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ABSTRACT: Blends of poly(ethylene 2,6-naphthalate) (PEN) and poly(butylene terephthalate)
(PBT) were prepared by both solution and melt methods. Any significant difference was not obser-
ved for the glass transition and melting temperatures. These blends showed a partial compatibility
based on the glass transition temperatures. PEN and PBT crystallized separately to exhibit two
melting temperatures. The crystallization rate of PEN in PEN-rich blends was not affected by
the PBT content, while that of PBT in PBT-rich blends decreased with an increase of the PEN
content. By comparing the experimental modulus and strength with those predicted from Kleiner’s
and Paul's model, PEN/PBT blends can be described to have some compatibility throughout the

compositions.

Introduction

There has been a great interest in blends of pol-
yesters because of their growing industrial importa-
nce. One of the most important properties of poly-
mer blends is their mechanical behavior. In crystal-
lizable polymer blends, the mechanical behavior is
affected by properties of individual constituents,
mode of dispersion, degree of crystallinity, morpho-
logy and compatibility in the amorphous state.

Recent studies!™? indicate that significant impro-
vement on the properties of poly(ethylene tereph-
thalate) (PET) can be achieved by blending with
poly(butyiene terephthalate) (PBT). Escala and
Stein® have shown that these polymers are compati-
ble in the amorphous state, however, they crystal-
lize separately according to their own unit cell stru-

ctures.

Paul and Barlow® ® examined extensively the
mechanical behavior of various polymer blends.
They measured the tensile properties of a wide
variety of blends and attempted to establish a com-
patibility criterion based on the tensile properties.

In our previous papers®® the thermal and me-
chanical properties of poly(ethylene 2,6-naphthalate)
(PEN) and poly(butylene 26-naphthalate) (PBN)
blends have been investigated. These blends were
compatible based on their tensile properties al-
though those showed only partial miscibility judged
from their glass transition temperatures.

In this study, we have attempted to describe the
compatibility of poly(ethylene 2,6-naphthalate)
(PEN) and poly(butylene terephthalate) (PBT) ble-
nds based on the glass transition temperatures and
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Table I. Properties of Polymers Used in This

Work
Sample Inherent T, T,
Viscosity (dL/gr () )
PEN 0.53 125 266
PBT 1.39 40 228

“Values measured with a mixture solvents of phenol/o-
dichlorobenzene (60/40, v/v) at 35 C.

the tensile properties. The crystallization rate of
blends is also considered. PEN polymer basically
has the same structure as PET except for having
naphthalene ring instead of benzene ring in the
main chain.

Experimental

Polymer Preparation. PEN was prepared by
a melt polymerization. Dimethyl naphthalate (DMN)
was reacted with ethylene glycol in the presence
of Mn(OAc), 4H,O catalyst in a small scale batch
reactor under a nitrogen atmosphere. The reactor
was first heated to 230 C in a silicone oil bath
and this temperature was maintained for 4 hr.
Then, Sb;0: catalyst was introduced into the reac-
tor. The reaction temperature was progressively in-
creased up to 295 C and then the pressure was
reduced to a specified level and it was maintained
for 1 hr. PBT was kindly supplied by Kolon Ind,
INC. The inherent viscosity, glass transition and
melting temperatures of PEN and PBT are listed
in Table L

Blend Preparation. Blends of PEN and PBT
were prepared by both solution and melt methods.
The solution blends were prepared by dissolving
two polymers in a mixed solvent of phenol and
o-dichlorobenzene (60/40, v/v). The polymer solu-
tions were then poured into a large excess of ace-
tone. The precipitated polymers were filtered and
then dried in a vacuum oven at 150 C for 16 hr.
On the other hand, the melt blends were prepared
by melt mixing in a twin screw extruder (Model
ZCM 32/36-8G, Automatik Ltd.) at 270 C for 6 min.
The chips obtained from the extruder were dried
in a vacuum oven at 150 T for 16 hr. The pure
homopolymers were also subject to the same extru-
sion process for comparison.

