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The isothermal crystallization of poly(ethylene-terephthalate) (PETP) fractions, from the melt, was
investigated using differential scanning calorimetry (d.s.c.). The molecular weight range of the fractions
was from 5300-11750. Crystallization temperatures were from 498-513 K. The dependence of
molecular weight and undercooling on several crystallization parameters has been observed. Either
maxima or minima appear at a molecular weight of about 9000, depending on the crystallization
temperature. The activation energy values point to the possibility of different mechanisms of
crystallization according to the chain length. A folded chain process for the higher M, chains and an
extended chain mechanism for the lower M, chains. The values of the Avrami equation exponent n vary
from 2—4 depending on the crystallization temperature; non-integer values are indicative of hetero-
geneous nucleation. The rate constant K depends on 7, and M,, showing maxima related to the 7_ used.
The plot of log K either vs. (AT) " and (AT) 2 or T,,/T(AT) and T2/T(AT)? is linear in every case.

(Keywords: poly(ethylene-terephthalate); crystallization; d.s.c.; kinetics; undercooling)

INTRODUCTION

The kinetics and thermodynamics of polymer crystalli-
zation is nowadays a subject of considerable impor-
tance! ~2. Several techniques are widely employed, such as
dilatometry®~*°, calorimetry'!~!”, microscopy!®~2, li-
ght depolarization and scattering?!, density??, etc., ac-
cording to the parameters implied in the processes
studied. In particular, differential scanning calorimetry
has proved to be a convenient technique because of the
small size of sample required, speed of operation and
possibility of quickly reaching thermal equilibrium. It has
been shown that the results obtained by d.s.c. are
comparable to those from dilatometry?3-24, with larger
undercoolings and, therefore, higher crystallization rates.

On the other hand, it is well known that most of the
parameters involved in crystallization phenomena de-
pend on the temperature of crystallization, 7;, and the
molecular weight?®* 3. For this reason the use of well
fractionated samples is a necessary condition. For a given
undercooling, the crystallization rate is closely associated
to two energy quantities; that is, nucleation free energy
and the one belonging to the transport at the interface
liquid-crystal. The free energy of nucleation is inde-
pendent of molecular weight beyond a certain value and
the crystallization rate will depend only on the transport
term and therefore of the molecular weight which de-
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termines the environmental viscosity. As the crystalli-
zation temperature decreases followed by smaller nuclei
and concentration of chain units required for nucleation,
the influence of molecular weight becomes less impor-
tant'4-25-32:33_ It is necessary for this reason that the
polymer fractions employed cover a wide range of mole-
cular weights; to find out in each system what the
influence is that the molecular weight has on each of the
energy terms.

During the last years a number of papers have been
published with reference to the effect of molecular weight
on the various kinetics variables, and a few of them make
reference to low molecular weight values?’34:35, With
regard to poly(ethylene-terephthalate) this is not the case,
however, and currently attention has been paid mainly to
the higher molecular weight range36 45,

The purpose of this investigation has been to study the
effect of the molecular weight as well as of the undercool-
ing on the kinetic parameters associated with the
poly(ethylene-terephthalate) crystallization from melt,
paying particular attention to the low molecular weights.
D.s.c. was used, and the molecular weights of the fractions
used, varied from 5300-11750. In a paper to follow, the
temperature coefficient and associated parameters of this
crystallization will be reported.
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EXPERIMENTAL

Samples

In this work we used several low molecular weight
fractions of PETP, with M, in the range 5300-11750.
Fractionation was carried out by the temperature lowering
technique from solutions in N-N-dimethylformamide
(DMF). The original PETP sample unfractionated has
been prepared by polycondensation of ethylene glycol
and dimethyl-terephthalate in the presence of anti-
monium trioxide and calcium acetate. Molecular weight
determinations have been carried out by intrinsic vis-
cosity measurements in o-chlorophenol at 25°C. Details
regarding the synthesis, fractionation and characteri-
zation of samples have been reported in a previous
paper*®.

ISOTHERMAL CRYSTALLIZATION

The kinetics of isothermal crystallization were determined
using a Perkin-Elmer DSC-1B instrument operating in
nitrogen atmosphere. Temperature calibration was car-
ried out using pure samples of In, Sn and Pb. The
apparent enthalpies were determined using the con-
ventional method, comparing the areas under the d.s.c.
curve with the corresponding areas of a standard sample
of Indium, taking AH,=28.45 Jg~!.

