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ABSTRACT: The crystallization kinetics of poly(ethylene terephthalate)/poly(ethylene
2,6-naphthalate) (PET/PEN) blends were investigated by DSC as functions of crystal-
lization temperature, blend composition, and PET and PEN source. Isothermal crys-
tallization kinetics were evaluated in terms of the Avrami equation. The Avrami
exponent (n) is different for PET, PEN, and the blends, indicating different crystalli-
zation mechanisms occurring in blends than those in pure PET and PEN. Activation
energies of crystallization were calculated from the rate constants, using an Arrhenius-
type expression. Regime theory was used to elucidate the crystallization course of
PET/PEN blends as well as that of unblended PET and PEN. The transition from regime
II to regime III was clearly observed for each blend sample as the crystallization temper-

ature was decreased. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 23-37, 2001
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INTRODUCTION

The glass-transition temperature and the melting
behavior of poly(ethylene terephthalate)/poly(eth-
ylene 2,6-naphthalate) (PET/PEN) blends were
discussed in a previous study.! This work contin-
ues a series of investigations on PET/PEN blends
and concentrates on the study of crystallization
kinetics.

The crystallization of PET has been investi-
gated for a long time. Cobbs and Burton? studied
the course of crystallization of PET film with in-
frared and density measurements. The kinetics of
crystallization were analyzed in terms of the
Avrami equation. An Avrami exponent (n) was
obtained and was interpreted in terms of plate-
like growth, as crystallites formed at crystalliza-
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tion temperatures between 120 and 180°C. Mor-
gan and coworkers®* compared the crystalliza-
tion rates of different PET samples with similar
molecular weights but polymerized with different
polycondensation methods. Jackson and Long-
man® studied the effects of molecular weight, cer-
tain catalyst residues, and nucleating agents on
the rates of crystallization from the melt of PET
and related copolymers. Van Antwerpen and Van
Krevelen® studied the influence of crystallization
temperature, molecular weight, and additives on
the spherulite growth rate of PET during crystal-
lization. Gunther and Zachmann’ investigated
the effects of the amounts and kinds of catalyst
systems on the half-time of crystallization and
orientation of PET. Jabarin®1° studied the crys-
tallization behavior of a variety of PET materials.
He studied the effects of molecular weight, cata-
lyst system, crystallization temperature, DEG
content, and polymerization process on the crys-
tallization of PET. The results were interpreted in
terms of the Avrami equation. The Avrami expo-
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nent (n) was calculated and the rate constant (&)
was investigated.

There are also some reports of crystallization
studies of PEN.'716 However, there are few re-
ports on the crystallization and melting behavior
of the PET and PEN blends.!”'° Heisey and Hoff-
mann'’ studied the crystallization behavior of di-
methyl 2,6-naphthalene dicarboxylate (NDC)-con-
taining blends and copolymers passed through a
Killion extruder. As has been pointed out by some
other investigators,?°~2% the degree of random-
ness or transesterification of a polyester blend
affects blend clarity and crystallization behavior.
Heisey et al.'” showed that PEN crystallized at
higher temperatures and slower rates than did
PET. They also found that the blends crystallized
faster than copolymers of the same molar compo-
sition. All of the blends that were passed through
the extruder three times were clear. Crystalliza-
tion of blends containing 5 to 15 mol % NDC were
not affected by the length of time the blends were
melt processed. The study in our laboratory?’
showed similar results. In other words, the trans-
esterification level achieved during melt process-
ing is not a controlling factor for the thermal
properties of the blends after a certain transes-
terification level is achieved and within the trans-
esterification level range investigated in our
study. Thus, the blend properties (after a certain
transesterification level has been achieved) do not
change any more with the transesterification
level. This makes it possible to use the blends
within the stabilized region, to represent the
same composition blend properties.

Lu and Windle'? studied the crystallization be-
havior of random copolymers of PEN and PET
and found that their crystallinity decreased with
NDC content, passed through a minimum at in-
termediate NDC composition, and increased
again with NDC content. In the composition
range of 0—60 mol % PET, the X-ray patterns
were quite similar to that for the PEN homopoly-
mer, whereas the patterns for the copolymers
with 80-100 mol % PET units were generally
similar to each other, but distinct from those in
the 0—60 mol % PET range. Santa Cruz et al.
studied the crystalline structure of random copol-
ymers of PET and PEN and distinguished the
regions in which PET or PEN crystallized, while
the other component was ejected into the amor-
phous phase.

