Crystallization Kinetics of Poly(trimethylene terephthalate)
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ABSTRACT: The isothermal crystallization kinetics of poly(trimethylene terephthalate)
(PTT) have been investigated using differential scanning calorimetry (DSC) and polar-
ized light microscopy (PLM). Enthalpy data of exotherm from isothermal crystallization
were analyzed using the Avrami theory. The average value of the Avrami exponent, n,
is about 2.8. From the melt, PTT crystallizes according to a spherulite morphology. The
spherulite growth rate and the overall crystallization rate depend on crystallization
temperature. The increase in the spherulitic radius was examined by polarized light
microscopy. Using values of transport parameters common to many polymers (U* =
1500 cal/mol, T, = T,, — 30 °C) together with experimentally determined values of T,
(248 °C) and T, (44 °C), the nucleation parameter, k., for PTT was determined. On the
basis of secondary nucleation analyses, a transition between regimes III and II was
found in the vicinity of 194 °C (AT = 54 K). The ratio of &, of these two regimes is 2.1,
which is very close to 2.0 as predicted by the Lauritzen—Hoffman theory. The lateral
surface-free energy, o = 10.89 erg/cm? and the fold surface-free energy, o, = 56.64
erg/cm? were determined. The latter leads to a work of chain-folding, ¢ = 4.80 kcal/mol
folds, which is comparable to PET and PBT previously reported. © 2000 John Wiley &
Sons, Inc. J Polym Sci B: Polym Phys 38: 934-941, 2000
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INTRODUCTION

The family of linear aromatic polyesters, poly(eth-
ylene terephthalate) (PET) and poly(butylene
terephthalate) (PBT), have been widely studied.
However, the poly(trimethylene terephthalate)
(PTT) with three carbon atoms between ester
groups has received considerably less attention.
PTT is a relatively new polymeric material, which
can be obtained by transesterification and poly-
condensation in the melt phase using trimethyl-
ene glycol and terephthalic acid with tetraisopro-
pyl titanate as the catalyst.’ The crystal struc-
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ture of the PTT has been determined previously
by electron diffraction and X-ray diffraction.* The
dynamic mechanical relaxation and heat capacity
of the PTT have also been studied.>® Because
PTT possesses good thermal and mechanical
properties, it has been investigated recently as an
engineering thermoplastic and as a matrix for
fiber-reinforced composites.®” In the polymer pro-
cessing such as injection molding or extrusion, it
is important to understand the crystallization ki-
netics of the polymer. Both the spherulite size and
the degree of crystallinity influence the optical
and mechanical properties of a polymer. It is well
known that polymer crystallization involves two
consecutive processes: the formation of nuclei and
their subsequent growth. The study of the kinet-
ics of crystallization is important for optimizing
the process conditions and establishing the rela-



tionship between thermal properties and struc-
tures of the polymer.

Three regimes of polymer crystallization have
been proposed by Hoffman et al.®° In regime I, at
a high crystallization temperature, the physical
meaning is associated with a process of crystalli-
zation where the rate of lateral spreading is
greater than the rate of secondary nucleation. In
regime II, at a higher supercooling, both rates are
comparable. In regime III, at an even lower crys-
tallization temperature, the rate of nucleation is
substantially higher than that of the lateral
spreading. The linear aromatic polyester poly-
(ethylene terephthalate) (PET) has been reported
to have a regime II-regime III transition at about
165 °C with a slope ratio of 2.4.1° The supercool-
ing that occurred is quite large (AT = 115 K,
based on 79, = 280 °C), presuming a result of the
stiffness of the PET. On the contrary, poly(buty-
lene terephthalate) (PBT) with a flexible chain
has been proposed to have a transition between
regime II and III near 210 °C with a supercooling
AT = 34 K (AT based on T = 244 °C).!! As for the
PTT, it has not been reported concerning the crys-
tallization behaviors and regime transition phe-
nomenon.

In this study we report our observations on the
isothermal crystallization behavior of the PTT us-
ing DSC and PLM, then the data are analyzed by
the Avrami equation and the nucleation theory.
Finally, the surface-free energy and the work of
chain-folding are calculated and compare these
results with those from PET and PBT.

