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Abstract

The effect of annealing on an amorphous poly(ethylene terephthalate) sheet is described in this
article. Poly(ethylene terephthalate) (PET) sheet samples of different crystallinity were obtained by
annealing originally amorphous PET sheets. The annealed PET sheet samples were characterized a
differential scanning calorimeter (DSC), ultra-violet(UV)-visible spectrometry and X-ray diffraction.
The PET sheet samples annealed at 80 or 100°C for 50 min remain amorphous. But the PET sheets
annealed at 120°C or above for 50 min show significant crystallization. Thus, an annealing temperature
of 110°C has been chosen for obtaining PET sheet samples of different crystallinity. It can be seen that
as the annealing temperature or time increases, the crystallinity follows an increasing trend. The DSC
and light transmittance data show that the crystallization rate after 40 min of annealing is much lower

that before 40 min of annealing at 110°C.
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1. INTRODUCTION

Poly(ethylene terephthalate) (PET) is an important polymer material and
widely used in fibers, films, bottles and plastics[Davis(1988), Goodman(1988),
Jadhav(1988), Werner(1988)]. Poly(ethylene terephthalate) can be obtained as an
amorphous solid by quenching from the melt. Poly(ethylene terephthalate) can also
crystallize to a semi-crystalline material. The properties of poly(ethylene
terephthalate) is strongly dependent on the crystallinity, and a lot of efforts have
been made on this[Daniels(1958), Ellis(2000), Field-Russell(1970), Jabarin(1982),
Johnson(1959), Khanna(1996), Khanna(1997), Li(2004), Lu(2002),
Maruhashi(1992), Maruhashi(2001), Matthews(2004), Miyake(1959), Murthy(2003),
Polyakova(2001), Rezaei(2005), Rwei(2000), Zumailan(2004)]. Typical properties
under investigation include IR[Daniels(1958), Miyake(1959)], UV[Jabarin(1982)],
X-ray diffraction[Field-Russell(1970), Johnson(1959), Murthy(2003)] and
DSC[Field-Russell(1970), Khanna(1997)].

The crystallization of poly(ethylene terephthalate) is influenced by various
factors such as molecular weight, catalyst system, comonomer content, nucleating
agent and crystallization conditions[Khanna(1996)]. For example, orientation can
cause stress-induced crystallization and influence the -crystallinity[Ellis(2000),
Khanna(1996), Maruhashi(1992), Maruhashi(2001), Zumailan(2004)]. The
annealing of oriented poly(ethylene terephthalate) causes the polymer to crystallize,
sometimes the process is called as heat setting. However, the crystallinity and the
rate of crystallization are dependent on the crystallization temperature, and also on
the amount of orientation in the amorphous phase[Khanna(1996)]. If amorphous
poly(ethylene terephthalate) sheets without orientation are annealed, the effect of

orientation can be excluded, and intrinsic relations between properties and the
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crystallinity may be observed. In this article, amorphous poly(ethylene terephthalate)
sheets were annealed to obtain samples of different crystallinity, and various

properties were characterized.

2. EXPERIMENTAL
Materials.

The amorphous PET sheet samples of 1 mm thickness, A-PET, were obtained
from Nan Ya Plastics Corp. (Taiwan). The intrinsic viscosity was 0.70 dL/g.

The amorphous PET sheet samples were annealed by a program controllable
HMO PC-900 high temperature oven (Fashing Inc., Taiwan). The amorphous PET
sheet samples were heated in the oven from room temperature to an annealing
temperature at a heating rate of 20°C/min, and held at that annealing temperature
for various time intervals, afterwards, the sheet samples were cooled to room
temperature without heating (a cooling rate of about 5°C/min). The chosen
annealing temperatures were from 80 to 140°C, and the annealing time internals
were from 10 to 1000 min.

The thermal properties of the annealed PET sheets from 50 to 270°C were
determined by a Perkin Elmer DSC 7(differential scanning calorimeter) at a
scanning rate of 20°C/min under nitrogen. The UV-visible spectra of the annealed
PET sheets were determined by a Hitachi 2001 UV spectrophotometer at a
scanning rate of 200nm/min. The X-ray diffraction patterns of annealed PET sheets

were recorded by a Mac Science MXP-18 at a scanning rate of 4°/min.

