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Abstract

The morphology of crystals, isothermal and non-isothermal crystallization of poly(methylene terephthalate) (PMT)
have been investigated by using polarized optical microscopy and differential scanning calorimeter (DSC). The POM pho-
tographs displayed only several Maltese cross at the beginning short time of crystallization indicating that some spherulites
had been formed. The crystal cell belonged to the Triclinic crystal systems and the cell dimensions were calculated from the
WAXD pattern. The commonly used Avrami equation and that modified by Jeziorny were used, respectively, to fit the
primary stage of isothermal and non-isothermal crystallization. The Ozawa theory was also used to analyze the primary
stage of non-isothermal crystallization. The Avrami exponents n were evaluated to be in the range of 2-3 for isothermal
crystallization, and 34 for non-isothermal crystallization. The Ozawa exponents m were evaluated to be in the range of 1—
3 for non-isothermal crystallization in the range of 135-155 °C. The crystallization activation energy was calculated to be
—78.8 kJ/mol and —94.5 kJ/mol, respectively, for the isothermal and non-isothermal crystallization processes by the
Arrhenius’ formula and the Kissinger’s methods.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction powders via the reaction of cesium or potassium
terephthalates with dibromomethane or bromochlo-

Poly(methylene terephthalate) (PMT) is one of romethane in N-methylpyrrolidone at temperatures
aromatic polyesters with the following chemical of 80-125 °C. Compared to the molecular chain of
|(|) ﬁ . PBT with four methylene (-CHy-)4 in its repeated

structure: {c—@—c—o—CHZ—O% , which had been unit, PMT has only one -CH,- in its repeated unit
synthesized in 1982 [1,2]. Hogvever, as a kind of of molecular chains segments. Although PMT pos-
polyesters, PMT cannot be prepared by conven- sesses poor thermal sta'blhty and decgmposes rap-
tional processes as the conventional polyesters, such idly during the melting process, it can yield

as PET and PBT [3-6]. PMT is synthesized as white quantitative short filaments spun from the melt of
products. PMT may be viewed as a candidate of

* Corresponding author. Fax: +86 312 5079525. higher strength and modulus material due to its high
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In general, the final properties of a crystalline
polymer have close relationship with its crystallin-
ity, crystalline morphology and crystalline structure,
and these have been decided by processing condi-
tions. A great deal of efforts has been made on
studying the crystallization kinetics of polyesters
corresponding to their change of the performed
properties [7,8]. Hence, it is very important to study
the crystallization behavior of the PMT. East et al.
[2] have found that the polymer sample were largely
crystalline and the amorphous sample could show
clear Ty, T, and T, transitions. To our best knowl-
edge, few reports on the crystal morphology and
crystallization behaviors of PMT have been found
in literature.

The crystal morphology, isothermal and non-iso-
thermal crystallization kinetics of the PMT are
investigated in this article. From DSC measure-
ments, the study on the isothermal and non-isother-
mal crystallization kinetics is performed through the
Avrami theory and other equations, and the crystal-
lization activation energy is also calculated by differ-
ent methods.

2. Experimental
2.1. Materials

The white powder of PMT was received from the
College of Textile Industries of North Carolina Uni-
versity and its melting point 7, and melt-crystalli-
zation temperature 7. were 245.1 and 192.8 °C,
respectively. The sample was dried in a vacuum
oven at 140°C for 12h before being used in
POM, WAXD and DSC measurements.

2.2. Polarized optical microscopy (POM)

The morphology of PMT crystals was studied
with a Leitz SM-LUX-POL polarized optical
microscopy equipped with a hot-stage and a camera
system. The sample was prepared by sandwiching a
tiny pellet of PMT powder between two glass plates
with a distance of 100 pum, compressing at 260 °C
for 1 min and then annealing at 200 °C on hot-stage
and then took photographs at different time by the
camera.

2.3. Wide-angle X-ray diffraction (WAXD)

The WAXD pattern of PMT was recorded on a
Rigaku D/MAX-2500UBZ+/PCD diffractometer

system. Nickel-filtered CuKo (4=0.15406 nm)
radiation generated at 40 kV and 200 mA was
used. The diffraction pattern was recorded from 26

scans in the range of 3-80° at a scanning speed of
10°/min.