Regime theory was proposed by Hoffman et
al.?® for the crystallization kinetics of polymers.
They found two straight lines appeared on the

plot of log G + U/2.303R(T" — T, against
1/T(AT), suggested by nucleation theory, which
reflected the transition from regime I to regime II.
Here G is the growth rate, U is a universal con-
stant characteristic of the activation energy of
chain motion in the melt, R is the gas constant, T'
is the crystallization temperature, T, is the the-
oretical temperature at which all motion associ-
ated with viscous flow or repetition ceases, and
AT is the degree of supercooling and equals 79, —
T, where T9 is the equilibrium melting point.
Later, Hoffman®® proposed regime III theory in
polymer crystallization. This theory predicts a
twofold increase in the slope of plots of log G
+ U/2.303R(T — T,) versus 1/T(AT) as the crys-
tallization temperature is lowered through the
transition point between regime II and regime III.
Three regimes of polymer crystallization have
been proposed on both theoretical and experimen-
tal grounds. A regime transition occurs when the
relationship between growth rate and the surface
nucleation rate undergoes a change. In the high-
est temperature regime (regime I), the observable
growth rate varies with i, where i is the surface
nucleation rate. In regime II, multiple nucleation
occurs on the substrate and G is proportional to
iY2 which leads to a downward break in the
growth rate curve as it passes through the regime
I to regime II transition.3%3! At still lower tem-
peratures, the mean separation of the nuclei on
the substrate approaches the width of the molec-
ular stems, and regime III is observed.??:33

PET and PEN form miscible blends within the
range of the transesterification levels obtained in
our study.'?” Results indicated that, after a crit-
ical level of transesterification has been reached,
thermal properties remained unchanged with ad-
ditional processing and levels of transesterifica-
tion. The melting behavior and melting-point de-
pression, resulting from the formation of the mis-
cible blends, were studied in the previous
investigation.! The crystallization behavior and
kinetics of crystallization are expected to be sim-
ilarly altered by formation of miscible blends of
PET and PEN. The crystallization of miscible
blends has attracted interest in recent years as an
outcome of the study of the miscible blends of
crystalline polymers. Mandelkern®* studied the
crystallization kinetics in polymer—diluent mix-
tures and found that the crystallization behavior
for a polymer—diluent mixture is very similar to
that for pure polymers. The crystallization kinet-
ics can be interpreted by modifying the method
applied to the pure polymer, by assuming that



steady-state nucleation and growth occur simul-
taneously throughout the process. Hsiao et al.?®
studied the crystallization in miscible poly(aryl
ether ketone) (PAEK) and poly(ether imide) (PEI)
blends. They observed a transition of regime II to
regime III in both pure PAEK and its blends. By
using the theory for the polymer—diluent mix-
tures, they calculated the surface free energy of
chain folding.

In this study the crystallization kinetics of
PET/PEN blends were investigated as to how
they are influenced by crystallization tempera-
ture, blend composition, and different PET and
PEN materials. The regime theory was used to
study the crystallization kinetics of not only pure
PET and PEN but also their blends. A differential
scanning calorimeter (DSC) was used to investi-
gate the crystallization behavior because it has
been shown to be applicable to the study of poly-
mer crystallization.36—38

EXPERIMENTAL

Materials

Two PETs and two PENs were used to make the
blends. PET 1 is a homopolymer with an intrinsic
viscosity (IV) of 0.72, manufactured by Eastman
Chemical Co. (Kingsport, TN). PET 2 is an isoph-
thalic acid (IPA)-modified copolymer with an IV
of 0.80, manufactured by Shell Chemical Co. (Ak-
ron, OH). Both PEN 1 and PEN 2 are homopoly-
mers manufactured by Hoechst (Spartanburg,
SC), with IVs of 0.57 and 0.63, respectively. The
IV determination of PET was done at 25°C in
60/40 (w/w) phenol/tetrachloroethane solution,
whereas the IV of PEN was determined at 30°C in
the same solution. Two blend systems were
formed by using PET 1 with PEN 1 as blend
system A and PET 2 with PEN 2 as blend system
B. Blend compositions investigated ranged from
100% PET to 100% PEN.

Previous work®’ showed that after a certain
transesterification level has been achieved, ther-
mal properties depend only on blend composition
and that the degree of randomness is not a con-
trolling factor. This critical level of transesterifi-
cation (randomness) that must be reached is gen-
erally indicated by optical clarity and a single
narrow AT, of about 10°C or less. For these ex-
periments, it was achieved within three passes
through the single-screw extruder. Additional
passes yielded increased percentage transesteri-

CRYSTALLIZATION KINETICS OF PET/PEN BLENDS 25

fication; however, no additional changes were
noted for optical clarity, the glass-transition tem-
perature, or melting behavior. It should be noted
that processing conditions required to attain com-
plete randomization would include longer pro-
cessing times and/or higher processing tempera-
tures. Either of these conditions could cause se-
vere degradation, which would overcome the
transesterification process. The thermal proper-
ties, described in the following sections, all repre-
sent values obtained after critical transesterifica-
tion was achieved, as demonstrated by optical
clarity and a narrow AT,."