EXPERIMENTAL

Poly(trimethylene terephthalate) (PTT) was ob-
tained from the Shinkong Synthetic Fibers Co.
(Taiwan) in the form of pellets. The intrinsic vis-
cosity (I.V.) of the PTT in a 60:40 mixed solvent of
phenol and tetrachloroethane at 25 °C was mea-
sured to be 0.80 dL/g. The weight and number-
average molecular weights determined by gel per-
meation chromatography (GPC) were 46,300 g
mol ! and 21,050 g mol !, respectively. The mo-
lecular weight distribution was 2.2.

The equilibrium melting point (7%) measure-
ment was carried out using a Perkin—Elmer
DSC-7. The PTT sample was melted at 260 °C for
5 min under a nitrogen atmosphere to erase pre-
vious thermal histories. The sample was subse-
quently cooled at 300 °C/min to the desired crys-
tallization temperature T,. After crystallization
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for 24 h, the sample was immediately heated up
from T, to 270 °C at a fixed heating rate of 10
°C/min. The peak temperature of the endotherm
was considered as the melting point of the sam-
ple. For isothermal crystallization study, the sam-
ple was first heated to 260 °C and maintained at
this temperature for 5 min, then cooled at a rate
of 300 °C/min to the predetermined temperatures
T,. The exothermic curves as a function of time
were recorded from 202 to 210 °C. In the study the
isothermal crystallization kinetics by DSC, the
weight fraction of crystallinity, X(¢), was calcu-
lated according to the following equation:!2~13

ded
dr ¢

0

t)=— (1)
x(¢) gl
7 dt

0

where the first integral is the heat generated at
time ¢ and the second is the total heat generated
up to the end of the crystallization process.

Measurement of the radius growth rate of PTT
crystallites under isothermal crystallization was
investigated using a polarized light microscopy
(Leitz LABORLUX 12POLS) equipped with a
heating stage (Linkam THMS-600), a tempera-
ture control system (Linkam TP-92), and a video
recording system. Specimen was prepared by
melting the PTT sample on a glass slide on a
heating stage at 260 °C, followed by pressing of
the melted sample with a piece of cover glass and
maintained for 5 min at this temperature to re-
move any thermal history. Then the sample was
rapidly quenched to the predetermined crystalli-
zation temperature. The subsequent growth of a
particularly selected PTT spherulite was viewed
between crossed polars and recorded by a video
camera at appropriate time intervals. The
spherulitic radius was measured directly from the
video-record image. By plotting crystal radius
versus time, the slope of the line or the spherulite
growth rate G at different temperatures (178—-210
°C) can be obtained.

RESULTS AND DISCUSSION

Melting Behavior of PTT

DSC heating trace of the PTT after quenching
from the melt and the subsequent cooling trace
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Figure 1. DSC heating trace after PTT quenching
from the melt and the subsequent cooling trace. Heat-
ing and cooling rates are 10 °C.

are shown in Figure 1. As seen in Figure 1, PTT is
a semicrystalline polymer with a glass-transition
temperature T, = 44 °C, melting temperature T,
= 228 °C, and a cold crystallization temperature
T.. = 70 °C. The measured glass-transition
temperature T, = 44 °C is very close to T,, = 45 °C
previously reported by Gonzales et al.> and this
value will be used to calculate the nucleation pa-
rameter K, in the following section. Figure 2
shows DSC heating traces at different heating
rates for PTT isothermally crystallized at 210 °C
for 1 h then quenched to room temperature. As
the heating rate is increased, the low-tempera-
ture melting endotherm 77, increases in size (rel-
ative to 7%,) and its peak temperature, whereas

Heating rate:
40°C/min
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Endo

10°C/min

5°C/min .
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Figure 2. DSC traces of PTT crystallized at 210 °C
for 1 h at various heating rates.
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Figure 3. DSC heating curves for PTT crystallized at
various temperatures for 24 h. Heating rate = 10 °C/
min.

the high-temperature melting endotherm 7%, de-
creases in size and its peak temperature. How-
ever, the total heat of fusion does not change
dramatically with different heating rates. A sim-
ilar phenomenon was reported for PEEK isother-
mal crystallization at 220 °C.** When the heating
rate is increased, the time allowed to recrystalli-
zation decreases and thus results in a smaller
high-temperature melting endotherm and a
larger low-temperature melting endotherm. From
Figure 2 at the heating rate of 40 °C/min these
two distinct melting endotherms appear to coa-
lesce into a single endotherm because of a lower
supercooling and less time allowed for recrystal-
lization. It is noteworthy that the breadth of the
coalesced endotherm is broader at this higher
heating rate. From this result, the heating rate of
40 °C/min appears to be enough to minimize the
reorganization during the heating in the DSC.