2.4. Differential scanning calorimetry (DSC)

The isothermal crystallization processes were
performed by the Perkin—-Elmer DSC-7 instrument
as following: the sample was heated to 260 °C at
80 °C/min under a nitrogen atmosphere, held for
2 min and then cooled at 200 °C/min to the desig-
nated crystallization temperatures (7.) rapidly.

The non-isothermal crystallization behaviors of
PMT were performed as following: the sample was
heated to 260 °C in nitrogen, held for 2 min and
then cooled to 50 °C at constant cooling rates of
10, 15, 20, 30 °C/min. The exothermic curves of heat
flow as a function of time were recorded and
investigated.

3. Results and discussion
3.1. The spherulitic morphology

After annealing at 200 °C for 2 min, the crystal
morphology of PMT is observed by POM and an
image is obtained as shown in Fig. 1(A). Within
the volume between two glass plates with a distance
about 100 um, several small Maltese crosses with
the size of 2-4 pm can be observed in Fig. 1(A) as
the arrow pointed in the image, although the Mal-
tese cross are not very perfect. However, after
annealing for 10 min, no separate Maltese crosses
but lots of imperfect ones are observed in
Fig. 1(B) due to the impingement and overlap be-
tween each other. During this annealing process,
only several crystallites could be formed into perfect
spherulites in short time at of the beginning crystal-
lization stage, and then the nucleus of PMT grow
fast and impinge to each other forming imperfect
spherulites in the end.

Fig. 2 gives the WAXD pattern of crystalline
PMT, in which several strong crystalline reflections
are observed and the values of 20 and dj,;; are listed
in Table 1. Deduced from the structure of the
molecular chain of PMT, the chain conformation
is ~PZ (plane-zigzag), and the crystal cell dimen-
sions are also calculated and listed in Table 1. It is
believed that the PMT crystal cell belongs to the tri-
clinic crystal system.



M. Run et al. | European Polymer Journal 42 (2006) 655—662 657

Fig. 1. Polarized optical microscopy of crystalline PMT at
different annealing time: (A) 2 min and (B) 10 min.
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Fig. 2. WAXD patterns of crystalline PMT.

Table 1

The WAXD parameters and cell dimensions of crystallize PMT

20 hkl d@k! a bo c o p y

(°) A A A A 0O e
1674 010 529 443 594 942 973 126 106.1
2406 110 3.70

27.90 100 3.20

3246 021 2.76

4136 105 2.18

3.2. Isothermal crystallization kinetics analysis

3.2.1. Analysis based on the Avrami theory
The relative crystallinity X, as a function of crys-
tallization time is defined as

Jo(dH/AT)AT 4
S (dH/AT)AT  As’

; (1)
where dH/dT is the rate of heat evolution, 7, and 7.,
is the time at which crystallization starts and ends,
and Ay and A, are the areas under normalized
DSC curves, respectively.

Isothermal crystallization of PMT has been car-
ried out at five different temperatures, 193, 196,
199, 202 and 205 °C, respectively. Fig. 3 shows the
exothermal diagrams of isothermal crystallization.
It can be seen that as the crystallization temperature
(T¢) increases, the exothermal peak of each curve is
shifted to longer time, indicating that the T is an
important influencing factor determining the crys-
tallization time. From the data listed in Table 2,
the crystallization enthalpy (AH) of PMT increases
gradually, implying that the total crystallinity

Endo

t (s)

Fig. 3. DSC thermograms of PMT during isothermal crystalli-
zation at different designated temperatures.
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Table 2
Isothermal crystallization kinetic parameters analyzed by Avrami
equation

T.CC) n  K(x107°s™)  1(s) fpnls) AH(/g)
193 2.2 63.1 209 24 46.7
196 2.4 18.6 272 29 50.1
199 2.5 6.5 349 43 52.4
202 2.8 0.9 507 62 54.2
205 2.7 0.7 570 77 55.8

S

2

£

I T

[ 0,

> —+—193°C

o 0,

o —2—196°C

= 0

£ —2—199°C

2 —v—202°C

—e—205°C
Il n Il n
300 450 600

t(s)

Fig. 4. Development of X, with ¢ for isothermal crystallization of
PMT at different designated temperatures.

increases with increasing T,. Fig. 4 shows the rela-
tive crystallinity (X,) integrated from Fig. 3 as a
function of the crystallization time () at various
T., in which the characteristic sigmoidal isotherms
are shifted to right along the time axis with increas-
ing T., and the whole crystallization time (z.) is
increasing with the crystallization temperature
(Table 2).