Extrusion

Amorphous films 26 —41 mils thick were prepared
using a Brabender single-screw extruder with a
general-purpose 0.75-in.-diameter screw and
length-to-diameter ratio (/D) of 22 : 1. A screw
speed of 80 rpm and extrusion temperature of
300°C were utilized. The polymers were dried at
120°C for 20 h in a Forma Scientific Model 3237
vacuum oven (Marietta, OH) prior to extrusion.
The dried polymers were then mixed and ex-
truded. Multiple passes were run to achieve dif-
ferent transesterification levels. Before each ex-
truder pass, the films were chopped, crystallized,
and dried at 120°C for 20 h.

Differential Scanning Calorimeter (DSC)

A Perkin—Elmer DSC-2 instrument (Perkin—
Elmer, Norwalk, CT) was used. All samples were
dried in a vacuum oven at 40°C for 20 h prior to
measurements. The calorimeter was operated with
a stream of oxygen-free, dry nitrogen flowing over
the sample and the reference. During an isothermal
scan, the temperature of the sample was increased
at 320°C/min to the desired crystallization temper-
ature. The thermal transitions were recorded at
this temperature as a function of time. The frac-
tional crystallization as a function of time was then
evaluated from the DSC thermogram.

RESULTS AND DISCUSSION

Isothermal Crystallization Kinetics
Experimental Results

In work on polymer crystallization, it is custom-
ary to represent the experimental results in
terms of the fraction of uncrystallized material,
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Figure 1 Crystallization isotherms for PET 2 at var-
ious crystallization temperatures.

6,, as a function of time [In(¢)]. These plots are
called crystallization isotherms. For example, the
variation of 6, with time for PET 2 and 40/60
PEN/PET B blend samples, at various crystalli-
zation temperatures, is shown in Figures 1 and 2.
Similar curves were obtained for all the samples.
All of the isotherms have sigmoidal shapes typical
of polymer crystallization behavior. In many
cases, the curves for different crystallization tem-
peratures may be exactly superposed by shifting
horizontally along the axis of In(¢), indicating that
similar crystallization mechanisms are occurring.

Analysis of Results

The crystallization kinetics of polymers are ana-
lyzed in terms of the Avrami expression given in
eq. (1):
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Figure 2 Crystallization isotherms for 40/60 PEN/
PET B Blends.
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Figure 3 In[—1n(6,) versus In(¢) for 40/60 PEN/PET B
blends.

where 0, is the fraction of uncrystallized mate-
rial, % is the crystallization rate constant, ¢ is the
time, and n is the Avrami exponent describing the
mechanism of crystallization.

The mathematical formulation of the kinetic
phase change and the derivation of the Avrami
equation can be found in many sources.?*=*! In
the Avrami equation, the kinetic rate constant (&)
is a function of the nucleation and the spherulite
growth rates. The Avrami exponent provides
qualitative information on the nature of nucle-
ation and the growth process.

The kinetic parameters are obtained from eq.
(1) by plotting the data according to eq. (2):

In[—1n(6,)] = In(k) + n In(?) (2)

Therefore, a plot of In[—In(6,)] versus In(¢) yields
a straight line, the slope of the primary or initial
crystallization portion is equal to n, and the in-
tercept is equal to In(k).

A typical example of Avrami plots for the crys-
tallization behavior of one composition blend,
40/60 PEN/PET B blend sample, is shown in Fig-
ure 3. Similar plots were constructed for all the
blend samples as well as for pure PET and PEN.
Summaries of n values and the rate constants for
the crystallization behaviors of the various blend
samples are given in Tables I and II. Composi-
tions are given as PEN/PET (w/w) blending ra-
tios, as well as mol % dimethyl-2,6-naphthalene
dicarboxylate (NDC) composition, measured with
NMR as described in our study concerning the
transesterification reaction kinetics of the
blends.*2
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Figure4 Activation energy versus NDC content for A
blends.

The Arrhenius equation can be used to illus-
trate the temperature dependence of the rate con-
stant (k), that is,

k = A exp(—E,/RT) (3)

where E, is the apparent activation energy of rate
constant (k), A is the frequency factor, T is the
crystallization temperature, and R is the gas con-
stant.

From eq. (3), a plot of In(k) versus 1/T should
give a straight line:

In(k) = In(A) — E/RT 4)

E_, can be calculated from the slope of this
straight line. Using this method, E, values were
calculated for both A and B blend samples and
were plotted against blend composition (NDC con-
tent), as shown in Figures 4 and 5.

Discussion and Interpretations

Tables I and II give the n values for all the blend
samples. It is seen that n is 4 for all the blend
samples, whereas n is 3 for pure PET. For pure
PEN, n is 3 or 4, depending on the different ma-
terials used. The Avrami exponent describes dif-
ferent primary nucleation mechanisms. When n
is 4, this means the crystallization mechanism is
spherulite growth from sporadic (homogeneous)
nucleation. If n equals 3, this indicates a mecha-
nism of spherulite growth from instantaneous
(heterogeneous) nucleation. Thus different n val-
ues for pure PET, PEN, and blends indicate dif-
ferent crystallization mechanisms.

