence of initial crystallites (X.=3%) and from the melt
after eliminating its thermal history. From the glassy state, the
material is annealed at 115 °C, 120 °C and 125 °C just before
the cold crystallization temperature (Fig. 8(a)). From the melt,
the material is cooled at a constant cooling rate of 5 °C/min
and then maintained at 210 °C, 205 °C and 200 °C just above
the cold crystallization temperature (Fig. 8(b)).

Both methods show similar evolutions. These observations
confirm once again that the considered ratio 77" describes
well the real evolution of the crystallinity and that the Raman
results are sensitive to the temperature at which the material is
annealed or cooled. In order to determine the nucleation/
germination modes, the Avrami’s equation is then double-
linearized by considering a standard method consisting of
plotting the data on the logarithmic scale. The results of both
methods (from the glassy state and from the melt) determined
by Raman spectroscopy and confirmed by DSC are shown in
Fig. 9.

|PET-Raman tExo

d(FWHM)/dT (cm'/°C)

L) L) L) L) L)
40 80 120 160 200 240 280
Temperature (°C)

(b)

—— as a function of temperature at different heating rates

Using Eq. 1 for the isothermal crystallization performed
from the glassy state (Fig. 9(a) and (b)), the resulting curves
show straight lines with a slope n. Unlike those obtained by
cooling from the melt (Fig. 9(c) and (d)) which describe a two
stage behavior. The first stage corresponds to the primary
crystallization and the second one corresponds to the second-
ary crystallization which occurs in the interlamellar regions
(once spherulites are in contact one with the other). An influ-
ence of the temperature is noted for both methods of isother-
mal crystallization which leads to a variation on the Avrami’s
exponent as shown in Table 4.

At annealing temperatures of 120 °C and 125 °C, the crys-
tallization rates are high since crystallization half-time (¢,,,)
are short: 2.25 and 0.8 min, respectively. The determined n
values are close to 2 that indicates a heterogeneous two di-
mensional growth of crystals. This heterogeneous nucleation
is probably due to the low value of the initial crystallinity ratio
of our material which can be considered as preferential loca-
tions for nucleation [59]. However, at lower annealing tem-
perature (7= 115 °C), n is close to 4 and ¢,, is close to 5 min.
The crystallization rate is then very low even if there are pref-
erential sites for nucleation. Regarding the # value, the nucle-
ation is homogeneous with a three-dimensional crystals
growth.

Consequently, the crystals nucleation and growth modes
are linked to the crystallization rate and thus to annealing
temperature. The higher the temperature, the higher the

Table 3 Characteristic

temperatures determined by DSC Raman Spectroscopy
DSC and Raman spectroscopy
Heating rate (°C/min) T, (°C) Tee (°C) T (°C) T, (°C) Tee (°C) T: (°C)
2.5 74 122 248 75 123 249
5 76 125 247 76 126 248
10 77 132 245 77 133 246
15 78 136 245 79 137 245
20 80 140 244 80 140 244
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Fig. 8 Evolutions of the crystallinity ratio as a function of the time by Raman spectroscopy and DSC: a annealing from the glassy state and b cooling

from the melt

molecular mobility and then higher is the crystallization rate.
But, a fast crystallization leads to imperfect crystals which are
localized essentially in the initial nucleation sites because at
high temperatures the nucleation is disadvantaged. At the op-
posite, the molecular mobility is difficult at lower tempera-
tures which favor the nucleation process to the detriment of
the crystallization rate. So, the influence of the crystallites
initially present in the material is very low.
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Considering the isothermal crystallinity from the melt,
two different types of crystallization are observed: prima-
ry and secondary crystallization. For the primary crystal-
lization, the average value of n is close to 4 which mean
that, from the melt where the material is completely amor-
phous, we are in the case of homogeneous nucleation with
a three-dimensional growth. The second type is character-
ized by an average value of n close to 3 describing a
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Fig. 9 Comparison between the Avrami’s plots for the PET determined by DSC and Raman spectroscopy: a, b annealing from the glassy state and ¢, d

cooling from the melt
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Table 4 Avrami’s exponent n