The crystalline content was determined by comparison
of the apparent enthalpies with those of a 1009, crystalline
sample which is 120 Jg~! according to Roberts*’.

Kinetic experiments have been performed following the
usual method!4. The samples were heated to a tempera-
ture 7;, about 20°C above the corresponding melting
temperature, standing at that temperature for a time ¢,
until the complete disappearance of any residual crystal-
linity in the melt. Previous trials carried out with the
different fractions allowed us to determine fusion con-
ditions at 548 K and 5 min, respectively. These conditions
were used in all the experiments. Subsequently, the
samples were cooled at a rate of 64°C min~"' until the
desired crystallization temperature was reached and the
corresponding crystallization exotherms scanned as a
function of time, until no change was observed.

Once crystallization had been completed, to obtain the
melting temperature as well as the corresponding en-
thalpy the samples were heated at 8°C min ~! until total
fusion took place. The crystallization temperatures used
to evaluate kinetic data are in the range 498-513 K for the
fractions.

RESULTS

The induction time 7; has been found from the d.s.c.
curves, taking 7, as the distance from the point of thermal
equilibrium to the starting point of the isotherm (Figure I).
It must be taken into account that z; is not a proper
induction time as the initiation of the exotherm does not
guarantee that the crystalline content is zero in that
moment. In addition, as the crystallization temperature is
lowered the rate of crystallization increases and the true
initial point of the exotherm may be not detectable as a
result of the incomplete thermal equilibrium attained.
Apparent induction times, for each fraction and crystal-
lization temperature, are listed in Table 1. Figure 2 shows
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Figure 1 D.s.c. curves for fraction A-1 (M,=11750). Melting
conditions: 548 K and 5 min. Curve A: 7;=2.1 min, 7.=508K;
curve B: 7;=0.9min, 7,=505K; curve C: 7;=0.5min, 7,503 K;
curve D: 1;=0.1 min, 7,=500K

Table 1 Crystallization parameters for each fraction. Melting conditions: 548 K and 5 min

Fraction TelK)  rylmin) velmin=t}  tg.s{min) tg.1{min)  K{min-N) n K equation (6) X%
A-0 508 260 0.194 582 3.80 1.46 x 103 34 1.73 x 10-3 46.1
Unfractionated 503 0.40 0.430 1.86 1.15 1.05 x 10-1 3.1 1.01 x 10-1 65.1
{Mn = 6650) 500 0.05 0613 1.20 0.48 495 x 10-1 26 431 x 101 64.6
A1 508 2.10 0.280 495 342 232 x 103 39 1.35 x 10-3 576
(Mn =11750 505 0.90 0.366 295 1.76 1.64 x 102 34 1.75 x 10-2 66.4
503 0.50 0.418 222 1.24 488 x 102 34 4.60 x 10™2 71.2
500 0.10 0558 1.22 0.50 423 x 10~ 26 413 x 107! 69.4
A—-2 513 6.80 - 13.80 — - - - -
{Mn =8100) 508 1.45 0.342 4,08 282 25 x10-3 4.0 250 x 10-3 545
505 0.60 0520 2.10 1.32 9.76 x 102 39 3.83 x 1072 526
503 0.40 0.668 1.47 0.86 1.85 x 10-1 34 1.87 x 101 58.5
500 0.20 0.955 0.77 0.35 1.420 24 1.297 61.6
A-3 508 2.15 0.258 5.47 3.75 7.74 x 10~4 4.0 7.74 x 104 58.4
(Mn =7100) 505 0.85 0.432 2,73 1.73 1.35 x 10-2 38 1.562 x 1072 64.2
503 0.45 0.495 1.87 1.08 9.73 x 102 341 9.95 x 10~2 714
500 - 0.716 097 0.45 8.02 x 10-1 26 7.50 x 10-! 720
A4 508 4.90 - - - - - -~ -
(Mn = 5350) 505 1.90 0.124 7.35 4.05 7.32 x 10-4 35 6.43 x 104 57.2
500 0.30 0344 231 1.15 4.37 x 102 33 437 x 1072 68.7
498 — 0.481 135 055 3.63 x 101 20 3.80 x 10t 68.8
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Figure 2 The induction time 7; dependence on the molecular

weight for various crystallization temperatures 7. Curve A:
T.=508K; curve B: 7.=605K; curve C: T,=503K
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Figure 3 Reduced crystallinity as a function of time plot for
fraction A-1. Crystallization temperatures: (A) 500 K, (v7) 503 K,
(@) 505K, (O) 508K
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the dependence of 7; with M, for various crystallization
temperatures. A minimum, corresponding to a molecular
weight of about 9000, can be seen.