Figure 3 shows the typical melting behavior
of PTT crystallized from 200 to 219 °C for 24 h.
The equilibrium melting temperature, 7%, of
the PTT can be determined by the Hoffman-
Weeks equation,'® using extrapolation of a plot
of T, versus T.to T,, = T.. The variation of the
observed melting temperature with crystalliza-
tion temperature 7, is shown in Figure 4. In the
range of T, explored, the T, of PTT increases
almost linearly with 7,. The equilibrium melt-
ing temperature obtained by extrapolating to a
value of T°, = 248 °C, which is substantially
higher than that previously reported by Pyda et
al. (238 °C).? The T (248 °C) obtained by this
study is important in quantitative analysis of
the crystallization behavior.
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Figure 4. Hoffman—Weeks plot for isothermally crys-
tallized PTT (24-h crystallization).

Isothermal Crystallization Behavior of PTT

Figure 5 shows the exothermic traces for PTT
samples isothermal crystallization from 202 to
210 °C. The crystallization process finishes in less
than 40 min. As would be expected, a sample with
higher crystallization temperature requires a
longer time to complete crystallization. By follow-
ing the Avrami treatment, the relative crystallin-
ity as a function of crystallization time is plotted
in Figure 6. From these curves, the half-time of
crystallization ¢,,, defined as the time required for

o
hes
c
L
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Figure 5. Isothermograms of PTT at the indicated 7',

on each curve.
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Figure 6. Relative crystallinity versus time for PTT
crystallized at different crystallization temperatures.

half of the final crystallinity to develop, was ob-
tained. The variation of ¢, and log(t,,,) * with
crystallization temperature 7, is shown in Figure
7, where the ¢, is strongly dependent on the
crystallization temperature. From the relation
between log(t,,) ' and T., the plot exhibits a
discontinuity around T, = 195 °C, indicating that
two crystallization processes are involved in the
T, region from 180 to 214 °C. An important ob-
servation is that this plot resembles the result in
spherulite growth rate determined from the po-
larized light microscopy (in latter section). This in
turn is related to changes in regimes.*®

The isothermal crystallization kinetics of PTT
were analyzed on the basis of the Avrami equa-

tion:1718
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Figure 7. Half-time of crystallization ¢,
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log (t,,5)" ! as a function of T, for PTT crystallized from

the melt state.
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Figure 8. Avrami plots for PTT at different crystal-
lization temperatures.

logl —In(1 — X,)] = log & + n log(?) (2)

where X(¢) is the weight fraction of crystallinity, n
is the Avrami exponent, k& is the overall kinetic
rate constant and ¢ is the time of crystallization.
Both £ and n depend on the mechanism of the
nucleation as well as the growth geometry. The
value of n is usually an integer between 1 and 4
for different crystallization mechanisms. It has
also been observed that n is a fraction due to the
secondary crystallization or the crystal perfec-
tion. Indeed, for spherulitic growth and athermal
nucleation n is expected to be 3. In the case of
thermal nucleation, it is expected to be 4. The
double logarithmic plots of the Avrami analysis
for PTT at different crystallization temperatures
are shown in Figure 8. The experimental data
appear to fit extremely well with the Avrami
equation, plots of log [—1n(1-X,)] versus log (¢) at
different T', all result in linear relationship. From
the slope and intercept of the Avrami plot, the
Avrami exponent n and the overall rate constant
k are obtained and tabulated in Table I. From the
Table, the half-time of crystallization ¢, de-
creases exponentially with decreasing crystalliza-
tion temperature, indicating that the rate of crys-
tallization is faster when the supercooling is
larger. The overall rate constant % is extremely
sensitive to temperature, which determines both
the nucleation and the growth processes. Further-
more, the overall rate constant is faster when the
crystallization temperature is decreased, which is
similar to the result from the polarized light mi-
croscopy observation. The average value of the n
determined in each crystallization temperature is

about 2.8, indicating that both the nucleation and
the growth mechanism are the same in the crys-
tallization temperature range investigated. This
value of n is slightly lower than the theoretical
value of 3.0 predicted for instantaneous nucle-
ation with spherulitic growth geometry. Combin-
ing the observation from DSC and the later po-
larized light microscopy, it seems to be in regime
IT crystallization by assuming the competition be-
tween secondary nucleation and lateral lamellar
growth.