The rate constant %2 determines the rate of
nucleation and the growth process, which controls
crystallization and is extremely sensitive to tem-
perature. A change of 10° is observed for a change
of crystallization temperature of 30°C. A similar
changing trend of the & values for pure PET was
observed by Jabarin.®~!° E, reflects the tempera-
ture sensitivity of the rate constant k. Figures 4
and 5 show E, as a function of NDC content. For
both A and B blends, E, goes through a minimum
for the blends at the intermediate blend composi-
tion (NDC content around 33 mol %). In the case
of B blends, E, increases to a very high value if a
small amount of either PEN or PET is added to
PET or PEN. For A blends, the changing trend
from unblended PET to PET-rich blends is the
same. From unblended PEN to the blends, how-
ever, instead of an increase by adding PET into
PEN, E, decreases as PET content increases.
This phenomenon can be explained by the follow-
ing analysis.

As already known, the rate constant %2 contains
two factors, the nucleation rate and the spheru-
lite growth rate. The relationship can be de-
scribed in eq. (5)*2 as

E, AG
k= kOeXp<_RT — RT) (5)

where AG is the activation energy necessary to
form a nucleus of critical size and E; is the acti-
vation energy of chain jumping or movement,
which is sometimes considered to be constant.?!
Heterogeneous (instantaneous) nucleation and
homogeneous (sporadic) nucleation give different
activation energy (AG) values. The heteroge-
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Figure 5 Activation energy versus NDC content for B
blends.



neous nucleation is much easier to achieve than is
the homogeneous nucleation, because for homoge-
neous nucleation a higher energy barrier must be
crossed for a critical-sized nucleus to form. For
heterogeneous nucleation, the nuclei already ex-
ist and thus no such energy barrier must be over-
come. Therefore, from eq. (5), AG for heteroge-
neous nucleation is much smaller than that for
homogeneous nucleation, whereas the spherulite
growth rate is similar for both cases.*® Thus for n
equals 4, the activation energy is much higher
than that when n equals 3. This explains the
increase of E, from PET to the blends for both
blend systems, where n is 3 for both PET mate-
rials and n is 4 for all blends. The increase of £,
from that of the unblended PEN value to the
blends for the B blend system is explained simi-
larly, where n is 3 for PEN 2 and n is 4 for all
blends. No increase in E, is observed with the
addition of PET to PEN 1 because n of PEN 1 is 4,
as it is for A system blends.

The plots of E, versus composition resemble
previously obtained plots of blend melting points
versus composition.?” Equilibrium melting point
minima were found to occur at intermediate blend
compositions and were attributed to the disrup-
tion of the crystalline structures by the addition
of comonomers. The melting-point depression was
also discussed. This disruption reaches its maxi-
mum effect when the naphthalate and terephtha-
late units are more or less equal (NDC content
around 33 mol %). In this composition range, the
crystalline structures formed are the least perfect
and most easily destroyed. The energy barrier for
a structure to be destroyed is lower for an imper-
fect crystalline structure than that for a more
perfect one. As was discussed previously, £, is an
energy barrier. From the chemical reaction theo-
ry,** E_ is equal in both directions (formation or
destruction). A lower E, value in the direction of
destruction also indicates a lower E, value in the
direction of formation. An imperfect crystalline
structure is therefore more easily destroyed or
formed. Thus we expect E, will assume a mini-
mum value at the least-perfect crystalline struc-
ture, as observed from our experimental data
shown in Figures 4 and 5. As the crystalline struc-
ture becomes more perfect, with an increase in
either PET or PEN content, E, increases. The
decrease of E, from that of unblended PEN by
addition of PET for A blends can be explained
similarly. For the A blend, PEN 1 was used to
make the blends. Table I shows the Avrami expo-
nent n is 4 for both PEN 1 and the various blend
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compositions for the temperature range in which
E , was calculated. The nucleation mechanism for
PEN 1 and its blends is the same. E, therefore
should be in the same range for both pure PEN
and its blends. In the meantime, the addition of
PET to PEN disrupts the crystal structure of PEN
and causes formation of less-perfect crystals.
This, in turn, causes the decrease of E, from pure
PEN by the addition of PET.