3. RESULTS AND DISCUSSION
The amorphous PET sheet samples were annealed at a temperature of 80-140

C for 50 min. The PET sheet samples look transparent after annealing at 100°C
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(or below) for 50 min, and become opaque after annealing at 120°C (or above) for
50 min. The PET sheet samples annealed at 110°C for 50 min look translucent,
thus an annealing temperature of 110°C was chosen for obtaining PET sheet
samples of different crystallinity.

The first run DSC heating curves from 50 to 270°C of the PET sheet samples
annealed at various temperatures for 50 min are shown in Figure 1. Within the
annealing temperature range of 80 to 100°C, the first run DSC heating curves
exhibit a step inflection corresponding to the glass transition, an exotherm
corresponding to cold crystallization and an endotherm corresponding to melting.
The mid-point of the step inflection is taken as the glass transition temperature (T,),
the peak temperature of the exotherm is taken as the cold crystallization
temperature (T..), and the peak temperature of endotherm is taken as the melting
point(Ty,). The first run DSC heating curves of the PET sheet samples annealed at
120-140°C for 50 min exhibit different in that there is a small additional
endotherm (denoted as Ty,.) instead of the cold crystallization exotherm. This Ty,
is just above the annealing temperature and can be described as a double melting
behavior resulted from the formation of two different crystal populations. The
thermal properties are summarized in Table 1.

Typical first run DSC heating curves of the PET sheet samples annealed at 110
‘C for various time intervals are shown in Figure 2. As the annealing time
increases, the area of the T, decreases, and T, disappears as the annealing time is
over 100 min. As the annealing time is 100 min or longer, a Ty, endotherm appears.
The transition temperatures and the corresponding transition heats are summarized
in Table 1. It can be seen from Figures 1, 2 and Table 1 that the crystallinity
follows an increasing trend as the annealing temperature is raised for 50 min of

annealing or as the annealing time increases at 110°C, as expected. It can be seen
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Table 1. Thermal properties of annealed PET sheet samples

Annealing | Annealing | T, Tee AHee | T | AHuo | Th AHy
temperature time (C) [(C) | Qlg) |(C) | dlg |(O) J/g)
Original sample 76 142 | -334 - -—- 247 33.5
80°C 50 min 73 | 142 | -33.7 | --- - 246 33.6
100°C 50 min 71 135 | -345 | --- --- 247 339
120°C 50 min 80 --- --- 135 1.2 250 33.1
140°C 50 min 81 --- --- 148 1.8 247 33.5
110°C 10 min 76 | 143 | -333 | --- - 246 32.3
110°C 20 min 73 | 137 | -325 | - - 250 32.1
110°C 30 min 72 | 129 | -30.1 --- - 247 33.6
110°C 40 min 73 128 | -162 | --- --- 247 32.9
110°C 50 min 75 | 125 | -6.2 --- - 246 32.4
110°C 100 min 78 --- --- 121 1.0 246 32.7
110°C 200 min 77 - --- 124 1.6 245 32.9
110°C 500 min 83 --- --- 128 1.9 249 33.2
110°C 1000 min | 83 --- --- 128 2.1 248 33.9

from the A Hc+ A Hpn+ AH,, data in Table 1 that the change rate of the
crystallinity, or the crystallization rate, at an annealing temperature of 110°C is
strongly influenced by the annealing time. The crystallization rate after 40 min of
annealing is significantly lower that before 40 min of annealing at 110°C.

It can also be seen from Figures 1, 2 and Table 1 that the lower melting
endotherm (Tyy) is affected by the annealing condition. In general, as the annealing

temperature or the annealing time increase, both T, and A Hy,;, increase as shown

104




B E WAL TRENEAM, 99-114 K, 2009 £ 3 §

Bulletin of College of Engineering, National Ilan University, NO. 5, P. 99-114, Mar.. 2009

in Table 1.

Typical UV/visible spectra of the annealed PET sheet samples are shown in
Figures 3 and 4. The transmittance data at 500 and 800 nm are listed in Table 2. It
can be seen that the transmittance in the visible region follows a decreasing trend
as the annealing time increases at an annealing temperature of 110°C, or as the
annealing temperature increases for an annealing time of 50 min due to the increase
in the crystallinity, as expected. The trend is consistent with the DSC data.

It can be seen from Figures 3 and 4 that the loss in transmittance due to the
increase in the crystallinity is different for different wave length in the visible
region. For example, the transmittance at 500 nm decreases in a considerably faster
rate than that at 800 nm as the crystallinity increases, initially. This might be due to
the different size of crystallites which cause light scattering and lower the
transmittance.

