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ABSTRACT: Extrusion-blended and injection-molded PEI/PBT blends were found to be
miscible whatever the composition. The processability of the blends clearly improved
with the presence of PBT. The melt pressure at the exit was seen to be a parameter as
representative of the processability of the blends as the torque of blending. In the
blends with 80 and 90% PBT, a positive volume of mixing and the maintenance of the
crystallinity of PBT were seen. However, in the rest of the blends, negative volumes of
mixing and important decreases in the crystallinity of PBT were found. These solid
state features gave rise to a ductility similar to that of the pure PEI and to a synergism
of the modulus of elasticity and of the yield stress in the 90/10 and 80/20 blends such
that the values were higher than those of either of the pure components. © 2001 John

Wiley & Sons, Inc. J Appl Polym Sci 80: 885-892, 2001
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INTRODUCTION

It is known that miscible blends are the exception
among polymer blends.! For this reason, most of
the research in new polymer blends is now carried
out on immiscible blends compatibilized in differ-
ent ways. However, miscible blends remain an
important subject from both an academic and an
industrial point of view. This is because compat-
ibility is assured, and because no attempt to
achieve a suitable morphology is needed. Addi-
tionally, synergistic properties are often obtained.

Polyether imide (PEI) is a high-performance
thermoplastic of high thermal stability (T, =
220°C) and remarkable modulus of elasticity and
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tensile strength. However, its processability is
bad (molding temperatures from 310 to 350°C),
and its amorphous nature leads to poor solvent
resistance. For these reasons, blends of PEI with
both amorphous and semicrystalline polymers
that might ameliorate these deficiencies have
been studied. Thus, PEI was seen to be fully mis-
cible with poly(ether etherketone),>~® poly(ethyl-
ene naphthalate),>® poly(butylene terephtha-
late),'®!! and with a new thermoplastic polyim-
ide;'? partially miscible with poly(ethylene
terephthalate)'®!* and polyarylate;'®>'® and im-
miscible with, among others, poly(ether sulfone)'”
and polyamide 66.18

Poly(butylene terephthalate) (PBT) is a par-
tially crystalline thermoplastic that shows high
solvent resistance and low viscosity in the melt
state. These properties make it very suitable to be
mixed with PEI, because both of these properties
are poor in the case of PEIL Blends of PBT are
very numerous. Among them, miscible blends
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with phenoxy,'® poly(ethylene terephthalate),’
polyarylate,?! poly(ester carbonate),?> and poly-
carbonate®® have been studied. Partially miscible
blends have been obtained by compression mold-
ing with prior kneading® and extrusion blend-
ing®® with polycarbonate, and by direct injection
molding with poly(ester carbonate).?? Polyamide
66,26 linear low density polyethylene,?” a poly-
etherester,?® polyamide 6,2° and poly(butylene
succinate)®° form immiscible blends.

PEI/PBT blends have been found to be miscible
after mixing the powder components in the melt
state,'®?! and also after mixing by dissolution
and precipitation.3? Miscibility was proposed to
be due to the presence of a single T, by DSC,'>'!
DMA,° and DMTA.32 However, to our knowl-
edge, the mechanical properties of the blends, as
well as the phase structure of the blends after an
industrial-type mixing method, have not been
studied.

In this work, pellets of PEI and PBT were
blended by extrusion and subsequent injection
molding. The processability of the blends, with
respect to that of PEI, was studied by a new
method based on the measurement of the pres-
sure at the end of the extruder. The solid state
behavior of the blends after the mixing procedure
used was tested by DSC, DMTA, and specific vol-
ume measurements. The mechanical properties
obtained from the tensile and impact tests were
related to the structural characteristics.

EXPERIMENTAL

The polymers used in this work were PEI (Ultem
1000, General Electric) and PBT (Crastin PBT,
DuPont). PEI and PBT were dried (8 h at 110°C)
and mixed over the entire composition range in a
corotating double screw extruder-mixer (Collin
ZK-25).

Due to the different processing temperatures of
PEI and PBT, the PEI-rich blends were mixed at
a melt temperature of 290°C. The 60/40 blend was
used at a melt temperature of 270°C to obtain the
rest of the blends by adding the appropriate
amount of PBT. The screw speed was 30 rpm and
the extrudate was pelletized.