The weight fraction of crystalline material x(t) at time ¢
has been calculated according to the equation:

t 0

x(t)= J (dH/dt)dt / f (dH/dt)dt 1)
0 0

taking =0 at the moment of attainment of thermal
equilibrium and t=oc0 at the end of crystallization'®.
Equating the integrals to areas, equation (1) can be shaped
into:

x(t)=A,/Aq @

A, is the area under the d.s.c. curve from ¢=0 to t=t,
and A, is the total area under the crystallization curve. In
a certain sense x(t) is a reduced crystallinity because it
relates an instant crystallinity to the total one which can
be attained under the experimental conditions; therefore
x{t) changes from 0 to 1.

The plots of x(t) vs. t, for each fraction and 7. are shown
in Figure 3. The slopes of the curve at each point are a
measure of the rate of crystallization. Beyond the in-
duction period the rate of crystallization increases and
then keeps constant for a certain time decreasing after-
wards until zero value. We take V, as the rate of
crystallization, corresponding to the straight section of
the curve*®. This constancy is displayed over 50-60%; of
the conversion curve in all the experiments.

Table I shows the values of V, corresponding to each T,
and molecular weight.

The activation energy associated to the overall process
of crystallization has been evaluated from the rates of
crystallization by using the equation:

V.=Aexp(—AE/RT) 3)

A being a constant and T the crystallization tempera-
ture T,. The plot of In ¥, vs. T~ ! allows the calculation of
AE for each fraction from the slopes. The results are
gathered in Table 2.

It can be observed that the lowest molecular weight
fraction (4-4) has a large AE value compared with the
highest molecular weight fraction (4-1), almost twice. The
rest of the fractions have intermediate values.

In addition, taking the curves x(t) vs. t, we have
determined other parameters, such as ¢, s and t, 4, that is,
the times when the reduced crystallinities get the values
0.5 and 0.1, respectively. The values obtained are given in
Table 1, and their dependence on the molecular weight is
shown in Figure 4.

The kinetic analysis of the isothermal crystallization
was carried out on the basis of the Avrami equation*®:

0(t)=1~x(t)=exp(—K1") 4)

Table 2 Activation energy values for the fractions

Fraction Mn AE (kJ mol-1)
A-1 11750 183.9
A-—-2 8100 273.7
A-3 7100 273.7
A4 5350 405.4
A — 0 (unfraction-
ated) 6650 301.0
log ty,, A
{min)

E\ O/
0.5} /:/
_/o/

Mo x1073
Figure 4 Plot of log t, 5 vs. M,, for the various fractions, taking
T, as parameter. Curve A: 7,=508K; curve B: 7.=505K; curve C:
T.=503K; curve D: T, =500K; curve E: T =498 K
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Figure & The Avrami equation for fraction A-3 (M,=7100).
Crystallization temperature as parameter: (A) 500K, (O) 503K,
(V) 505 K

8(t)=1-x(t) being the weight fraction of uncrystallized
material at time ¢, and K the rate constant. ‘n’ is a constant
which depends both on the nucleation and growth of the
polymer. The Avrami equation assumes that growth
ceases at the onset of the impingement between growing
bodies, ‘n’ was usually given integral values in order to
permit theoretical interpretation. The Avrami equation
can be rearranged into the known Goler-Sachs equa-
tions>?, at low degrees of conversion, which imply free
growth.

Taking logarithms, equation (4) can be arranged in the
following form:

In[ —In6(t)] =InK +nlnt )

Plotting the first term vs. In¢, both K and n can be
obtained, from the slope and intercept at Int=0, re-
spectively. Another way of obtaining the rate constant K
is to use the half-life for crystallization ¢ s, by means of the
equation:

K=In2/ty s ©6)

Figure 5 shows a plot of equation (5) for a fraction
crystallized at three different temperatures, and in Table 1
the values of K and n are gathered for each fraction and T..