In comparison with PTT, the isothermal crys-
tallization behaviors of PET and PBT have drawn
much more attention. For the PET, the Avrami
exponent n ranging from 2 ~ 4 has been reported,
depending on the molecular weight, chemical pu-
rity, melt condition, and crystallization tempera-
ture.'>19721 For example, the overall crystalliza-
tion kinetics change from slow crystallization
with an Avrami exponent n = 2 at 90-160 °C to n
= 3 in the faster crystallization, and finally ap-
proaches n = 4 above 230 °C where the crystalli-
zation rate is slow again. As for the PBT, the
Avrami exponent n = 2.6-2.8 has been reported,
and the melt crystallizes faster than the PET
under same supercooling condition.®22

Growth Rate Parameters in Crystallization of PTT

Figure 9 shows the polarized light micrographs of
PTT isothermally crystallized from the melt at
204 °C for various time intervals. It is clear that
the crystal grows as spherulite morphology. The
positive Maltese cross pattern is evident, indicat-
ing along or perpendicular to orientation of the
crystalline molecular axis with respect to the
spherulitic radius.?>?* The dimensions of the
crystallites are very sensitive to the crystalliza-
tion temperature and time. Figure 10 gives plots
of the spherulite radius versus time for different
crystallization temperatures. The solid lines rep-
resent the best least-squares fit to the data. It is

Table I. Isothermal Crystallization Parameters
of PTT

T, (°C) n k t1/2 (min)
202 2.81 33.7x 1073 2.90
204 2.77 18.4 x 1073 3.69
206 2.72 10.8 X 1073 4.65
208 2.70 3.9x 1073 6.84
210 2.84 1.0 x 1073 9.87
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Figure 9. Polarized light micrographs of PTT isother-
mally crystallized at 204 °C for various times: (A) 93 s;
(B) 120 s; (C) 153 s; (D) 170 s.

clear that there is a linear increase in the radius
with time until the spherulites impinge on each
other. It was also observed that the induction
time for nucleation becomes longer at higher crys-
tallization temperature. From the slopes of the
straight lines at various crystallization tempera-
tures, the spherulite growth rate G has been cal-
culated ranging from 117.0 to 4.7 um/min. The
plot of G as a function of crystallization temper-
ature is displayed in Figure 11. In the range of
crystallization temperature studied, G decreased
dramatically as the crystallization temperature is
increased. Furthermore, the plot seems can be
fitted by two straight lines, and a temperature
break, T} ..k at about 192 °C is observed. The two
different sections of the curve may be taken as an
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Figure 10. Radius of spherulite as a function of time
for different crystallization temperatures.
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Figure 11. Spherulite growth rate as a function of
crystallization temperature.

indication of change in regime crystallization. It
is interesting to compare this result with Figure 7
determined by DSC where also has a T}, at
195 °C.

The general expression for the growth rate of a
linear polymer crystal with folded chains is given
by:8

B ~U* K,
G= GO“‘"(R(TC - Tx))eXp<TcATf) @)

where G, is the front factor; U* is the activation
energy for the segment diffusion to the site of
crystallization; R is the gas constant; T, is the
hypothetical temperature below which all viscous
flow ceases; T, = T, — 30 °C; K, is the nucleation
parameter; AT is the degree of supercooling de-
fined by T°, — T.; and fis a correction factor given
as 2T./(T° + T.). Growth rates at a relatively
low degree of supercooling is well known to be
relatively insensitive to the values of U* and T,
employed in eq 3, and the “universal” values of U*
= 1500 cal/mol and 7', = T, — 30 °C were used in
all calculations. The nucleation parameter K, is
given by:

X - nboo,T?, .

«= Ahky @
where b is the thickness of a monomolecular
layer; o is the lateral surface-free energy; o, is the
fold surface-free energy; Ah,is the heat of fusion
per unit volume; 7%, is the equilibrium melting
point; and kg is the Boltzmann’s constant. Typi-
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Figure 12. Plot of log G + U*/2.303R(T, — T.) as a
function of /T ATY.

cally the value of n = 4 in regime I or IIl and n = 2
in regime II have been employed. It is often most
convenient to rearrange eq 3 as:

U>Z<
2.303R(T,— T.)

log G +

Kg
2.308T.(AT)F O

=log Gy, —
and view the growth rate data in the form of a plot
of the left-hand side of eq 5 versus 1/T(AT)f, with
a slope = —K,. Figure 12 shows the growth rate
data for PTT plotted according to indications of eq
5. On the basis of secondary nucleation analyses,
a transition between regime III and II is found in
the vicinity of 194 °C (AT = 54 K). This regime
III/IT transition temperature of PTT is higher
than that of PET (165 °C) but lower than that of
PBT (210 °C)."" In the calculation, 7, of 44 °C
and T° of 248 °C were used for PTT as deter-
mined by DSC experiments. It appears reason-
able to fit the experimental data with two straight
lines, and from the slopes obtain the K1, = 3.02

of slope between K,y and K, is 2.1, which is
very close to 2.0 as predicted by the Lauritzen—
Hoffman theory.