The dried blends (8 h at 110°C) were injection
molded in a Battenfeld BA230E reciprocating
screw injection molding machine at 260°C in the
case of the PBT-rich blends. The barrel tempera-
tures used in the PEI-rich blends are shown in
Table I. A mold temperature of 23°C, an injection

Table I Barrel Temperature (T,) for Injection
Molding of the PEI-Rich Blends

%PEI 60 70 80 90 100
T, (°C) 275 295 315 330 340

In the rest of the blends, the barrel temperature was
260°C.

speed of 6 cm?®/s, and an injection pressure of
1,000 bar were used in the injection molding pro-
cess. The torque of the pure PEI and the PEI-rich
blends was measured in a Brabender plasticorder
PLE 650 at 290°C and 30 rpm for 12 min.

The calorimetric analysis of the blends was
carried out in a Perkin-Elmer DSC-7 calorimeter
at a heating rate of 20°C/min. The glass transi-
tion, crystallization, and melting temperatures
were measured, and the crystallinity was calcu-
lated from the crystallization and melting enthal-
pies of the blends and the melting enthalpy of the
100% crystalline PBT (AH®, = 145.5 J/g).33

The dynamic mechanical analysis was carried
out in a Polymer Laboratories DMTA using a
heating rate of 4°C/min and a frequency of 1 Hz.
Specific volumes were measured in an electronic
Mirage SD-120-L densitometer with a resolution
of 0.0003 cm?®/g using butylic alcohol as the im-
mersion liquid.

The tensile tests were carried out using an
Instron 4301 at a cross-head speed of 10 mm/min
on 1.9 mm thick ASTM D-638 type IV specimens.
The mechanical properties [Young’s modulus (E),
yield stress (o), and ductility, measured as the
break strain (¢,)] were determined from the load-
elongation curves.

Impact tests (ASTM-D256) were carried out
using a Ceast pendulum on injection molded spec-
imens with a cross section of 12.7 X 3.2 mm. The
notches (depth: 2.5 mm, radius: 0.25 mm) were
machined after molding. A minimum of eight
specimens were tested for each reported value in
both the tensile and impact tests.

RESULTS AND DISCUSSION

Processability

Due to the fact that the torque is related to the
melt viscosity,?* the processability level of a poly-
meric melt may be estimated in discontinuous
mixers or kneaders by means of the torque needed
for mixing.41%183536 In continuous mixing by
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Figure 1 Relative torque (O) and relative exit melt
pressure (@) versus composition.

means of extruders, however, the torque cannot
be related to the viscosity of the melt. This is
because the polymer experiences temperatures
from ambient, in the feeding section, to the melt
temperature. However, the processability level is
an important polymer property that would be in-
teresting to be able to estimate also in the case of
the extruders.

It is known that, for Newtonian fluids in lam-
inar flow, the melt viscosity (1) may be related to
the pressure at the output end of the extruder (P)
by means of the flow rate (Q):37

@ = KP/n

were K is a constant that characterizes the resis-
tance of the die to flow. Taking into account that
the screw speed is constant during mixing, @ is
constant. Thus, the measurement of the pressure
at the exit of the extruder will provide a param-
eter directly related to viscosity and thus give
some indication of the processability of the blends
related to that of the pure components. Therefore,
the pressure at the exit of the extruder of the pure
components and that of the blends was measured
and is shown in Figure 1, referred to that of pure
PEI (188 bar) versus the composition of the
blends. The melt pressures of blends with low PEI
contents are not shown because they had to be
mixed at a different melt temperature. As can be
seen in Figure 1, and as was expected because of
the lower viscosity of the PBT, the pressure at the
exit sharply decreased with increasing PBT con-
tent. This is because the pressure at the exit of
the 90/10 blend was only 70% of that for pure PEI,
and for the 60/40 blend, only 8%. This clearly
indicates that PBT greatly improves the process-
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ability of PEI. The reliability of this plot was
tested by comparing it with that usually used of
the torque against composition, the relative val-
ues of which are also shown with respect to that of
pure PEI (23 N.m) in Figure 1. As can be seen,
both plots are very similar. This is clear experi-
mental support for the reliability of the melt pres-
sure at the exit as a parameter that is equally
representative of the melt viscosity and the blend-
ing torque.

Solid State Features

The crystallinity level of the blends after injection
molding, measured by DSC, are shown in Figure
2. Crystallization did not occur during the DSC
scan in the blends with 20, 80, and 90% PBT. The
blends with PBT contents from 30 to 70% crystal-
lized both during the injection molding and dur-
ing the DSC scan. The blend with 10% PBT was
amorphous. As can be seen in Figure 2, the crys-
tallinity of the blends with 80 and 90% of PBT
was on the tie line between those of the two pure
components. This indicated that the crystallinity
level of PBT in these two blends was that of pure
PBT (34%). However, in blends with a PBT con-
tent below 80%, the crystallinity level (and as a
consequence, the solvent resistance) abruptly de-
creased to 7%, and slightly decreased to zero in
the blend with a PBT content of 10%. These PEI-
rich blends will therefore be less solvent resistant
in application.