In order to establish a relationship between the various
parameters and the undercooling AT, this has been
evaluated by the equation:

AT=T;-T, Q]

T being the equilibrium melting temperature for each
fraction, which has been determined by the relationship
between the apparent melting temperature 7, and the
crystallization temperature 7;. The plot of T;, vs. T, gives
straight lines whose crossing points with the line T,,=T,
determine T (Figure 6)°'.

The values of the overall crystallinity, x(3;), obtained at
the end of each crystallization kinetics are also given in
Table 1. The range of x is between 45 and 759, according
to the fraction and crystallization conditions.
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DISCUSSION

The induction time t; is clearly dependent on the crystalli-
zation temperature, for all the fractions studied, decreas-
ing as the undercooling increases. This is a consequence of
the smaller size for the critical nuclei required when the
crystallization temperature is lower. With regard to the
molecular weight, the strong dependence between t; and
M, when the undercooling is small and how this de-
pendence becomes less pronounced at larger under-
coolings can be observed in Figure 2. The t; values pass
through a minimum at a molecular weight of about 9200.
The observations can be explained by taking into account
the effect of the viscosity and thermal agitation on the
medium, both dependent as much as the molecular weight
as the undercooling. At higher molecular weight the
medium is more viscous, a condition which makes
transport to the interface more difficult, thus increasing
the induction time. For low molecular weights the
viscosity is lower but thermal agitation opposes the
formation of stable nuclei, which gives rise to higher
induction times also. The molecular weight at which t;isa
minimum shows the optimum conditions both in vis-
cosity and thermal agitation and this implies formation of
stable nuclei and easy transport to the interfaces. At lower
crystallization temperatures and higher undercoolings,
this effect will be less pronounced and the induction time
becomes practically independent of the molecular weight.

The relationship between 1;and AT can be represented
by the equation:

,=const(AT)™" (8)

and log 7, has been plotted vs. log AT. The average value of
n for the fractions is 11.0 (4-1=11.6; A-2=11.0 and A4-
3=10.5). The observed linear dependence implies that
there are no morphological changes during the crystalli-
zation as the undercooling varies’2.

As it was expected, the change of the reduced crystal-
linity x(¢) as a function of time is influenced by both the
undercooling and the molecular weight (Figure 3). As the
crystallization temperature rises the rate increases and
overlapping of the curves cannot be obtained by a simple
shift along the abscissae. This will cause larger apparent
values of ¥, and smaller ones for ¢, 5 and ¢, . In a similar

Tm (K)

540

530} %
AT

%

520}

510 i n L e
500 510 520 530 540 T (K
Figure 6 Determination of the equilibrium melting temperature
79, for several fractions. Curve A: 546 K; curve B: 539.8 K; curve
C: 5385 K
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way, the molecular weight has an important influence,
giving rise to variations in the rates and related para-
meters. In Figure 4 the presence of either a maximum or a
minimum, depending on the parameter, at a molecular
weight of about 9200, as it happens with the induction
time can be observed.

When the molecular weight increases, the rate of
crystallization should decrease, as well as the density of
the crystallized polymer and the final degree of crystal-
linity reached. The dependence of the velocity on the
molecular weight is related both to the free energy of
formation of the critical nucleus AF* and to the free
energy of transport at the interface liquid-crystal. AF* is
independent of molecular weight for large values®?-33, and
the dominant term is the transport one, which is related to
the viscosity of the melt. An increase of molecular weight
causes an increase in the viscosity and this gives rise to
constraints as far as the crystallization rate concerns.
Nevertheless, for low molecular weight, AF* will show a
dependence on the molecular weight. As the crystalli-
zation temperature is getting lower the effect of the
molecular weight will be less important because the size of
the critical nucleus will be smaller and as a consequence
the concentration of chain units required for nucleation
will be lower.

In Figure 4 it can be appreciated that each isotherm has
a minimum for the half-life of crystallization in its relation
to the molecular weight. This minimum shifts to lower
values of molecular weight with decreasing crystallization
temperatures. The initial lowering of t, s with M, is
explained because of a decrease in the free energy required
for the formation of a critical nucleus. The subsequent
increase is due to the melt viscosity increase, which is
related to the transport term (as AF* does not depend on
molecular weight).