The derived K, can be used to calculate o, and
the work of chain-folding, ¢, for the PTT. Using
the layer thickness b = 6.266 A,* T°, = 248 °C and
Ah, = 145.6 J/g,” we derived the oo, = 616.7
X 1076 J%m*. The lateral surface-free energy o
may be estimated by the Thomas—Stavely rela-
tionship:®

o= a-Ah (ab)” (6)

where a is the molecular width, « is an empirical
constant, and « is usually assumed to be ~0.1.
Taking @ = 0.1, o can be calculated to be 10.89
erg/cm? from eq 6, and using the experimental K,
leads to the fold surface-free energy o, = 56.64
erg/cm?. The work of chain-folding, ¢, has been
found to be one parameter most closely correlated
with molecular structure, and probably the most
important contribution to its relative magnitude
is thought to be the inherent stiffness of the chain
itself.>1! The work of chain-folding can be derived
from o, by the following relationship:

g = 2abo, (7

where ab is the molecular cross-sectional area,
and for PTT is 0.29 nm?. This value of ¢ calculated
from eq 7 is 4.80 kcal/mol folds. It is worth noting
that the value of ¢ is fairly comparable to other
polymers. The values of o, = 56.64 erg/cm? and g
= 4.80 kcal/mol of folds estimated for PTT are
reasonable and fit into the range of values for
other polymers. For comparison, the kinetic pa-
rameters of PET and PBT are also listed in Table
II. Tt is well known that PET crystallizes more
slowly than PBT. As seen in Table II , the work
required to form a PBT fold is roughly half of that
of PET, and hence chain-folding is less hindered
to crystallize for PBT. From Table II, we can

X 10°, K 1) = 1.45 X 10°, respectively. The ratio

o conclude that PTT crystallizes faster than PET

Table II. Comparison of Surface-Free Energies and Work of Chain-Folding for PET, PTT, and PBT

T, K, X 107° o o, q, kcal/

Polymer (°C) (deg?) (erg/cm?) (erg/cm?) (mol of folds) Source
PET 75 2.81 10.6 140 10.0 Ref. 25
PTT 46 1.45 10.89 56.64 4.8 This work
PBT 42 0.53 8.8 57-75 3-5 Ref. 11




because the work of chain-folding for PTT is
lower than that of PET. This relatively large
difference in ¢ is related to the longer flexible
segments [i.e., (CH,); versus (CH,),] in the PTT
repeat unit. From a scientific viewpoint, ther-
modynamic information from PTT coupled with
corresponding data from poly(ethylene terephthal-
ate) (PET) and poly(butylene terephthalate)
(PBT) makes knowledge on this polyester fam-
ily more complete.

CONCLUSIONS

In this study, we investigated the crystallization
kinetics of PTT by means of differential scanning
calorimetry and polarized light microscopy. The
PTT specimen shows an Avrami exponent n = 2.8
in the isothermal crystallization temperatures ex-
plored. Combining the observation from DSC and
polarized light microscopy, it seems to be in re-
gime II crystallization, assuming the competition
between secondary nucleation and lateral lamel-
lar growth. The equilibrium melting temperature
was determined and found at 248 °C. Using U* =
1500 cal/mol together with the determined T, and
T° , the nucleation parameter K, was determined.
A transition between regime III and II was found
near 194 °C. Furthermore, the relation between
log(t,) ' and 7T, determined from DSC also
shows the T},...x at 195 °C, implying the change in
regimes. The surface-free energies o = 10.89 erg/
ecm? and o, = 56.64 erg/cm? were estimated. The
work of chain-folding (¢ = 4.80 kcal/mol folds)
derived from o, is close to the PBT but substan-
tially lower than that of the PET. Therefore, we
can conclude that in the family of the linear aro-
matic polyesters, PBT and PTT are more flexible
than that of PET.
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