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For poly(ethylene terephthalate), two equilibrium melting temperatures, 262 °C and 276 °C, were found
with DSC. They should be assigned to two forms of crystals with the infinite crystal length, respectively.
This finding made it possible every crystal form to derive the end surface free energy per unit area of
crystals and the transition enthalpy of the ordered parts in the amorphous regions and using these

thermodynamic quantities to convert DSC melting curves into the crystal length distribution. Through
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the derivation of them, the participation of the crystallization temperature on cooling in the thermal
analysis of DSC melting curves was revealed thermodynamically.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The analysis of the thermal properties of polymers has been
advanced with the improvement in DSC (Differential Scanning
Calorimetry) (Wunderlich [1]). As one of them, the conversion of
DSC melting peaks into the crystal length () distribution has been
tried expecting the roles of the supplement for X-ray analysis
(Wlochowicz and Eder [2]). The conversion by using Gibbs-
Thomson equation (Eq. (6) shown below) needs previously the
equilibrium melting temperature, Ty, and the end surface free
energy per unit area for the crystals, ge. Recently, for poly(ethylene
terephthalate) (PET), two values of Ty, have been found with DSC.
One is 262 °C for the crystals formed on cooling from the melt or
after annealing and the other is 276 °C for the crystals formed
during annealing. They should be assigned to two crystalline pha-
ses of the conformational disorder model of -OCH,CH,0- but with
a chain axis parallel to c-axis of a cell and the smectic-c model with
stretched sequences, respectively (Allegra [3]). Ty of 280°C
reported already for PET is restricted only to the extended chain
crystals (Wunderlich [1]). In this paper, for PET, the { distribution of
two crystalline phases is derived from the respective DSC melting
curves.
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2. Experimental
2.1. Samples and thermal analysis

The heat-pressed films of PET (Scientific Polymer Products)
were used for the thermal analysis with DSC3200S (Bluker). First
the film set in DSC was heated to 300 °C and then cooled to 50 °C at
5°Cmin~ . DSC was further used for annealing them at several
temperatures of T, for 1 h. After annealing, the samples were cooled
to 50 °C at 5 °C min~ . Subsequent DSC measurements were carried
out at the heating rate of 10 °C min~! under the nitrogen gas flow
(100 ml min~1). The correction of the melting temperature, Tp, in
DSC curves was performed according to the means developed by us
(Gunma University [4]).

3. Results and discussion

Fig.1 shows DSC curves for PET films annealed at T, for 1 h (a—e).
For the sample annealed at 223.1 °C, two melting peaks were
observed (a); one in the lower temperature side is due to the crystals
formed during annealing and the other in the higher temperature
side is due to the crystals formed already on cooling from the melt
before annealing, although they should be reorganized without
changing the form on annealing, because the crystals could not be
melted perfectly at T, < Ty (=262 °C, shown below). For the sample
annealed at 249.0 °C, only the sharp single melting peak of the
crystals formed during annealing was observed (b). For the samples
annealed at 257.0 °C and 263.0 °C, two peaks were also observed;
one in the higher temperature side is due to the melting of crystals
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Fig. 1. DSC curves for PET films annealed at T, for 1 h. T,; a: 223.1 °C, b: 249.0 °C,
c: 257.0°C, d: 263.0 °C and e: 265.0 °C. dQ/dt; the heat flow. Ty is the onset temper-
ature of a melting peak expected for the crystals with a form.

formed during annealing and the other in the lower temperature
side is due to the melting of crystals formed on cooling after
annealing (c and d). In the curve d of T, = 263.0 °C, the peak in the
higher temperature side was very small and off the other peak. For
the sample annealed at 265.0 °C, only the single melting peak in the
lower temperature side was observed (e). Ty of the intersection
between the extrapolation line (thick) from the part with a highest
slope in the lower temperature side of the large melting peak and the
base line in the curve d shows the onset temperature of a melting
peak expected for the crystals with a form. The subtraction of this
expected melting peak area from the total endothermic peak area
gives the peak with a subtracted line (thin) of lower temperature
side in the curve d. The extrapolation line (thick) and the subtracted
line (thin) are also shown in the curve e.