In order to compare the crystallization rate at
various temperatures, the half-time of crystalliza-
tion (#,/,) versus the 7 is plotted in Fig. 5 and the
data is also listed in Table 2. The crystallization rate
can be qualitatively compared by the value of #,.
Generally, the smaller the value of ¢/, the higher
the crystallization rate is. It is observed that the
value of #/, is enhanced with the increase of T,
indicating that the crystallization rate is decreased
by increasing 7.

Assuming that the relative crystallinity (X,) in-
creases with the crystallization time (¢), the Avrami
equation can be used to analyze the isothermal crys-
tallization process of PMT as follows [9,10]:

1 — X, = exp(—K?"), (2)
log[—In(1 — X,)] = nlogt+ logKk, (3)

80
60 |
40 /'
20 1 1 1 1
192 196 200 204

Fig. 5. t1), versus T, of isothermal crystallization of PMT.

where X, is the relative crystallinity at time ¢; the
exponent 7 is a mechanism constant with a value
depending on the type of nucleation and the growth
dimension, and the parameter K is a growth rate
constant involving both nucleation and the growth
rate parameters.

The plots of log[— In(1 — X,)] versus log? accord-
ing to Eq. (3) are shown in Fig. 6, and the Avrami
exponent n and the rate constant K can readily be
extracted from the Avrami plots. The crystallization
process is usually treated as two stages: the primary
crystallization stage and the secondary crystalliza-
tion stage. In Fig. 6, one can see that each curve is
composed of two linear sections. This fact indicates
the existence of the secondary crystallization. It is
generally believed that the secondary crystallization
was caused by the crystallization behavior of micro-
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Fig. 6. Plots of log[—In(1 — X;)] versus log? for isothermal
crystallization of PMT.
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crystallites in the range of interface between big
spherulites in the later stage of crystallization pro-
cess [11-13].

In this work, the values of n are between 2 and 3
for PMT, which may be an average value of com-
plex nucleating types and growth dimensions of
crystals occurred simultaneous in a crystallization
process. According to Avrami theory, for PMT
sample, its nucleation type should predominantly
be homogenous nucleating and its growth dimen-
sions should predominantly be a two-dimensional
growth. As a result, the crystals morphology of
PMT should mainly be imperfect spherulites during
the isothermal crystallization temperature from 193
to 205 °C.

The crystallization rate parameters (K) of the
PMT are listed in Table 2 and compared each other,
in which the values of K are gradually decreased
with the increasing of T.. This result suggests that
in the isothermal crystallization process, the higher
the T, the lower the crystallization rate is.

3.2.2. Crystallization activation energy

The crystallization process of the PMT is as-
sumed to be thermally activated. The crystallization
rate parameters K can be approximately described
by the following Arrhenius equation [14]:
Kl/” =Ky exp(_AE/RTc)a (4)
(1/n)logK = logKy — AE/RT., (5)
where K, is the temperature independent pre-
exponential factor, R is the gas constant, and AE
is the crystallization activation energy. AE can be
determined by the slop coefficient of plots with
(1/n)logK versus 1/T, in Eq. (5) which is shown
in Fig. 7. Because it has to release energy when
the molten fluid transformed into the crystalline
state, the value of AFE is negative on the basis
of the concept of the heat quantity in physical
chemistry. In this case, the AE value for PMT is
found to be —78.8 kJ/mol.

3.3. Non-isothermal crystallization kinetics analysis

3.3.1. Analysis based on the Avrami theory by
Jeziorny modified

The non-isothermal crystallization exothermic
peaks of PMT at various cooling rates, D, are
shown in Fig. 8. The parameters of non-isothermal
crystallization are summarized in Table 3. The peak
temperature, T, shifts to lower temperature region
with increasing cooling rates. From the DSC digital

A4t

161

1 n 1 n 1

2.10 2.12 2.14
1T (10°K™)

Fig. 7. Plot of (1/n)log K, versus 1/T, from the Arrhenius method
for isothermal crystallization activation energy of PMT.
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Fig. 8. DSC thermograms of PMT during non-isothermal
crystallization at different cooling rates.

