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ABSTRACT:

Thermal properties of poly(ethylene 2,6-naphthalate) (PEN)/poly(butylene

2,6-naphthalate) (PBN) blends were investigated by differential scanning calorimetry. Blends
containing less than 60 wt% PBN showed double glass transitions, which approach mutually closer
with increasing PBN content, whereas a single glass transition was observed for compositions more
than 80 wt% PBN. This behavior indicates that the blends with 60 wt% PBN or less separate into
two amorphous phases containing both components and the difference in composition between
two phases decreases with an increase of PBN content, while a single amorphous phase is formed
for compositions more than 80 wt% PBN. This result was supported by melting behavior and

crystallization kinetics.
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There have been a great interest in blends of
polyesters for their growing industrial impor-
tance. Many polyesters have been found to
be miscible or partially miscible with other
polyesters. Among these blends, poly(eth-
ylene terephthalate) (PET)/poly(butylene tere-
phthalate) (PBT) pair is a typical commer-
cialized system. It was reported that PET/PBT
blends! are miscible in the amorphous phase
by the observation of a single glass transi-
tion temperature over the entire composition
range. Although many blends of polyesters
have been investigated both for industrial ap-
plication and academic interest, only a few
publications?3 are available about blends of
polyesters containing naphthalene group as
structural unit.

In the present study, we describe the thermal
analysis of poly(ethylene 2,6-naphthalate)
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(PEN) and poly(butylene 2,6-naphthalate)
(PBN) blends. Miscibility of PEN/PBN blends
is examined by the observation of glass
transition temperatures. The melting behavior
and the non-isothermal crystallization kinetics
are also discussed in terms of miscibility.

EXPERIMENTAL

Polymer Preparation

PEN was prepared by melt polymerization.
Dimethyl naphthalate (DMN), which was
kindly supplied by Kolon Ind., was reacted
with ethylene glycol in the presence of
Mn(OAc), 4H,0 catalyst in a small scale
batch reactor with a nitrogen inlet. The reactor
was heated to 230°C in a silicone oil bath and
this temperature was maintained for 4 h. After
that, Sb,0; catalyst was introduced into the
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reactor and reaction temperature was pro-
gressively increased up to 295°C and then the
pressure was reduced to a specified level. PBN
was prepared similarly with different reaction
temperatures (190°C and 260°C) and different
catalyst (titanium tetrabutoxide) by the reac-
tion of DMN and butylene glycol. The prop-
erties of PEN and PBN polymerized are listed
in Table L.

Blend Preparation

The blends were prepared by dissolving two
polymers in a mixed solvent of phenol and
o-dichlorobenzene (60:40, v/v). The polymer
solutions were then poured into a large excess
of acetone. The precipitated polymers were
filtered and then dried in a vacuum oven at
150°C for 16 h.

Differential Scanning Calorimetry

Thermal analysis was performed on a du
Pont 910 Differential Scanning Calorimeter
(DSC) equipped with a mechanical cooling
accessory. Samples were first melted at 280°C
for Smin, and then quenched into liquid
nitrogen. The quenched samples were heated
from —30°C to 300°C at a heating rate of
20°Cmin~! on DSC apparatus to measure
glass transition (T,) and melting temperature
(T,,). The melting temperatures of isothermally
crystallized samples were also measured as
follows. Samples were melted at 280°C for
5min, cooled quickly to 235°C and maintain-
ed at that temperature for 60 min to permit
crystallization of PEN, cooled subsequently to

Table I. Properties of polymers
e 5o
Sample viscostty —
dlg™! C ¢
PEN 0.53 125 268
PBN 0.83 48 247

* Values measured with a mixed solvent of phenol-o-
dichlorobenzene (60 :40, v/v) at 35°C.
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200°C and maintained at that temperature for
additional 60 min to allow crystallization of
PBN. These samples were then cooled to room
temperature and heated to 300°C at a heating
rate of 20°Cmin~!. For the non-isothermal
crystallization kinetics, samples were melted at
280°C for Smin and then cooled from 280°C
to 100°C at a cooling rate of 10°Cmin~*. The
crystallization exotherms recored on cooling
were used for the analysis of non-isothermal
crystallization kinetics.

