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Effect of structural relaxation of glassy PET on crystallization process
observed by the simultaneous DSC–XRD and DSC–FTIR
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Abstract

The effect of structural relaxation of the glassy poly(ethylene terephtalate) (PET) caused by annealing below its glass transition temperature
(Tg) on the cold-crystallization observed was investigated by the simultaneous DSC–FTIR and DSC–XRD methods. The nucleation and the
conformational ordering processes proceeded faster by annealing. From the relationship between the absorbance change and the exothermic
heat during the cold-crystallization, the heat of cold-crystallization for the unannealed PET was caused mainly by the conformational ordering.
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or the annealed PET, the long range ordering contributed to the heat of crystallization in the late stage of cold-crystallization,
lso confirmed by the DSC–XRD method.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ordering of poly(ethylene terephtalate) (PET) from
he glassy state in the heating process proceeds as: (1)
he nucleation immediately after glass transition, (2) the
rystal growth and the formation of metastable crystals
cold-crystallization) and (3) the ordering of metastable
rystals just before the melting (re-organization). These
tructural changes can be observed in the temperature range
f about 150◦ between the glass transition temperature

Tg) and the melting temperature (Tm). As the glassy state
s non-equilibrium state, the relaxation of thermodynamic
uantities occurs toward the equilibrium state. This relax-
tion phenomenon in the glassy state is known as volume
nd enthalpy relaxations[1–3]. The enthalpy relaxation, one
f the thermodynamic quantities, occurs by annealing below
g and it is attributed to the internal main chain rotation
esulting in the structural relaxation of polymeric glass
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[4,5]. It is well known as “physical aging” that the physi
properties of polymeric glass are influenced by the enth
relaxation[6]. The ordering processes of PET are expe
to be influenced by the structural relaxation occurring
annealing at temperature belowTg.

The conformational and structural changes of polym
materials during various thermal events are observed o
time by the simultaneous DSC–FTIR and DSC–XRD me
[7–9]. Especially for the crystallization, we can evaluate
conformational change and transition heat at the same
by DSC–FTIR. In this study, we will discuss about the ef
of structural relaxation on the cold-crystallization using
degree of enthalpy relaxation as the order-parameter of g
state.

2. Experimental

PET (Mn = 25,000, Mw/Mn = 2.5) supplied from Toyo
Co. Ltd., Japan, was used for the experiments. The
annealing PET was obtained by quenching the sample
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the molten state to ice water (quenched PET). The quenched
PET was annealed for various periods at 60◦C in DSC (an-
nealed PET).

DSC measurement was carried out to obtain the relaxation
enthalpy (�Hr). Each annealed sample was measured from
room temperature to 300◦C at a heating rate of 10 K min−1.
The sample was quenched from 300◦C to room tempera-
ture immediately after heating, and then was heated again to
200◦C under the same condition.

The simultaneous DSC–FTIR measurement was carried
out by setting the simultaneous DSC instrument[10] on
the JASCO FTIR 620 with mercury cadmium telluride
(MCT) detector in the wavelength range between 4000 and
650 cm−1. A PET sample about 2 mg was put between thin
KBr disks and clamped in an aluminum DSC vessel. The ac-
cumulation of one spectrum and the wave number resolution
were 32 times and 2 cm−1, respectively. Under this condition,
the time resolution was 15 s. The scanning rate of DSC was
8 K min−1.

The simultaneous DSC–XRD measurement was carried
out by setting the simultaneous DSC instrument on the X-
ray scattering optics at BL-10C of Photon Factory, High
Energy Accelerator Research Organization, Tsukuba, Japan.
The monochromatic synchrotron radiation X-ray filtered by
double Si crystals was used for the DSC–XRD measurement.
The wavelength of the X-ray was 0.1448 nm. The scatter-
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Fig. 2. Relationship between onset temperature of cold-crystallization and
relaxation enthalpy.

transition region (Tg = 76.2◦C) were observed, and for the
annealed PET at 60◦C for 200 h (right) an endothermic peak
appeared in the glass transition regions and the exothermic
peak due to cold-crystallization (Tcc≈ 118◦C) sharpened.

The relaxation enthalpy (�Hr) was obtained from the sub-
traction of DSC curves using the following equation:

�Hr =
∫ 200

◦
C

Ta

Cpa
−

∫ 200
◦
C

Ta

Cpq
dT (1)

where,Cpa
andCpq

are the heat capacities of annealed PET
and quenched PET, respectively, provided that�Hr for the
quenched PET is assumed to be 0.0 J g−1. The relaxation time
(τ) was obtained from Kohlrausch–Williams–Watts (KWW)
function[11].