Fig. 2 shows DSC curves of crystallization on cooling from the
melt (A) and after annealing (a-e). The curves a-e are linked to the
melting curves a-e in Fig. 1, respectively. For the samples of curves
aand b (T, =223.1 °Cand 249.0 °C), the crystallization should occur
during annealing at T,. For curve A, the onset temperature of
crystallization, Tc, was 217.9 °C and the heat of crystallization, h,
was 8.37 kJ/mol. The peak temperature, Ty, of crystallization on
cooling after annealing at 257.0 °C, 263.0 C and 265.0 °C decreased
from 235.2 °C to 226.9 °C and 220.5 °C with T.

Fig. 3 shows DSC curves on cooling from the melt (A), after
annealing (B) and on subsequent heating (C) for PE films annealed
at 223.1 °C. The dashed schematic line shows the free energy, f,
being equal to each other in the melt and the crystals or meso-
phases. The right-hand side region of the line is the melt or super-
cooled melt phase. For this sample, T¢/Te is 0.92, where T, is the end
temperature of a double melting peak (C) and T is of curve A.

Fig. 4 shows the plots of Ty, (=Tp, TE, Tf, or Te) against T,. Where Ty,
is the onset temperature of a melting peak of the crystals formed
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Fig. 2. DSC curves of crystallization on cooling from the melt at 300 °C (A) and after
annealing at T, for PET films. T,; a: 223.1 °C, b: 249.0 °C, c: 257.0 °C, d: 263.0 °C and
e: 265.0°C.

during annealing, TE, is the melting peak temperature of the crystals
formed during annealing, T;Z, is the melting peak temperature of the
crystals formed on cooling from the melt before annealing and then
reorganized on annealing or the crystals formed on cooling after
annealing at above T, =253 °C. T, and T}, increased with T,. T, was
2-3 °C higher than T,. Over T, = 240 °C, TE, peak overlapped with TIZJ
peak, which subsequently disappeared leaving T}) peak. For the
samples annealed at above 253 °C, the melting peak of the crystals
formed on cooling after annealing appeared in the lower temper-
ature range than TE, Its peak temperature, T, was almost as same as
Tf, for the samples annealed at below 240 °C. Over T, = 265 °C, only
Tp (:le,) peak appeared on DSC curve without any annealing peak.
To T, = 240 °C, T, was nearly 262 °C. Over T, =240 °C, T, increased
with T,, but in the range of T, from 260 °C to 265 °C, T, was nearly
276 °C. Two points of Ty, which two lines of Ty, = T in both ranges
of below T; =240 °C and T, = 260-265 °C intersect with a T, =T,
line each other were of course 262 °C and 276 °C. Although the
crystals formed during annealing at below 240 °C belong to the
crystal group of Ty =276°C, Tf) peak appeared in the lower
temperature range than Tf,, suggesting that { of crystals formed
during annealing at below 240 °C was smaller than that of crystals
showing T% peak. Below, the crystals formed on cooling from the
melt or after annealing and the crystals formed during annealing
are called the form I and II ones, respectively.
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Fig. 3. DSC curves on cooling from the melt (A), cooling after heating to T, (B) and
subsequent heating (C) for PE films annealed at 223.1 °C. The dashed schematic line is the
free energy (f) being equal to each other in the melt and the crystals or mesophases.
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Fig. 4. Plots of T, (=T}, (M), T}, (©), leJ (x) and T. (®)) against T, for PET films.