Table 3
Non-isothermal crystallization kinetic parameters analyzed by
modified Avrami equation

D T, n
(°C/min)  (°C)

K, K. li2 AH
(107%s™) (s () (J/g)

10 1545 34 0.1 0.13  238.1 35.089
15 1513 33 42 032 148.8 30.102
20 149.7 3.6 134 0.45 75.3 29476
30 1447 3.5 617 0.62 558 19.275

information, the relative crystallinity (X,) is calcu-
lated at different temperatures 7, and the plots of
X, versus T are shown in Fig. 9. The relationship be-
tween temperature 7 and time ¢ is given by Eq. (6)
during the non-isothermal crystallization process,
as follows:
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Fig. 9. Relative crystallinity versus temperature for non-isother-
mal crystallization at different cooling rates.

|To —T|

= (6)
where ¢ is the crystallization time, Tj is the temper-
ature at which crystallization begins (z = 0), 7' is the
temperature at a crystallization time, and D is the
cooling rate. According to Eq. (6), the horizontal
T-axis in Fig. 9 can be transformed into the crystal-
lization time f-axis as shown in Fig. 10. It can be
seen from Fig. 10 that all these curves have similar
sigmoidal shape, and the curvature of the upper
parts of the plot is observed to be level off due to
the spherulites impingement which already begin
from the inflection point of the curves. The charac-
teristic sigmoidal isotherms are shifted to lower tem-
perature or shorter time with increasing cooling
rates for completing the crystallization.

Through Fig. 10, we can get the half time of crys-
tallization, ¢/, when the X, are equal to 50%. As
listed in Table 3, it can be seen that the 7, values
decrease with the increasing cooling rates, which
indicates a progressively faster crystallization rate
as the cooling rate increases.

Mandelkern [15] considered that the primary
stage of non-isothermal crystallization could be de-
scribed by the Avrami equation, based on the
assumption that the crystallization temperature is
constant. Mandelkern obtained the following:

1 — X, =exp(—K,t"), (7)
log[—In(1 — X,)] = nlogt + logK,, (8)

where K, is a growth rate constant involving both
nucleation and growth rate parameters. Jeziorny
[16] considered the values of K; determined by Avra-
mi equation (3) should be adequate as follows:

log K

= )
where K. is the kinetic crystallization rate constant.

By using Eqgs. (8) and (9), plots of log[—In(1—
X,)] versus logt of PMT is shown in Fig. 11. Like
the process of isothermal crystallization (Fig. 6),
nearly each curve shows an initial linear portion
and then subsequently turns to a secondary line
portion. This fact also indicates the existence of a
secondary crystallization, which is caused by spher-
ulite impingement or crowding in the later stage of
non-isothermal crystallization process. At the pri-
mary stage, the values of the Avrami exponent n
and the rate parameters K;, K. can be determined

logK. =

100 F = — ——
00 VVVZ/A/A — /C/"/O y "
/ f/ P/D g
< 8oL 74 7 <
2 v d S /
g /é d J //
= v 4 J
£ 60p v J J
S V4 $ J
® y4 g /
> YA d o, .
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Fig. 10. Relative crystallinity versus time for non-isothermal
crystallization at different cooling rates.
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Fig. 11. Plots of log[—In(1 — X,)] versus log? for non-isothermal
crystallization of PMT.
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from the slope and intercept, and these values are
listed in Table 3.

At different cooling rates, the Avrami exponents
n are about 3.5 + 0.1, which suggests that the mode
at primary stage of the non-isothermal crystalliza-
tion of spherulite growth is predominantly three-
dimensional growth with a homogeneous nucleation
mechanism [17]. The value of K. is increasing with
cooling rates, indicating the higher the cooling rate,
the higher the crystallization rate is.