and 7;/, obtained by data analysis T(°C) t1/2 (min) Avrami exponent 7
from Raman spectroscopy and
DSC for the two methods of Primary Secondary
isothermal crystallization crystallization crystallization
From the glassy state Raman spectroscopy 115 4.98 4 -
120 2.25 2.1 -
125 0.8 1.9 -
DSC 115 4.95 4.2 -
120 2.23 23 -
125 0.73 1.7 -
From the melt Raman spectroscopy 200 493 3.6 1.6
205 8.35 3 13
210 12.78 38 23
DSC 200 498 3.9 2.5
205 8.41 3.1 1.7
210 12.85 4.2 2.7

heterogeneous nucleation occurring in the interlamellar
zones of the spherulites formed during the first step of
crystallization (primary crystallization). In addition, it is
noticed that the shorter the ¢;,,, the faster the crystalliza-
tion rate. The crystallization half-time increases with tem-
perature. At high crystallization temperature, the supercooling

degree is lower which leads to difficulties in the formation of

nuclel.

Thus homogeneous nucleation with a three dimensional
growth can be obtained either from the amorphous form
(melted material) or from an initial low crystallized material
annealed with a low crystallization rate.
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Fig. 10 Evolutions of a FWHM of the carbonyls vibrational band, b Heat flow and ¢
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Raman spectroscopy and DSC for the non-isothermal crystallization

The values of n and the crystallization half-time ¢;,, obtain-
ed by Raman spectroscopy are in complete agreement with
those obtained by DSC.

Non-isothermal crystallization

To describe the non-isothermal crystallization of PET, Ozawa
theory, extension of the Avrami’s, is used to validate the pro-
posed Raman crystallinity criterion and test if the Raman re-
sults are in agreement with those obtained by the DSC
method.

The evolution of the FWHM and % of the carbonyl
groups vibrational band are plotted as a function of tempera-
ture at each cooling rate (Fig. 10).

As it is noticed in Fig. 5(d) and Fig. 6, the FWHM which
describes the environmental disorder in the material, is too
sensitive to the characteristic temperatures. Figure 10(a)
shows the evolution of the bandwidth of 1725 cm™" vibration-
al bands. At the beginning of the cooling procedure, the
FWHM value is 26 cm ' corresponding to the same value
obtained after heating to melting. With decreasing tempera-
ture, FWHM decreases more or less rapidly depending on the
cooling rate which describes an organization of the
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macromolecular structure of the material. At 2.5 °C/min
(low cooling rate), the FWHM reaches the value of
17.8 cm ' against 22.3 cm™ " at 20 °C/min (high cooling rate).
These values correspond respectively to a high and low crys-
tallinity ratio which confirms the dependence of this vibration-
al band on the macromolecular arrangement and cooling or
heating rates. Indeed, Fig. 10(c) shows a complete agreement
between the % obtained by Raman spectroscopy with
the Heat Flow evolutions from DSC data (Fig. 10(b)). The
crystallization temperatures follow the same evolution wheth-
er if they are determined by one or the other technique. The
temperatures correspond to the inflection point of the FWHM
curves.

Figure 11 shows the evolution of the crystallinity deter-
mined by DSC and by Raman spectroscopy using the
Raman ratio 78" As it has been observed earlier, the results
obtained from those two technics are in complete agreement.

In order to determine the nucleation modes for the crystal-
lization of the PET from the melt, the Ozawa’s equation is
linearized by considering a double logarithm. In(-In(1-X.))
is then plotted as a function of /nC where C corresponds to the
different crystallization rates (2.5, 5, 10, 15 and 20 °C/min). It
is usually predicted that Ozawa plots for the dynamic crystal-
lization describe straight lines at each temperature [28, 35] but
in Fig. 12, two kinetic regimes are identified. As it is observed
applying Avrami’s theory, these two regimes correspond to a
primary crystallization process at low crystallinity fraction and
a secondary crystallization process at high crystallinity frac-
tion. It is also noticed that the fractional crystallinity corre-
sponding to the change of slope increases with increasing
temperature describing a linear function of temperature (red
dashed lines in Fig. 12).