RESULTS AND DISCUSSION

Figure 1 shows the DSC curves obtained on
heating the quenched samples. The blends
containing more than 80 wt% PBN show no
exothermic peak of cold crystallization, since
PBN crystals can be formed fast enough during
quenching. On the other hand, for the blends
with 60 wt% PBN or less, a cold crystallization
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Figure 1. DSC curves of PEN/PBN blends.
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Figure 2. Glass transition temperatures of PEN/PBN
blends: (O) PEN-rich phase; ((J) PBN-rich phase.

exotherm is observed. This exothermic peak
is attributed to the crystallization of PEN,
because PBN has already crystallized on
quenching. The exothermic peak temperature
tends to decrease with increasing PBN content,
which means that PBN facilitates the crystalli-
zation of PEN.

The dependence of the glass transition
temperatures (marked by arrows in Figure 1)
on blend composition is shown in Figure 2.
Blends containing less than 60 wt% PBN have
double glass transitions, which approach
mutually closer with increasing PBN content.
For compositions more than 80 wt% PBN, a
single transition is observed. This behavior
indicates that the blends with 60 wt% PBN or
less seperate into two amorphous phases.
Perhaps one phase is relatively rich in PEN and
the other phase in PBN, i.e., partial miscibility.
As the blend content of PBN is increased, the
PEN-rich phase seems to incorporate more
PBN and the PBN-rich phase also more PEN,
which means that the difference in composition
between two phases decreases with an increase
of PBN content. At the blend composition
more than 80 wt% PBN, the compositions of
two phases become identical and a single phase
is formed.
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Phase behavior, such as miscibility exists
over a part of one end of the composition range
while at the other end of the range the system
seperates into two phases, can be attributed to
the dependence of the polymer-polymer inter-
action parameter on the blend composition.*
In the present system, therefore, it is considered
that the interaction parameter is negative over
the blend composition more than 80 wt% PBN,
but for the other range of composition it is
positive. Thermodynamically, when a two-
component system seperates into two phases
at a certain temperature, the relative amounts
of two phases change with the mixing com-
position according to the lever rule, but the
composition of each phase is independent of
the mixing composition. This thermodynamic
rule is not accord with our result that the
compositions of PEN-rich and PBN-rich
phases depend on the blend composition.
Several workers® ~7 have also reported that the
compositions of two coexisting phases vary
with the blend composition for some polymer
blends. This phenomenon suggests that a
polymer—polymer blend can not be regarded
as a two-component system. Substantially, a
polymer contains a large number of compo-
nents, which are usually homologues differing
in chain length. Koningsveld and coworkers®-°
have extensively studied the effect of poly-
dispersity on liquid-liquid phase relationships
in multicomponent polymer systems such as
solvent—polymer and polymer—polymer, etc.
According to their model based on the
Flory—Huggins lattice theory, the compositions
of two coexisting phases at constant tempera-
ture depend on the overall composition because
a cloud-point curve is not identified with a
coexistence curve. Hence, the change of double
glass transitions with blend composition seems
to originate from the molecular weight
distribution of two polymers.

The melting temperatures are shown in
Figure 3. Melting endotherms of PEN and PBN
crystals are separately exhibited only for the
compositions of 40wt% PBN and 60wt%
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Figure 3. Melting temperatures of PEN/PBN blends:
(Q) samples quenched from the melt into liquid nitrogen;
() samples crystallized at 235°C for 60 min and at 200°C
for additional 60 min.

PBN, while over the other composition range,
crystal melting of minor component does not
appear on the DSC curve. The isothermally
crystallized samples with compositions more
than 80 wt% PBN exhibit double melting peaks
of PBN crystal for a mechanism based on
melting, recrystallization and subsequent re-
melting. In the case of quenched samples, the
melting temperatures are lower than those of
homopolymers for compositions more than
40 wt% PBN. Generally, the melting tempera-
ture of a polymer blend is depressed due to
morphological effects, such as size and
perfection of crystals, and thermodynamic
reason. The melting temperature depression for
the blends with 40 wt% PBN and 60 wt% PBN
is caused mainly by the morphological effects,
because the blend which is immiscible or
partially miscible does not show the depression
of equilibrium melting point. However, for the
blends containing more than 80 wt% PBN, the
melting temperatures are depressed due to both
of morphological effects and thermodynamic
reason. In order to minimize morphological
effects, the blend samples are crystallized
isothermally and the melting temperatures are
measured subsequently. For the blends con-
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Figure 4. Changes of melting temperatures for PEN/
PBN blends with isothermal reaction time at 280°C:
(O) PBN 10wt%; (J) PBN 90 wt%.