A comparable crystallinity plot was also seen
in PEI/PBT blends obtained by solution-precipi-
tation and annealed at different temperatures,'!
but the abrupt change of the PBT crystallinity

50 - -

Crystalline content of the blends (%)

0 106 20 30 40 50 60 70 8 90 100
9% PEI

Figure 2 Crystallinity content of the blends after
injection molding versus composition.
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Figure 3 Glass transition temperature obtained by
DSC (@), crystallization temperature (m), and melting
temperature of the blends (A) versus composition.

took place at PBT contents smaller than 50%.
This was probably due to the fact that the blends
were more crystalline than those of this work,
probably because the annealing and the solution-
precipitation method favors crystallization. This
is in contrast to the nonisothermal crystallization
from the melt during cooling in the injection mold
of this work. Similar behaviors have been seen in
other blends. For example, in PEI/PEEK blends,*
the crystallinity was maintained up to a PEEK
content of 40%. However, in PEI/poly(ethylene-2-
6-naphthalenedicarboxylate) blends,? the crystal-
linity clearly began to decrease below 90% of the
crystallizable component. The ability of the semi-
crystalline component to crystallize, and the crys-
tallization conditions were probably the reasons
for the different behaviors.

In Figure 3, the glass transition (T, circles),
crystallization (7', squares), and melting (7,
triangles) temperatures of the blends measured
by DSC are shown against their composition. The
T, values obtained by DMTA followed the same
trend as those obtained by DSC.

As can be seen in Figure 3, the T, increased
and the T, slightly decreased with the PEI con-
tent. These results are often seen in miscible
blends with a semicrystalline component,>!? and
agree with previous results seen in PEI/PBT
blends.'®!! They indicate that the presence of
PEI hindered the crystallization of PBT.

As can be seen and was shown before using
other mixing methods which give homogeneous
blends, 0113132 after the extrusion-injection mix-
ing procedure, a single 7', was observed whatever
the composition. As can also be seen in Figure 3,

the T,-composition curve was apparently asym-
metric and exhibited a discontinuity at a PEI
weight fraction between 0.2 and 0.3. The T,
change with composition was clearly different in
these two composition ranges. At low PEI con-
tents, the T, hardly increased with increasing
PEI content. However, at PEI contents of 30%
and above, the T, of the blends increased sharply
with increasing PEI content.

Discontinuities in the T, plots in blends with
one amorphous constituent and the other semic-
rystalline, such as PEI/PBT, have been attrib-
uted, using a free volume approach,'® to an un-
even contribution from the two components to the
free volume of the blends. However, the disconti-
nuity can also be due to an abrupt decrease in the
crystallinity of the PBT in the blends at decreas-
ing PBT contents. This seems to be the reason for
the T, behavior shown in Figure 3, because the
abrupt change of the crystallinity of the blends
took place at the same PBT content (between 80
and 70% PBT) as that which gave rise to a change
in the slope of the 7', plot in Figure 3. Moreover,
the comparatively high T, values of the blends
rich in PBT agree with the fact that the 7', of the
amorphous phase of semicrystalline polymers is
higher than the T, they would show in the fully
amorphous state. This is due to the severe links
and restriction to the deformation®%3® that the
crystalline phase supposes in the T, region. In
order to support this possibility, in Figure 3, in-
stead of using the T, of the partially crystalline
PBT as the reference for the 7T,’s of the blends,
that of the nearly amorphous PBT (—25°C)®? has
been used and plotted in Figure 3 as an empty
circle. As can be seen, the 7', values of the blends
with a low PBT crystallinity are on the linear
relationship between the value of fully amor-
phous PBT and that of PEI. These facts indicate
that the crystalline content of the blends is the
main parameter that influences the T, behavior
of the blends.

Mechanical Properties

The moduli of elasticity of the blends are plotted
in Figure 4 against composition. As can be seen,
the modulus is roughly constant up to a PEI con-
tent of 30%. Then, it sharply increases to produce
a synergism at high PEI contents with values
even higher (8% in the 90/10 blend) than that of
the pure PEI. This modulus behavior has to be a
consequence of one or more of the following pa-
rameters: a different free volume in the blends
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Figure 4 Young’s modulus of the blends versus com-
position.

compared with that of the pure components, the
different crystallinity of the PBT in the blends
and in the pure state, or possible effects of the
change in the injection temperature.