The changing trend of the activation energy
can be elucidated more clearly by regime theo-
ry.28-3045-48 According to this theory, the spheru-
lite growth rate G is given by2®—3°

— U* — Kg
G- G°exp<R<T - To>>exp<T AT) ©

where G, is a preexponential term; U* is the
activation energy of the elementary jump process
commonly assumed to have a universal value of
6276 J/mol*?; T, is the crystallization tempera-
ture; T, is the temperature at which the mobility
of the molecules converges to zero and is fre-
quently assumed to be T, — 30°%%; R is the gas
constant; K, is the nucleation exponent; and AT
is the degree of supercooling and equals 7°, — T,
where T?, is the equilibrium melting point.

The distinction between the three regimes in
polymer crystallization is a function of the degree
of supercooling and depends on the relationship
between the nucleation rate (i) and the overall
observable growth rate (G) at various tempera-
tures.??*® In regime I, the nucleation rate is much
slower; thus, a layer of thickness b, and length L
is completed before a new nucleation act occurs.
As a result, the growth surface of the crystal is
essentially smooth for a distance comparable to L,
because the new substrate layer is complete be-
fore a new nucleus forms. Thus, in regime I, G(I)
= ib,L, which leads t0?®2°

T,
K[(I) = 4600'0'em (7)

where o is the lateral surface free energy, o,, is
the fold surface free energy, AH is the enthalpy of
fusion, £ is Boltzmann’s constant, and &, is the
layer thickness that has been completed. Regime
IT starts when the nucleation rate increases and
multiple nuclei form on the substrate before the
previous layer has been completed. On a molecu-
lar scale, the newly formed surface in regime II is
uneven and rough. The growth rate for regime II
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is given by G(I) = b,(2ig)"?2%?° where g is the
rate of the chain folding on the subsurface, and

T
Kg(II) = 2600’0’6@ (8)

Regime III crystallization begins when the nu-
cleation rate is so fast that the distance between
nuclei is comparable to the width of chain stems.
The growth front in regime III is extremely
rough.?® The growth rate is proportional to i, so
GIID) = byiL.

T,
K,(I1D) = 4by00, 3777 9)

For bulk crystallization kinetics, secondary nu-
cleation theory can be applied while assuming®®
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4
k= §77G3N (10)

where N is the number of nucleation sites, which
is essentially constant for instantaneous nucle-
ation. In addition, 2 can also be calculated from

the half-time of crystallization #,,,.*%°!
1 n
k=1In 2() (11)
L

Combining the preceding equations, we obtain
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Figure 9 Plot of eq. (12) for B blends.



CRYSTALLIZATION KINETICS OF PET/PEN BLENDS 31

Table III Regime Constants for A Blend Samples

Transition
NDC Slope 1 K, (ID Slope 2 K, (1D Ratio Temperature Supercooling
(mol %) (X107°) (x1079) (X1079) (x107%) K, (/K (IT) (°C) (°C)

0 0.60 0.14 0.15 0.34 2.5 155 121
13.6 39.4 9.07 9.36 21.6 2.4 170 102
31.2 18.6 4.28 4.35 10.0 2.3 170 81
56.3 21.3 491 4.78 11.0 2.2 185 84
78.2 46.0 10.6 11.5 26.6 2.5 185 106

100 48.8 11.2 — — — — —

Thus, the plot of the left-hand side of eq. (12)
versus 1/T,(AT)™ will give a straight line, where
m = 1 for the instantaneous nucleation type and
m = 2 for the sporadic nucleation type. The con-
struction of the straight line also serves as a test
for the regime theory.

Tables I and IT show the Avrami exponent (n)
for the two blend system samples. Consequently,
a different m is used to construct the plot accord-
ing to eq. (12). The left-hand side of eq. (12) was
plotted against 1/T.(AT)™. The resultant plots
are shown in Figures 6 and 7 for A blend samples
as well as for PET 1 and PEN 1 samples. Here n
is 3 for PET samples and n is 4 for PEN 1 and all
blend samples. Thus m is 2 for blends and PEN 1
and m is 1 for PET 1. For B blend samples, n is 3
for both PET 2 and PEN 2, whereas n is 4 for all
blend samples. Thus m is 2 for all the blends, and
m is 1 for PET 2 and PEN 2 for the B blend
system. Thus-constructed plots for the B blend
system are shown in Figures 8 and 9. To construct
eq. (12), the equilibrium melting point for each
blend was used and the values were obtained as
described in the previous study.! Glass-transition
temperature (T,) values were also obtained from
the DSC measurement as described in the previ-
ous study.!

Table IV Regime Constants for B Blend Samples

In the cases of both blend systems, the regime
transitions can be clearly seen. Regime II and
regime III transitions are very clear for all the
blend samples, although they are not very clear
for both PEN 2 and PET 2. The reason for this
might be that the temperature range used for
isothermal crystallization of pure PET and PEN
is in the lower temperature range and thus the
whole regime range was not achieved. The regime
transition is also not observed for PEN 1, the
reason for which could be the same. For PET 1,
however, it seems the whole regime transition
range was observed (regimes I-II-III). The rea-
son is that the temperature range used here cov-
ers the whole transition range. Thus, different
grades of PET appear to have different ranges of
transition temperatures. This seems to be related
to different copolymers incorporated into PET
during polymerization and different polymeriza-
tion catalyst systems.