3.3.2. Analysis based on the Ozawa theory

Assuming that the non-isothermal crystallization
process may be composed of infinitesimally small
isothermal crystallization steps, Ozawa [18] shifted
the Avrami equation into the process of non-iso-
thermal crystallization, as follows:

1 -X,=exp [—KD(T;)}, (10)
log[—In(1 — X,)] = logK(T) — mlogD, (11)

where D is the cooling rate, K(7) is a function re-
lated to the overall crystallization rate that indicates
how fast crystallization proceeds, and m is the Oza-
wa exponent that depends on the dimension of crys-
tal growth. According to Ozawa’s theory, the
relative crystallinity at a given temperature can be
calculated from these equations. By drawing the
plot of log|—In(1 — X,)] versus log D at a given tem-
perature, we should obtain a straight line if the Oza-
wa analysis is valid, and the kinetic parameter m
and K(7) can be derived from the slope and the
intercept, respectively.

The results of the Ozawa analysis are shown in
Fig. 12 and a series of straight lines are obtained,

0.5 -

0.0 -

0.5

log(-In(1-X))

1.0+

135 °C

1.1 1.2 1.3 14 1.5
log D

Fig. 12. Ozawa plots of log[—In(1 — X,)] versus logD for non-
isothermal crystallization of PMT.

Table 4
Non-isothermal crystallization kinetic parameters analyzed by
Ozawa equation

T(°0) m K(T)
155 3.0 33
150 23 2.7
145 1.6 2.1
140 1.2 1.7
135 1.0 1.6

and the values of m and K(7) are listed in Table 4.
The values of the m and K(T) are decreased with
the decreasing temperature, indicating that the crys-
tal growth is on more dimensions and at fast crystal-
lization rate at higher temperature, whereas it is on
lower dimensions and at low crystallization rate at
lower temperature. Therefore, an accurate analysis
for PMT of the non-isothermal crystallization data
could be performed with the Ozawa equation.

3.3.3. Crystallization activation energy

Considering the influence of the various cooling
rate D in the non-isothermal crystallization process,
Kissinger [19] proposed that the activation energy
could be determined by calculating the variation
of the crystallization peak with cooling rate:

dIn(D/T;)]  AE
d/1,) R’

where R is the gas constant and T, is the crystalliza-
tion peak temperature. The crystallization activa-
tion energy (AE) is calculated from the slope of
ln(D/TIZJ) versus 1/7T,. As shown in Fig. 13, the crys-
tallization activation energy of PMT during non-
isothermal crystallization is determined to be

(12)

2.34 ‘ 2.36 ‘ 2.38 ‘ 2.40
3 -1
1T, (10°K")

Fig. 13. Plot of ln(D/Tf,) versus 1/T}, from the Kissinger method
for non-isothermal crystallization activation energy of PMT.
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—94.5 kJ/mol. Compared with AE (—78.8 kJ/mol)
in the isothermal crystallization process, the values
of AE are equal approximately, and experimental
result indicates that the research method is correct
in the isothermal and non-isothermal crystallization
process for PMT.

4. Conclusion

The crystal morphology of PMT is imperfect
spherulites with the size of 3-6 pm after annealing
from the melt at 200 °C for 10 min, and its crystal
cell belongs to the triclinic crystal systems calculated
from the WAXD pattern that gives strong crystal
reflections.

From the results of the Avrami analysis of iso-
thermal crystallization of PMT, it is believed that
the crystallization process is composed of the pri-
mary stage and the second stage. At the primary
stage, the Avrami exponent n is in the range of
2-3 and the crystal nucleation type and growth
dimension should predominantly be homogenous
nucleating and two-dimension growth, respectively.
The crystallization rate is varied with the tempera-
ture of isothermal crystallization, that is, the higher
the temperature, the lower the crystallization rate is.
The crystallization enthalpy (AH) of PMT increases
gradually, implying that the total crystallinity
increases with increasing 7.

At the primary stage of the non-isothermal crys-
tallization process, the Avrami exponent, , is in the
range of 3-4, indicates that the crystallization pro-
cess is predominantly of two- and three-dimensional
growth with homogenous nucleation, and it is more
complicated than those of isothermal crystalliza-
tion. The crystallization rate is increased with the
cooling rates varied from 10 to 30 °C. The Ozawa
theory is also successfully describing the non-

isothermal crystallization process, and the Ozawa
exponent m is in the range of 1-3 at temperatures
from 135 to 155 °C in this case.
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