�Ht = �Cp(Tg − Ta) exp

{
−

( t

τ

)β
}

(2)

where�Ht(=�Cp(Tg − Ta)−�Hr) is excess enthalpy,�Cp is
theCp jump atTg, Ta is the annealing temperature (Ta < Tg)
andβ is a parameter corresponding to the relaxation time
distribution (β< 1).�Hr of samples for DSC–FTIR measure-
ment were 0.0, 1.7, 3.8 and 5.7 J g−1. τ was 78.1 h at 60◦C,
provided thatβ = 0.6[12]. Fig. 2shows the onset temperature
of cold-crystallization as a function of�Hr. The onset tem-
perature of cold-crystallization decreased with the increase

ft) and
ng vectorq = 4π sin θ
λ

range of XRD was between 0.08 a
.3 nm−1, where 2θandλ are the scattering angle and the
ay wavelength, respectively. A PET sample of about 7
as clamped in an aluminum DSC vessel. Time resolu
f XRD was 30 s. The scanning rate of DSC was 2 K min−1.

. Results and discussion

Fig. 1 shows the DSC curves of the quenched PET
he annealed PET (�Hr = 5.7 J g−1, �Hris shown below). A
een inFig. 1, for the quenched PET (left) the heat fl
ump at glass transition and the endothermic peak in the

Fig. 1. DSC curves of quenched PET (le
 annealed PET (right) on heating at 10 K min−1.
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Fig. 3. Raw DSC result (A) and stacked FTIR spectra (B) for PET annealed for 220 h at 60◦C observed by the simultaneous DSC–FTIR method on heating at
8 K min−1.

of �Hr suggesting that the nucleation was accelerated by
annealing belowTg.

The simultaneous DSC–FTIR result for annealed PET
(�Hr = 5.7 J g−1) on heating at 8 K min−1 is shown inFig. 3.
In this temperature range from 30 to 300◦C, the glass transi-
tion, the cold-crystallization and the melting were observed
at around 75, 110 and 240◦C, respectively. In the wave num-
ber range between 1100 and 700 cm−1, the rocking vibration
modes of methyl units (gauche, 896 cm−1; trans, 848 cm−1)
and the stretching vibration mode of ether unit (gauche,
1042 cm−1; trans, 973 cm−1) are related to conformation of
ethylene units[13]. Originally, these bands are considered to
assign to the conformation of methyl units. However, the vi-
bration mode direction of ether unit is parallel to the direction
of in-plane vibration mode of aromatic unit. Therefore, the
band at 973 cm−1 seems to be affected by the ordering of aro-
matic units. We paid attention to the bands correspond to trans
conformation, which increased in absorbance at the cold-
crystallization. The absorbance values of bands mentioned
here were normalized by the absorbance at 795 cm−1 (C O
rocking vibration mode + CCO scissoring vibration mode).

Fig. 4shows the absorbance change at 848 and 973 cm−1

during the cold-crystallization. Comparing the absorbance

F -
s si-
m d
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(

change at 848 cm−1 with 973 cm−1 in the cold-crystallization
region, the increment at 973 cm−1 was faster than that of
848 cm−1. This fact indicated that the ordering of aro-
matic units occurred faster than the conformational order-
ing of ethylene units during the nucleation and the initial
stage of crystallization. Comparing the absorbance change
of quenched PET and annealed PET, the absorbance of an-
nealed PET starts to increase at a lower temperature than that
of quenched PET. It indicated that the conformational order-
ing of annealed PET occurred faster than that of quenched
PET. This corresponds to the decreasing of the onset tempera-
ture of cold-crystallization obtained by DSC shown inFig. 2.
The increasing rate (shown as slopes of lines inFig. 2) of
the absorbance at 973 cm−1 during the cold-crystallization is
greater for the annealed PET. The same tendency was also
observed at 848 cm−1, but the difference between quenched
and annealed PETs was small. These data indicated that the
crystalline growth rate became faster for the annealed PET
than the quenched PET. It is equivalent to the sharpening of
DSC exothermic peak for the annealed PET (seeFig. 1).

Fig. 5shows the relationship between the increase of ab-
sorbance obtained by FTIR method, which reflects the degree
of conformational ordering and the exothermic heat obtained
at the same time from DSC during the cold-crystallization.
The plots are on the straight line up to 90% for quenched
P cold-
c ring
o as
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s ring
(
o

�
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ig. 4. Absorbance changes at 848 and 973 cm−1 normalized by the ab
orbance at 795 cm−1 at the cold-crystallization region observed by the
ultaneous DSC–FTIR method on heating at 8 K min−1 for the quenche
ET (�Hr = 0.0 J g−1; A, 973 cm−1; D, 848 cm−1) and the annealed PE

�Hr = 0.0 J g−1; B, 973 cm−1; C, 848 cm−1).
ET suggesting that the exothermic heat observed at the
rystallization is almost due to the conformational orde
f PET, while it is to 60% for the annealed PET (shown
roken lines).