Next for the crystals of forms I and II, the value of ¢ is derived
from (Tanaka and Fujii [5]):

Oe = h;b[{RTr%n + (Hx — hy) (Ty — Tm) } /{2(Hx — hx)Tr }] - (1)

with Hy = 2hy — Qn, where hy is the heat of fusion per unit volume,
b is the cell length of c-axis, hy is the transition enthalpy per molar
structural unit due to the ordered parts in the amorphous regions,
hy is the heat of fusion per molar structural unit, Qy, is the heat per
molar structural unit due to the melting of crystals and R is the gas
constant. The term in square bracket in Eq. (1) is no dimension. hy is
given by (Tanaka [6,7]):

hy = hg+ Ah (AR > 0) 2)

where hg (=H§ — Hg) is the glass transition enthalpy per molar
structural unit, Hg is the enthalpy per molar structural unit for the
super-cooled melt at Ty, H is the enthalpy per molar structural unit
for the crystals at T; and Ah is the heat per molar structural unit
needed to melt the ordered parts in the amorphous regions above
T;. When the ordered parts melt up to a temperature higher than
the onset temperature of crystallization, T, observed previously on
cooling from the melt, Ah is given by:

dh = (Hy —HY) -Q (3)

where Hj, is the enthalpy per molar structural unit for the melt at
Tt and H2 is the enthalpy per molar structural unit for the super-
cooled melt at T, Q is the heat per molar structural unit corre-
sponding to the total area of DSC endothermic peak. Ah <0
(hg > hy) should be the case for the glasses with Tg higher than that
of primary amorphous glasses (Kwon et al. [8], Pak and Wunderlich
[9], Wunderlich [10]).

Table 1 shows the values of hy from Eqs. (2) and (3) for the
samples annealed at 249 °C and 265 °C, together with the values of
Te, T, Q AH (=Hi, — HE), Ah and hg used to calculate hy, respec-
tively. For both samples, the value of hy was almost equal to hy
every form (see Table 2). Thus ¢ was evaluated from Eq. (1) using
the values of hy obtained above.

Table 1
The numerical values of hy, T, T, Q, AH, Ah and hg for PET films annealed at 249 °C
and 265 °C

Sample Tc = Q AH Ah hg hy
(T4/°C) °C °C kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
(265) 217.9 262 10.1 16.6 6.5 16.1 22.6
(249) 217.9 276 111 22.6 11.5 16.1 27.6

Table 2
The numerical values of ¢, T, Tp, hy, hx, Qm and AQ for PET films annealed at 249 °C
and 265 °C

Form Tn°C Ty hy hy Qm AQ geatT,

(T,/°C) °C kJ/mol kJ/mol kj/mol KkJ/mol J/m?

1(265) 262 2485 230 22.6 6.0 41 322 %1073
(229 x 1073)

I1(249) 276 258.1 28.5 27.6 79 3.2 275 x 1073
(151 x 1073)

The value in () is o¢ at Ty, (Qm =0). T, is corrected by 0.2 °C for form 1 (248.7 °C —
248.5°C) and 0.6 °C for form II (258.7 °C — 258.1 °C). h,: Tanaka [11].

Table 2 shows the values of ¢, for the samples annealed at
249 °Cand 265 °C, together with the values of Ty, Ty, hy, hx, Qm and
AQ (=Q — Q) used to calculate g, respectively. Qn, is the heat per
molar structural unit corresponding to the area of a melting peak
from Ty, (see Fig. 1B). AQ is the heat per molar structural unit due to
the melting of other parts. The value of o at T, was larger than that
at Ty, (Qm =0) for the crystals of forms I and II, adding ¢, (form
I) > e (form II).

Succeedingly for the sample annealed at 263 °C, which showed
the curve d with large and small peaks (see Fig. 1B), the value of o
for the crystals of forms I and II contained in the same sample was
evaluated from Eq. (1). The large peak in the lower temperature
side is due to the melting of the crystals of form I and the small peak
in the higher temperature side is due to the melting of the crystals
of form II. Table 3 shows the value of g, every form, together with
the values of Ty, Tp, hy, hx, Qm and AQ used to calculate ge. The value
of ge at Ty, for the crystals of form I was 2.2 (1.4) times larger than
that for the crystals of form II, where 1.4 in () is that at Tys. hy, refers
to the crystals of a form hoping to evaluate the value of ge. hy was
calculated from Egs. (2) and (3), using the value of Hj, at Tq, of the
crystals of other form.