Differential Scanning Calorimetry. Thermal
analysis was performed on a Du Pont 910 Differen-
tial Scanning Calorimeter (DSC) equipped with a
mechanical cooling accessory. Samples were first
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Figure 1. Glass transition temperatures of PEN/PBT
blends. Open symbols (O, 4) are from solution blends,
filled symbols (@, a) from melt blends.

melted at 280 C for 5 min, and then quenched
into liquid nitrogen. The quenched samples were
heated from —30 € to 300 T at a heating rate
of 20 T min~! on DSC apparatus to measure glass
transition temperature and melting temperature.
Tensile Testing. Tensile properties of blends
such as initial modulus and tensile strength were
measured on an Instron Model 4204 universal inst-
rument. Initial modulus was measured at 1% elo-
ngation and tensile strength was taken as the stress
at peak on stress-strain curve. Measurements were
made at room temperature with a constant cross-
head speed of 50 mm-+min~! on specimens (ASTM
D-638) which were injection-molded in Fanuc Auto-
shot series (Model 50, Fanuc Ltd.). The data were
taken as averages of at least five measurements.

Results and Discussion

Glass Transition Temperature Behavior.
The glass transition temperatures of the samples
blended by both solution and melt methods are
shown in Figure 1. Any significant difference bet-
ween two blending methods was not observed. Two
glass transition temperatures are observed except
for the samples containing PBT higher than 80
wt%. It indicates that these blends are seperated
into two amorphous phases. One phase may be re-
latively rich in PEN and the other in PBT. As the
content of PBT is increased, the glass transition
temperature of the PEN-rich phase is decreased,
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Figure 2. Melting temperatures of PEN/PBT blends.
Open symbols (O, ) from solution blends, filled sym-
bols (@, a) from melt blends.

Table II. Kinetic Parameters Characterizing the
Non-isothermal Crystallization of PEN in PEN-
rich Blends

PEN/wt% D/c

K,./min"!  G/Cmin!

100 15.75 0.63 10.56
95 20.71 0.53 11.68
90 20.00 0.57 1213
85 20.67 0.52 1144
80 21.00 0.48 10.73

while that of the PBT-rich phase remains almost
constant. This implies that the PEN-rich phase
seems to incorporate PBT as the content of PBT
is increased, while the PBT-rich phase is relatively
pure.

Melting Temperature Behavior. The melting
temperatures of solution blends and melt blends
are shown in Figure 2. The melting temperatures
of melt blends are slightly lower than those of solu-
tion blends. However, overall melting temperature
behaviors are similar. All blends have two melting
temperatures. The melting temperature of PEN sli-
ghtly decreases with increasing PBT content, but
that of PBT slightly increases with PBT content.
The melting temperature of a polymer blend is ge-
nerally depressed due to either the morphological
effects or the thermodynamic reason. The melting
temperature depression in Figure 2 seems to be
caused mainly by the morphclogical effects since
PEN/PBT blends show partial compatibility in all
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Table III. Kinetic Parameters Characterizing the
Non-isothermal Crystallization of PBT in PBT-
rich Blends

PBT/wt% D/c

Kyo/min™'  G/C min!

100 5.86 211 13.16
95 5.96 2.08 13.20
90 6.23 1.90 12.60
85 8.00 1.35 11.50
80 8.29 1.44 12.71
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Figure 3. Maximum crystallization rate of (a) PEN
in PEN-rich blends and (b) PBT in PBT-rich blends.

the blend compositions.

Crystallization Rate. The non-isothermal exo-
therms on DSC thermograms were analyzed by
employing Ziabicki’s theory." According to the
theory, the kinetic crystallizability G represents the
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Figure 4. Initial modulus at 1% elongation of PEN/
PBT blends. Solid and dot lines show the theoretical
predictions according to eq.(5) and (3) with E;=187,
E,=197 and B,=100 kg/cm? respectively.

degree of crystallinity over the entire crystallization
range and is related to the maximum value of the
rate constant K, as follows:

H \172 D 3

log2 ) K"'“( 2 ) M
where D is the half width of the DSC exothermic
curve. The K, value can be calculated by eqn.