The transmittance curve of the sheet samples annealed at 100°C for 50 min
shown in Figure 3 can be taken as an amorphous reference. The steep drop in
transmittance below 400 nm is due to the absorption of UV light by the
chromophores of PET molecules. The decrease in transmittance above 400 nm can
be considered as an effect mainly caused by the light scattering the crystallites. The
number, the volume fraction (related to the crystallinity), and the size of the
crystallites contribute to the scattering of the light. As the crystallinity is very low,
the size of the crystallites is small, and they scatter more light of shorter wave
length. As the crystallinity increases, both the number and the size of the
crystallites increase, the size effect of light scattering extends to longer wavelength.
So the transmittance at longer wavelength decreases more slowly as the crystallites

increases, at least for the sample of low crystallinity.
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Table 2. The transmittance at 500 and 800 nm of the annealed sheet samples

Annealing temperature Annealing time Ts00 (%) Tgo0 (%)
80°C 50 min 84.6 87.4
100°C 50 min 83.7 87.3
120°C 50 min 0.5 14.4
140°C 50 min 0.3 2.7
110C 10 min 85.1 88.2
110°C 20 min 83.2 87.1
110C 30 min 34.4 64.8
110C 40 min 6.0 36.6
110°C 50 min 3.8 35.8
110°C 100 min 3.7 352
110°C 200 min 33 34.8
110°C 500 min 29 33.2
110°C 1000 min 2.7 32.8

Although the dependence of light transmittance on the crystallinity is affected
by the wavelength, the relationship is obvious at a given wavelength. The effect of
annealing time at 110°C on the change rate of the transmittance can be
distinguished into two groups. As the annealing time at 110°C is below 40 min, the
change rate of the transmittance is rather fast. Taking the transmittance at 800 nm
for comparison, the transmittance drops from 88.2% to 36.6% as the annealing
time increases from 10 min to 40 min. As the annealing time at 110°C is over 40
min, the change rate of the transmittance is very slow. The transmittance at 800 nm

drops from 36.6% to 32.8% as the annealing time increases from 40 min to 1000
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min. Thus, the crystallization rate after 40 min of annealing seems to be much
lower that before 40 min of annealing at 110°C. The trend is consistent with the
DSC data.

Typical X-ray diffraction patterns the annealed PET sheet samples are shown
in Figure 5. The amorphous PET sheet samples such as that annealed at 80°C or
100°C for 50 min show no explicit diffraction peak. The PET sheet samples
annealed at 120°C or 140°C for 50 min show obvious diffraction peaks. The
diffraction peaks are at d spacings of 0.34, 0.39 and 0.52 nm, respectively. The PET
sheet samples annealed at 110°C show interesting diffraction data. As the
annealing time is 30 min or shorter, there is only a broad peak due to amorphous
scattering, and no obvious diffraction peak has been observed. One possible reason
is that the crystalline phase cannot behave continuously for these samples. It can be
seen from Figure 5 that the wide angle X-ray diffraction analysis has limit signal to
noise ratio, and some discrete crystalline domains might not be seen by the
instrument. As the annealing time is 40 min or longer, sheet samples exhibit
obvious diffraction peaks. It can be seen that the diffraction peaks show a tendency

to be sharper as the crystallinity increases.

4. CONCLUSION
The PET sheet samples annealed at 80 or 100°C for 50 min remain
amorphous. But the PET sheets annealed at 120°C or above for 50 min show
significant crystallization. Thus, an annealing temperature of 110°C has been
chosen for obtaining PET sheet samples of different crystallinity. It can be seem
that as the annealing temperature or time increases, the crystallinity follows an
increasing trend. The DSC and light transmittance data show that the crystallization

rate after 40 min of annealing is much lower that before 40 min of annealing at 110
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C. Thus, it is easier to obtain PET sheet samples of significantly different

crystallinity by annealing at 110°C  within 40 min.
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Figure 1. First run DSC heating curves of the PET sheet samples annealed at various

temperatures for 50 min.
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Figure 2. First run DSC heating curves of the PET sheet samples annealed at 110°C

for various time intervals.
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Figure 3. UV/visible spectra of the PET sheet samples annealed at various

temperatures for 50 min.
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Figure 4. Typical UV/visible spectra of the PET sheet samples annealed at 110°C

for various time intervals.
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Figure 5. Typical X-ray diffraction patterns of annealed PET sheet samples.
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