taining less than 20wt% PBN, the melting
temperatures of isothermally crystallized sam-
ples, which are almost independent of blend
composition, are slightly higher than those of
quenched samples owing to crystal perfection
and lamellar thickening. However, for the
blends containing more than 40 wt% PBN, the
melting temperature of isothermally crystal-
lized samples are lower than those of quenched
samples. This behavior suggests that an inter-
change reaction between PEN and PBN occurs
during isothermal crystallization. It is well
known that polyester blends can be transester-
ified at high temperatures and this reaction
leads to the melting temperature depression
owing to the copolymerization effect. In order
to examine the dependence of melting temper-
ature on the reaction time, samples were
maintained at 280°C for different times,
quenched into liquid nitrogen and heated at
300°C at 20°Cmin~'. Using this dynamic
program, the melting temperature-reaction
time relationship was obtained as shown in
Figure 4. The melting temperature of PEN
crystal in the blend containing 10 wt% PBN,
which is partially miscible, decreases slightly
with reaction time. On the other hand, the large
melting temperature depression is observed for
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the blend containing 90 wt% PBN, which is
miscible. This behavior implies that transester-

ification occurs fast in miscible composition,:

compared to partially miscible one.

The non-isothermal exotherms observed on
DSC curves in the cooling runs were analyzed
by employing Ziabicki’s theory.'®!! Accord-
ing to his theory, the kinetic crystallizability G
represents the degree of crystallinity over the
entire crystallization range and is related to the
maximum value of the rate constant K ,, as

follows:
IT \'/? D
G = <f> Kmax <> ( 1 )
In2 2

where D is the half width of DSC exothermic
curve. The K,,,, value can be calculated by eq
2.

K. . = 2

Table II. Kinetic parameters characterizing the
non-isothermal crystallization of
PEN in PEN-rich blends

PEN D Koax G

wt% °C min~? °Cmin~!
100 19.52 0.477 9.91
95 20.15 0.563 12.08
90 20.42 0.593 12.89
85 20.95 0.613 13.67
80 19.67 0.693 14.51

Table III. Kinetic parameters characterizing the

non-isothermal crystallization of
PBN in PBN-rich blends

PBN ) Ko G

wt% °C min ! °Cmin~1!
100 5.962 2.171 13.78
95 6.286 1.803 12.06
90 6.571 1.631 11.41
85 9.714 1.146 11.85
80 10.057 1.144 12.25
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where ¢, is the time from the start of
crystallization to reaching the maximum rate
of reaction, and C, is the ratio of crystallinity
before and after ¢,,,. Tables II and III list
kinetic parameters characterizing the non-
isothermal crystallization of PEN and PBN in
blends, respectively. The larger value of K,
indicates that the polymer crystallizes more
rapidly. K, values are plotted against blend
composition in Figures 5 and 6. The crystal-
lization rate of PEN in PEN-rich blends
increases with the increase of PBN content,
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Figure 5. Maximum crystallization rate of PEN in
PEN-rich blends.

3 T T T
(0]
2} -
P ° o
H
B
o
1L ?
o 1 1 L
0 5 10 15 20

wt%Z of PEN

Figure 6. Maximum crystallization rate of PBN in
PBN-rich blends.
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which is consistent with the result of the cold
crystallization behavior in Figure 1, whereas
that of PBN in PBN-rich blends decreases with
the increase of PEN content. This can be
explained by the general crystallization theory
that the crystallization rate of a polymer
decreases with addition of a higher T, second
component and vice versa. It is also observed
that the K, decrement of PBN crystallization
against PEN content is larger than the K,
increment of PEN crystallization against PBN
content, which is caused by the miscibility
difference between PEN-rich blend and PBN-
rich one.

CONCLUSIONS

(1) The PEN/PBN blends containing more
than 80wt% PBN form a single amorphous
phase, whereas the blends for the other blend
compositions seperate into PEN-rich and
PBN-rich phases and the compositions of two
phases vary with the blend composition.

(2) The melting behavior indicates that an
interchange reaction between PEN and PBN
occurs more rapidly in miscible composition,
compared to partially miscible one.

(3) The crystallization of PEN is facilitated
by adding PBN, while PEN hinders the
crystallization of PBN.
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