Table 3

The numerical values of ¢, T, Tp, hy, hx, Qm and AQ for PET films annealed at 263 °C

Form Tm°C Tp°C hy hy Qm AQ ge at Ty

kJ/mol  kJ/mol Kkjjmol  KkJ/mol J/m?

I 262 250.5 23.0 28.0 6.9 35 370 x 103
(23.0x1073)

Il 276 269.1 28.5 22.0 0.2* - 171 x 103
(16.1 x 1073)

The value in () is oe at Ty (Qm = 0). *: The total heat from the small melting peak. T}, is
corrected by 0.2°C for form I (250.7°C — 250.5°C) and 0.7°C for form II
(269.8 °C — 269.1 °C). hy: Tanaka [11].
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Fig. 5. F({) of the single melting peak from Ty, for PET films annealed at 249.0 °C (thick
line) and 265.0 °C (thin line).
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Fig. 6. F({) of the small and large melting peaks from T;, in Fig. 1Bd for PET films
annealed at 263 °C. a: F({) considered the area ratio of two melting peaks, b: F({)
converted from each melting peak separately. The thin line is from a large melting peak
of the crystals of form I and the thick line is from a small melting peak of the crystals of
form 1L

Last using the values of Ty, and o obtained above, the { distri-
bution function, F({), for the crystals of forms I and II is evaluated
from:

F(©) = (AQm/Qm)/§ = ng/{Nc(Te — Ty)} (4)

where AQm (={nQm/{N(Te — Tp)}) is the heat change per molar
structural unit per K, ng is the number of crystal sequences with {
and N¢ is the number of structural units of crystals melted in the
temperature range from Ty, to Te. Qp is defined in Eq. (1). AQmp/Qm is
rewritten as:

Te
AQm/Qm = (dQ/dt)/ /T  (dq/deydr (5)

where dQ/dt is the heat flow in DSC curves. ¢ is given by Gibbs-
Thomson equation:

¢ = {T5 /(s = Tm) } (20¢/h3) (6)

Fig. 5 shows F{) of the single melting peak from T, for the
samples annealed at 249.0 °C and 265.0 °C (Fig. 1Ab and Be). For the
sample of T, = 249 °C, the sharp peak (thick line) with the { range of
6.0-20.3 nm and {, = 7.2 nm, reflecting the effective annealing and
for the sample of T, = 265 °C, the broad peak (thin line) with the {
range of 6.2-72.2 nm and {, = 10.1 nm were obtained, respectively,
where {;, is { at the maximum of F({).

Fig. 6 shows F({) of the large and small melting peaks from T}, for
the sample annealed at 263 °C (see Fig. 1Bd). In F({) of Fig. 6a, the
area ratio of two melting peaks is considered. F({) of Fig. 6b, which
is converted from each melting peak separately, shows the broad
peak (thin line) with the { range of 8.4-4230 nm and {, = 16.2 nm
for the crystals of form I and the sharp peak (thick line) with the ¢
range of 7.5-85.6 nm and {, =11.6 nm for the crystals of form IIL
The partial overlapping of F({) of thin and thick lines over { = 30 nm
in Fig. 6b suggests that the crystals of forms I and Il might be mixed
uniformly because the small crystals of form Il worked as the
nucleus on cooling after annealing.

4. Conclusion

For PET, two values of Ty which should be assigned to two
crystalline phases, 262 °C and 276 °C, were found with DSC.
This finding made it possible for every crystal form to convert
DSC melting curves into F({). The participation of T. on cooling in
the thermal analysis of DSC melting curves was revealed
thermodynamically.
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