The minimum is a result of both opposing tendencies as
a function of molecular weight, one the decrease of AF*
and the other the increase of the transport term, related to
the increase of viscosity. The shifting of M, at the
minimum, when the crystallization temperature lowers, is
due to the smaller size of the critical nucleus required and
therefore to the beginning of the independence of AF* on
the molecular weight. Also, as the T, decreases, the
viscosity increases and the transport term begins to be
dominant at the lower molecular weight range. This effect
has been observed in other polymers?”-53, This minimum
becomes more diffuse as the crystallization temperature
decreases.

The activation energies, evaluated from the crystalli-
zation rates V, and reported in Table 2 for each fraction,
are high. This is a consequence of the large cohesive
energy density due to the rigidity of the chain and in the
presence of polar groups. The values obtained are closely
related to other data previously reported: Collier and
Baer>* give 267.5 kJ mol ! (equal our fractions 4-2 and
A-3), Miller*! and Mayhan*® report 1839 and
154.6 kJ mol !, respectively, for the higher molecular
weights similar to that of our A-1 fraction.

The large difference between the activation energies of
the smallest and largest molecular weight fractions, may
be due to different crystallization mechanisms, similar to
other polymers, such as poly-e-caprolactone® and
poly(ethylene oxide)?°. The low molecular weight frac-
tions (short chains) would assume a stretched confor-
mation on crystallization (high activation energy) while

the high molecular weight fractions would crystallize with
a folded chain conformation, which is more favourable
from a kinetic point of view (low activation energy). As a
consequence, the low molecular weight fractions would
crystallize with low rates. The higher the molecular weight
of the fraction the longer the chain, making chain folding
easier, the activation energy will decrease and therefore
the crystallization rate will be higher (fractions 4-3 and 4-
2). Nevertheless, the chains do not have enough flexibility
for a rapid crystallization even when there was an
increase in the rate. At higher molecular weights the long
chain lengths offer more favourable conditions for folding,
the rate of crystallization ought to be better and the
corresponding activation energies would be low. But the
ease of folding is limited by the viscosity of the medium,
which increases with the molecular weight. This opposes
the higher crystallization rates and the final crystalli-
zation rate would be less than expected due to the low
activation energies. This would explain the maximum
found when plotting the crystallization rate vs. molecular
weight.

Values of the exponent n in the Avrami equation range
from 2-4, for every fraction studied, and decrease, as
expected, with increasing undercoolings. In nearly all of
the experiments the n values obtained are non-integer.
This happens with other polymers, e.g. polyethylene®>¢,
poly(ethylene oxide)?®7, poly(decamethylene tereph-
thalate)?, etc., and can be ascribed to heterogeneous
nucleation.

The rate constant K rises with increasing undercool-
ings, as expected. With regard to the molecular weight, the
data show the presence of a maximum when plotting In K
vs. M. This same effect has been reported by Magill with
other polymers®®. The M, corresponding to the maxi-
mum is the same as that found in the crystallization rate
analysis and corresponds to the minimum in the study of
the half-lives of crystallization. However, the molecular
weight corresponding to the maximum on the K plot,fora
given T, shifts to higher values as T, increases, e.g. for a
T.=500 K the molecular weight is 8750, and when
T.=508 K it is 9750.

As the growth of the crystalline entities takes place by a
process of secondary nucleation on the faces of initially
formed nuclei, the dependence of K with the molecular
weight must be related to both the free energy of nuclei
formation and the transport energy on the liquid-crystal
interface. The molecular weight will affect all these
quantities, as will the crystallization temperature. This
explains the presence of the maximum and its shifting
along the molecular weight axis.

The relationship between K and the undercooling may
be explained if the secondary crystallization associated
with the growth of the crystal is either bidimensional or
tri-dimensional. In this case, a linear relationship between
either log K and (AT) ~? orlog K and T,/T(AT) points to
growth from secondary bidimensional nuclet, while a
linear relationship between log K and (AT) ™2 or between
log K and T,/T(AT)? is a clear indication of tridimen-
sional secondary nuclei responsible for growth.

It can be seen that a linear relationship exists in every
case and so it is impossible to distinguish between both
types of secondary nucleation. These difficulties have been
dealt with previously by other authors!'2, But the pro-
blem can be solved by analysing the temperature coef-
ficient, as will be shown later.
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