The exothermic heat of the crystallization (�Hcrys) con-
ists of three ordering factors: as conformational orde
�Hconf), positional ordering of molecular chain (�Hpos) and
rientation of molecular chain (�Hori) [14] (see Eq.(3)).

Hcrys = �Hconf + �Hpos+ �Hori (3)

ast two factors of long range ordering begin to occur in
ate stage of cold-crystallization, when the DSC exothe
eak approaches to the base line and continues to th
rganization just before melting[15]. It is considered that th
onformational orderings occur mainly for the quenched
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Fig. 5. Relationship between the absorbance change at 848cm−1 (left) and 973cm−1 (right) and the exothermic heat (�Hr; (�): 0.0 (�): 1.7 (�): 3.8 (©)
5.7 J g−1).

Fig. 6. The raw DSC curve (A) and stacked XRD profile (B) for PET annealed for 170 h at 60◦C observed by the simultaneous DSC–XRD method on heating
at 2 K min−1.

during the temperature range of the DSC exothermic peak,
while other two factors occur in addition for the annealed
PET.

To examine about the formation of long range ordering
in further detail, we measured the cold-crystallization region
by DSC–XRD. The values of�Hr of samples for this mea-
surement were 0.0 and 5.8 J g−1. Fig. 6 shows the results
of simultaneous DSC–XRD measurement of annealed PET
(�Hr = 5.8 J g−1) on heating at 2 K min−1.

As shown in XRD three-dimensional profile inFig. 6(B),
a diffraction peak due to the long period appeared at around
122◦C and it is after the DSC exothermic peak appears. The
q value of the diffraction peak is 0.49 nm−1 and the long
period calculated from 2π/q is 12.8 nm for the annealed PET.
It was observed that the diffraction peak for the quenched PET
appeared at higher temperature. It reveals that the formation
of long period ordering occurs earlier for the annealed PET
than the quenched PET.

4. Conclusions

From the simultaneous DSC–FTIR and DSC–XRD ob-
servations of ordering process of PET, the nucleation and the

conformational ordering were stimulated by structural relax-
ation of glassy state. The ordering of aromatic units was faster
than that of ethylene units during the cold-crystallization.
Further, the long range orderings such as ordering of posi-
tion and orientation occurred earlier for the annealed PET
than the quenched PET. For the quenched PET, the heat of
cold-crystallization was mainly due to the conformational or-
dering. For the annealed PET the heat of cold-crystallization
was due to the long range ordering addition with conforma-
tional ordering.

References

[1] A.J. Kovacs, Fortsch. Hochpolym.-Forsch. 3 (1963) 394–5071.
[2] M. Goldstein, M. Nakoneezny, Phys. Chem. Glasses 6 (1965)

171–178.
[3] H. Suga, S. Seki, J. Non-Cryst. Solids 16 (1974) 171–194.
[4] H. Yoshida, Netsu-Sokutei 13 (1986) 191–199.
[5] H. Yoshida, Thermochim. Acta 266 (1995) 119–127.
[6] L.C.E. Struik, Physical Aging in Amorphous Polymers and Other

Materials, Elsevier, Amsterdam, 1878.
[7] H. Yoshida, J. Therm. Anal. 49 (1997) 101–105.
[8] H. Yoshida, J. Therm. Anal. Calorim. 55 (1999) 679–685.
[9] H. Yoshida, Netsu Sokutei 26 (1999) 141–150.



T. Yoshii et al. / Thermochimica Acta 431 (2005) 177–181 181

[10] H. Yoshida, R. Kinoshita, Y. Teramoto, Thermochim. Acta 264
(1995) 173–183.

[11] G. Williams, D.C. Watts, Trans. Faraday Soc. 66 (1970) 80–85.
[12] H. Yoshida, Koubunnshi Ronbunshu 53 (1996) 874–876.

[13] T.R. Manley, D.A. Williams, Polymer 10 (1969) 339–384.
[14] K. Takamizawa, in: JSPS (Ed.), The Principle of Polymer Physics,

Kyouritu-Syuppann, Tokyo, 1993, p. 286.
[15] M. Imai, K. Kaji, Kotaibutsuri 32 (1997) 1–8.


	Effect of structural relaxation of glassy PET on crystallization process observed by the simultaneous DSC-XRD and DSC-FTIR
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