The slope of each line was calculated and val-
ues of K, in regimes II and III were obtained for
each set. The calculated slope and K, values are
listed in Tables III and IV. The ratios of K (II1)/
K,(II) are also listed in the same tables. The ratio
of K (IID/K(II) is close to 2 for every blend sam-

Transition

NDC Slope 1 K, (D Slope 2 K, (1D Ratio Temperature Supercooling
(mol %)  (X107?) (X107°%  (x1079) (x107°) K (ITD/K ,(IT) ) (°C)
0 1.27 0.29 — — — — —
17.7 70.4 16.2 15.2 35.0 2.2 135 131
33.3 24.2 5.57 4.58 10.5 1.9 175 81
53.9 31.6 7.28 6.87 15.8 2.2 180 96
100 1.48 0.34 — — — — —




32 SHI AND JABARIN

40 600
I —6-— Kg(ll) ]
— = Kg(Ill) ]
i R 3 500
30 £\ 3
i // 400
1/, S
* 20 T 300 &
. - ]
a // \\ : 200
10 3 /B/ = e 4
i o) N ]
\s\ - 100
. E
(1 )% G—— PRI I SR B i)
0 20 40 60 80 100
NDC mole%

Figure 10 K, versus NDC content for A blends.

ple, which is the value predicted by the regime
theory.

K,(II) and K,(III) values were plotted versus
blend composition (NDC content) as shown in Fig-
ures 10 and 11 for both blend samples. Also
shown on the same plot is the curve of activation
energy as a function of NDC content. These plots
are in agreement with the activation energy plots
in Figures 4 and 5. Both the K, and the activation
energy values follow a similar changing trend
with NDC content. In both A and B blend sys-
tems, the changing trend of K,(II) is the same as
that of the activation energy, when plotted as a
function of NDC content. In the case of K (III)
values, it is not clear because these values were
not obtained for unblended PET and PEN. For
blend samples, however, the K (III) and activa-
tion energy curves follow the same kind of curve.
They all show a minimum at the intermediate
concentration, indicating smaller surface free en-
ergy for the formation of less-perfect crystalline
structures at this intermediate composition
range. The reason for the K, value increase from
both the PET and PEN sides for the B blends is
the same as given previously to explain the
changes in activation energy. This is also in
agreement with the Avrami exponent values mea-
sured for these samples. The increase of K, is the
result of the homogeneous nucleation versus the
heterogeneous nucleation. Heterogeneous nucle-
ation results in much lower K, values than does
homogeneous nucleation. The free energy for the
formation of the nucleation is thus much lower for
the heterogeneous nucleation than that for the
homogeneous nucleation. This accounts for the
observation of the increase in E,. In the case of
the blends, K, goes through a minimum as E,

does, which indicates lower K, values at these
intermediate composition ranges. The nuclei in
this range are most easily formed because of the
extremely rough surface of chain folding. Thus
the K, value is smallest in this composition range.
The difference in the absolute values for the K,
from the PET side and the PEN side might result
from the formation of different crystal structures
in PET-rich blends than in the PEN-rich blends.

The temperatures of the transitions from re-
gime II to regime III are shown in Tables IIT and
IV. Using the equilibrium melting points calcu-
lated in the previous study,' the degree of super-
cooling was calculated for the transition point
from regime II to regime III. The calculated de-
gree of supercooling is also listed in Tables III and
IV. It is noteworthy that the degree of supercool-
ing for the regime transition to occur is different
for blend samples with different compositions.
The degree of supercooling required for the tran-
sition to occur also changes in a manner similar to
that of both K, and the activation energy. This
means that the topography of the crystalline
phase formed in the blend is different from that of
pure PET and PEN.

Hsiao et al.® studied the crystallization of mis-
cible blends of PAEK/PEI, where they considered
the diluent effect of the noncrystallizable compo-
nent and accordingly adjusted the free energy of
nucleation (i.e., K, term). In our previous dis-
cussion, we considered that the effect of the non-
crystalline component was incorporated in the
equilibrium melting points and the modified
glass-transition temperatures. Thus, additional
modification in the K, term in eq. (12) was not
accommodated.