The temperatures used to conduct the Ozawa analysis of
non-isothermal crystallization are 210 °C, 190 °C, 170 °C
and 150 °C. Non-isothermal study reveals a complete
agreement between the Ozawa exponent values either if
they are determined by Raman spectroscopy or by DSC
(Table 5).

10

PET-Raman = 210°C
e 190°C
54 N i A 170°C
Secondary crystalllzatlon/, v 150°C
g 04
£
2 o
S
< 51
£
£ 104
154 . N~
Primary crystallization
-20 T T T T T T

L)
0.0 0.5 1.0 1.5 2.0
In(C)

25 3.0 35 4.0

(b)

Fig. 12 Ozawa plots for non-isothermal crystallization of PET determined by a DSC and b Raman spectroscopy

@ Springer



93 Page 12 of 14

J Polym Res (2016) 23: 93

Table 5 Ozawa exponent m obtained by data analysis from Raman
spectroscopy and DSC

T(°C) Ozawa exponent m

Raman spectroscopy DSC
Primary Secondary Primary Secondary
crystallization crystallization  crystallization crystallization
210 4.8 1.7 49 1.66
190 33 1.35 35 1.32
170 25 1.01 2.8 0.96
150 24 0.63 2.5 0.62

An influence of the temperature on the Ozawa exponent is
noted. Indeed, m increases with increasing temperature. The
same trend had already been observed for isothermal crystal-
lization from the melt (Table 4). As it is described in Table 5
for the primary crystallization, at higher temperature (well
above crystallization temperature), growth rate is low which
favors homogeneous nucleation with a three dimensional
growth (m value is close to 4). At 170 °C and 150 °C, the
average m value is rather close to 3 corresponding to a
heterogeneous three dimensional growth. This behavior is
due to the nucleation sites that are already in progress be-
cause at these both temperatures, the crystallization has
already started whatever the value of the cooling rate
(Fig. 10(b)). For the secondary crystallization, m increases
with the temperature. At 150 °C, 170 °C and 190 °C, the
average value of m is close to 1 corresponding to a hetero-
geneous one dimensional crystallization occurring in the
interlamellar zones of the spherulites at the end of the crys-
tallization process. But at 210 °C, m is rather close to 2
which correspond to a heterogeneous two dimensional
growth occurring also in the interlamellar zones of the
spherulites in order to complete the crystallization proce-
dure. This m value (close to 2) corresponds to the same
result at 210 °C obtained by Avrami’s theory applied during
an isothermal crystallization from the melt.

Conclusion

In this paper, in situ Raman acquisitions during controlled
thermal treatments ensured by the DSC apparatus have
allowed us a real-time monitoring of the microstructural evo-
lutions that occur in the PET material.

Following the 1725 cm ™" vibrational band allowed to high-
light the importance of the carbonyls in the description of the
regularity and the disorder occurring in the polymer during
thermal treatments. In addition, the characteristic temperatures
of the material are easily determined. Thanks to the 1096 cm
vibrational band evolutions, quantifying the degree of

@ Springer

crystallinity of PET with a good precision by using the 7%
Raman ratio, is now possible by performing a Raman scan.

Furthermore, Raman measurements allowed us to deter-
mine Avrami and Ozawa exponents by performing isothermal
and non-isothermal measurements. Ozawa and Avrami ex-
pressions play an important role in the study of the crystalli-
zation kinetic especially when technics such as Raman spec-
troscopy are used. According to some studies, » and m do not
correlate with the crystallization temperatures [60—62], but our
results prove that the opposite occurs.

Raman spectroscopy has been able to detect all the changes
that happen when thermal treatments are applied to a polymer
material in addition to the vibrational informations. The ex-
amination of kinetics and all the changes that occur at the
functional group level has been possible using this new
approach.

As a perspective to our study, crystallinity, nucleation
modes and even characteristic temperatures of a polymer ma-
terial can be determined during an extrusion process as an
example using Raman spectroscopy as a real time monitoring
probe.

Acknowledgments We are grateful to Kaiser Optical System for lend-
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