.

o

K= @
where {,.. is the time from the start of crystalliza-
tion to the maximum and C; is the ratio of crystal-
linity before and after f,,. Table II and III list the
kinetic parameters characterizing the non-isother-
mal crystallization of PEN and PBT in the blends,
respectively. A larger value of K, indicates that
the polymer crystallizes more rapidly. K. values
are plotted against the blend composition in Figure
3. The crystallization rate of PEN in the PEN-rich
blends does not change with the increase of PBT
content, while that of PBT in the PBT-rich blends
decreases with the increase of PEN content. It can
be explained that the crystallization rate of PEN
in PEN-rich blends increases with PBT content be-
cause more flexible PBT chain can easily diffuse
into the PEN-rich blends, but at the same time
PBT inhibits the nucleation of PEN. Therefore ove-
rall crystallization rate of the PEN-rich blends is
not much affected. On the other hand the crystalli-
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Figure 5. Strength of PEN/PBT blends. Solid and dot
lines show the theoretical predictions according to eq.
(6) and (7) with o1,=733, 62— 572 and 6:,="700 kg/cm?,
respectively.

zation rate of PBT in the PBT-rich blends decrea-
ses because the mobility of PBT decreases with
the addition of a second component with a higher
glass transition temperature.

Tensile Properties. One of the most important
parameters that distinguish the compatible blends
from the incompatible ones is the modulus. The
modulus represents the intermolecular interaction
energy. Nielson? proposed that the modulus can
be represented by the rule of mixtures, which gives
the upper bound and the lower bound of the modu-
lus for a multiphase system.

For a two-phase system, the equations can be
given as follows:

Upper bound: E,=FE1+ d:F,

or Eb=W1E1+WzEz (3)
I B
Lower bound: E, [ Z, + E, ] 4

where E,, E; and E; are the modulus of the blend,
component 1 and 2, respectively. ¢ is the volume
fraction and w is the weight fraction.

The above equations disregard any strength of
interaction between the two components. When the
strength of interaction is considered, the equation
takes the following form®:

Ey=wiE1+ woEs + Broww: &)

where By, represents the magnitude of the deviation
from linearity. A positive B, represents a nonlinear
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synergism, in other word, an indication of compati-
bility.

Nolley and Paul™ predicted the nature of interac-
tion from strength data. The total strength o, of
a binary blend can be given by:

op=onudi*+ 022¢22 + 26120102 (6)

where o;; and o2 refer to the cohesive strength
of the pure components and o), is the adhesive
strength between polymer 1 and 2. In the limit of
poor adhesion, the tensile strength of the blend
is equal to

0= 011012 + 02202 N

Figure 4 shows the effect of blend composition
on modulus. There are large variations of modulus
with composition. In all blend compositions except
for PBT 80 wt%, eqn. (5) with 100 kg/cm? of B;;
predicts well the experimental data.

Figure 5 shows the effect of blend composition
on strength. In all the blend compositions, the ex-
perimental values are larger than those calculated
with eqn. (7) and match with the values calculated
with eqn. (6) with 700 kg/cm? of o, except for PBT
10 wt%. These data indicate that PEN/PBT blends
have limited compatibility in the whole range.

Conclusion

The compatibility of poly(ethylene 2,6-naphtha-
late) (PEN) and poly(butylene terephthalate) (PBT)
blends was investigated from the measurement of
glass transition temperatures and the tensile prope-
rties, and the crystallization rate of blends was also
tested. The results are summarized as follows:

1. Any significant difference between the two
classes of PEN/PBT blends prepared by solution
and melt methods was not observed from the glass
transition temperature, and the blends have partial
compatibility in the whole range.

2. The difference in the melting temperatures of
samples blended by the two methods was also not
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observed. All the blends showed two melting tem-
peratures, indicating that PEN and PBT crystallize
separately.

3. The crystallization rate of PEN in PEN-rich
blends was not affected with the PBT content, while
that of PBT in PBT-rich blends decreased with the
increasing PEN content.

4. Both modulus and strength values of the ble-
nds are consistent with the models proposed by
Kleiner® and Paul* using proper values of B, and
o1, which indicates that the blends have compatibi-
lity in the whole range.
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