According to eqs. (7) to (9), the surface free
energy can be calculated from the slope value of
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Figure 11 K, versus NDC content for B blends.
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the straight lines plotted according to eq. (12) and
at least oo, can be obtained. But at this point,
additional information is needed for the calcula-
tion of co,. T, was obtained as described in the
previous study,! although b, and AH for the
blend samples are not known. Now, if we consider
the equation given by Boon®? and assume that the
blend system behaves like a polymer—diluent
mixture, then the free energy of the nucleus for-
mation (A®) has the form

T,
A0 = 4b00: s
20kT(In ¢,)T,, : I and III 13
T b AH(T, —7) (regimeslandIID (13)
Ad = o
d = 2boaaeWm_T)
20kT In ¢,T,, ime II) (14
" AHT, -7y (Tesime ()

where b is the distance between two adjacent
fold planes; o and o, are surface free energies of
the lateral side and the fold surfaces, respective-
ly; AH is the equilibrium heat of fusion per unit
volume; and % is the Boltzmann constant. T, is
the equilibrium melting point and ¢, is the vol-
ume fraction of the crystalline component. In eqs.
(13) and (14), the second term represents the de-
mixing process of polymer and diluent molecules.
The transport term in eq. (6) can be modified
following the original development by Hoffman®?
and later by Hsiao and Sauer® utilizing the WLF
equation. The new term is
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— C/IR(Cy + T — T,)]

where C; is 4120 cal/mol and C,, is 51.6°. Substi-
tuting this term into eq. (6) and combining with
eq. (13), we obtain eq (15):

6= Gyexp{ e, - )
~YOCXP\R(C, + T~ T))
— 4byo0,T,, ) 20 In ¢,T,, ) 1
X\ eamr — D7) P\ pamr, — 1)) 19

To simplify eq. (15) an empirical relation o
= 0.1b,AH"? was used here. Thus,

G=aG . S )
T O XP\R(C, + T - T
— 4by00,T,, 0.21n ¢,T,,
X\ pamr —7/*P\ 7 1 | (16

m

Now we will make another assumption. We
assume that a half-time value can be used to
represent the bulk growth rate, which is propor-
tional to the linear growth rate. The following
equations can then be obtained:

Regimes I and III

“ntet—— " 09ln L
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Figure 13 Plot of eq. (19) for B blends.
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Table V byoo, for A Blend Samples

Transition
NDC Slope 1 byoa, (II) Slope 2 byoo, (II1) Ratio Temperature Supercooling
(mol %)  (X1072) (X10729) (X1072) (X10729) Slope 2/Slope 1 °C) (°C)

0 6.71 65.0 15.7 76.0 2.3 170 106
13.6 7.74 74.9 18.8 91.2 2.4 170 102
31.2 4.17 43.1 11.1 53.9 2.6 170 82
56.3 441 45.8 10.6 55.2 2.4 185 84
78.2 8.41 87.3 18.9 98.3 2.2 185 106

100 8.62 914 16.1 85.3 1.9 195 111

Regime II ory. The slope of every straight line is listed in

Tables V and VI for both blend systems.
1 T, The slopes of these straight lines give the value
Intet g, vroT1y)  02Ineqn 7 of —4byoo,/(kAH) or —2byoo,/(kAH)). Values
for byoo, can be obtained using the value of AH
A, %OW%AH(TT—'”_T)T (18) = 121.3 J/mol for PET?2 and AH = 103.3 J/mol
m for PEN.?2 For further calculations, b, must be
) known. This value can be obtained for pure PET
All regimes and PEN from the literature, but for the blends or
copolymers of PET/PEN, additional experiments
In fom + 1 —021n T, must be done using X-ray or small-angle X-ray
V2 R(Cy + T — T, ' (Psz =T scattering (SAXS). As a first approximation it was
T assumed that b is similar for both pure PET and
=A, - Kgﬁw (19) PEN as well as for the various blend composi-

Thus, a plot of the left-hand side of eq. (19)
versus T,,/[(T,, — T)T] should give a straight
line. The slope of this straight line gives the value
of K. Volume fraction ¢, was calculated from the
NDC content and the molar volume of the PET
and PEN repeat units. Densities of PET and PEN
are: pppr = 1.333 g/em?%* pppy = 1.327 glem? 4
The plot based on eq. (19) is shown in Figures 12
and 13 for both blend systems. The regime tran-
sition can be clearly seen in these two plots. The
ratio of the slopes of the two straight lines gives
values close to 2, which is expected from the the-

Table VI b,o0, for B Blend Samples

tions, so that the combined value of b,o0, pro-
vides a relative comparison of the surface free
energy. The combined value b,00, was then plot-
ted as a function of the blend composition. The
plots are shown in Figures 14 and 15 for both
blend systems. Comparing these two plots with
plots obtained for the activation energy of rate
constant 2 and the K, (II) and K (III) plots ob-
tained previously, we can easily find that they are
similar in appearance. They all pass through a
minimum at the intermediate blend composition
and jump or decrease from pure PET and PEN
values to those of the blends, depending on the

Transition
NDC Slope 1 byoo, (II) Slope 2 byoo, (IIT) Ratio Slope Temperature Supercooling
(mol %) (x1072) (X10729) (X1073) (X10729) 2/Slope 1 (°C) ((®)

0 9.22 89.2 2.18 105.7 2.4 155 121
17.7 13.6 131.2 2.62 126.7 1.9 150 116
33.3 4.13 40.0 0.99 47.7 2.4 180 76
53.9 7.37 153.0 1.99 183.9 2.7 180 96

100 8.88 92.3 1.83 95.1 2.1 200 107
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Avrami exponent. Here it is worthwhile to point
out that the purpose of making this plot is to see
the changing trend. For more accurate values,
more experiments should be done. Even such
rough assumptions, however, give good agree-
ment with the previous data. Also shown in Ta-
bles V and VI are the temperatures at which
regime transitions occurred. Using the equilib-
rium melting points, calculated from the previous
study,! the degree of supercooling can be calcu-
lated from these data. The calculated degrees of
supercooling are also listed in the same tables as
the regime transitions for both blend systems.
The changing trends of degrees of supercooling
also follow the same trends as those of K, and E,,.

Universal Plot

In 1972, in his study of the crystallization of poly-
mers, Gandica®® found that a universal plot can
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Figure 15 Plot of by00, versus NDC content for B
blends.
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be constructed if reduced parameters are used.
The idea of Gandica’s method can be described
using the following equation:

(g ) =z 7,
G, ‘dTm—To 20

Here G is the spherulite growth rate, G, is the
maximum rate of crystallization, T, is the equi-
librium melting point, and 7', is the temperature
predicted by the WLF equation, which is usually
50°C below T,. By plotting the left-hand side of
eq. (20) with respect to (T' — T)(T,, — Ty),
Gandica found that all the experimental data fell
on the same universal curve, or master plot, as he
termed it. The curve has a peak at about 0.63 and
tends to zero at T, and T,,, respectively. Bulk
crystallization plots of polymer curves were also
examined in a similar manner. It is worthwhile to
point out that in constructing this universal plot
or master plot, the experimental data he used
were from crystallization of different polymers
and crystallized from either the glassy state or
the melted state.

Using a similar method, we also constructed a
universal plot for our blend systems. Here we
used the half-time as a measure of the crystalli-
zation rate. The In[t4,,,,/t1,5] Was plotted against
(T — THIT,, — T,) for both blend systems. The
t1/9m 18 the minimum half-time for a given blend
composition. The resultant plots are shown in
Figure 16. The experimental data here came from
blends as well as from pure PET and PEN. The
data were also from different blend systems.
When plotted using the reduced half-time against
the reduced temperature, however, they all fell on
the same master curve. A universal plot was thus
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constructed for all the samples of the PET/PEN
blend systems. This curve has a peak near 0.6. In
this manner, the internal consistency of the crys-
tallization data in the blend system was verified.
This method also provides a means for extrapo-
lating values from limited available information
and should be very useful in the case of actual
applications.

CONCLUSIONS

The crystallization kinetics of two different PET/
PEN blend systems were investigated. The re-
sults lead to the following conclusions.

The crystallization kinetics can be described by
the Avrami equation for all the blend samples as
well as for pure PET and PEN, within the crys-
tallization temperature range investigated. The
Avrami exponent (n) is 4 for all the blend sam-
ples. It is 3 for pure PET and is 3 or 4 for pure
PEN, depending on the type of PEN used. Differ-
ent n values indicate different nucleation and
crystalline growth processes. For blends, pro-
cesses are sporadic nucleation; for pure PET, they
are instantaneous nucleation. They are either in-
stantaneous or sporadic nucleation for pure PEN,
depending on the PEN used. The rate constants
(k) are extremely temperature sensitive and can
be used to calculate actuation energies of crystal-
lization using an Arrhenius-type expression. The
activation energy shows a jump from pure PET,
when plotted against blend composition, resulting
from different nucleation mechanisms. Instanta-
neous nucleation gives much lower activation en-
ergies than does sporadic nucleation. E, has a
minimum value at the intermediate blend compo-
sition because of the formation of less perfect
crystalline structures. Regime theory was used to
study the crystallization kinetics both of PET/
PEN blends and of pure PET and PEN. All blend
samples showed transitions from regime II to re-
gime III, as the crystallization temperatures were
decreased. The ratio of the slopes of the two
straight lines for each sample gives a value close
to 2, as expected by regime theory. The nucleation
exponent K, changes with blend composition in a
similar way to that of the activation energy, indi-
cating the surface free energy for the formation of
nuclei changes with blend composition. It has a
minimum value at the intermediate blend compo-
sition and is larger for sporadic nucleation than
for instantaneous nucleation. A universal plot
(master curve) can be constructed by using re-

duced temperature and reduced half-time or crys-
tallization rate. All experimental data fall on the
same master plot for all blend systems.

The authors gratefully acknowledge the PET Industrial
Consortium for their financial support of this project.
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