A possible effect of the different processing
temperatures of the PEI-rich blends, which may
take place, for instance, through different orien-
tation levels, was studied measuring the modulus
of elasticity of the 70/30 blend obtained in the
temperature range from 295 to 345°C. No signif-
icant change in the modulus of elasticity was ob-
served, because the increase in the modulus with
temperature, from 2480 to 2630 MPa, was similar
to the observed mean standard deviation (150
MPa). Therefore, the different processing temper-
ature did not influence significantly the modulus
behavior.

The change of the crystalline content of the
PBT in Figure 2 (from 34 to 7%, roughly), despite
the low sensitivity of this small deformation prop-
erty to the crystalline content,?**® appears to be
large enough to influence the modulus of elastic-
ity. Thus, high crystalline contents should lead to
comparatively high moduli. However, as shown in
Figure 3, at middle and high PEI contents, the
crystallinity level of PBT was almost constant,
but a synergism in the modulus was seen in
blends (Fig. 4) with very high PEI contents.
Therefore, crystallinity could not give rise to this
modulus behavior. Moreover, in the PBT-rich re-
gion where the PBT crystallinity was high, the
modulus moved to values below the linear tie line.
Therefore, besides crystallinity, another parame-
ter had to influence the observed modulus behav-
ior.

A possible change in the free volume of the
components of the blends as a result of blending
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was studied by means of measurements of the
specific volume of the blends. These are plotted
against composition in Figure 5. The observed
changes in specific volume are significant,440-43
because their mean value was 0.003 cm®/g (0.5%).
As can be seen, the specific volume plot agreed
with the modulus behavior. This is because the
zone of the blends with middle and high PEI
contents, which shows a high slope in the plot of
the modulus, corresponds to the zone where the
decrease in specific volume takes place. Moreover,
in the 80 and 90% PEI compositions, there is a
synergism in the modulus just where the devia-
tion of the specific volume from the additivity was
greatest. In the blends with 90 and 80% PBT
contents, the PBT crystallinity is constant; there-
fore, the observed decrease from the linearity of
the modulus must be due to the specific volume
increase induced by blending. A specific volume
increase/decrease is often the reason for de-
creased/increased modulus values from the sum
of the contributions of each component.!440-43
Finally, in the case of the 30/70 blend, the effect of
the large crystallinity decrease in the modulus
(from 34% to 7%) appears to overcome the positive
influence that the decrease in the specific volume
of 0.3% from the additive values will give rise to.
Therefore, with the exception of the 70/30 blend,
the modulus behavior is mainly a consequence of
the specific volume of the amorphous phase of the
blend.

The behavior of the yield stress is shown in
Figure 6 against composition. As can be seen, it
was very similar to that of the modulus of elas-
ticity. The yield stress of the 90/10 blend was 10%
above that of pure PEI This is usual behavior,**
and is due to the small deformation nature of both
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Specific volume of the amorphous
phase of the blends (cm’/g)
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% PEI

Figure 5 Specific volume of the amorphous phase of
the blends versus composition.
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Figure 6 Yield stress of the blends versus composi-
tion.

properties, and to the lack of change of the yield-
ing mechanism of the blends with respect to that
of the pure components.

The ductility of the blends is shown against
composition in Figure 7. As can be seen, most of
the blends showed a behavior intermediate be-
tween those of the two pure components. More-
over, all the blends showed a clear ductile behav-
ior, with values below the linear tie line. The
ductility of the blends was similar to that of the
pure PEI in PEI-rich blends, but it clearly in-
creased at lower PEI contents. This ductility be-
havior may be influenced by: a possible change of
the low temperature secondary transition of ei-
ther of the two components of the blend, the
change of the crystallinity content, the difference
between the test temperature and the 7', in the
blends and in the pure components, or the change
of the specific volume of the amorphous phase of

300 -

250 &
200 |

150 —|

Ductility (%)

100 |

50 ]

[
O 71 T T 1

0 10 20 30 40 50 60 70 8 90 100
% PEI

Figure 7 Ductility of the blends versus composition.
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Figure 8 Tansd versus temperature for PEI (O), 80/20
(0), 50/50 (<), and 20/80 (@) blends, and PBT (m).

the blends compared with that of the pure com-
ponents.

With respect to the low temperature secondary
transitions, the tand plots of the pure PBT and
PEI, and of representative blends in the temper-
ature range where the vy transitions appeared are
shown in Figure 8. As can be seen, both the
change in the peak temperature and in the inten-
sity of the transitions are a direct consequence of
the composition. Therefore, there is no y suppres-
sion as a consequence of blending that could in-
fluence the ductility plot. With respect to the
abrupt crystallinity change of the blends that
took place from the 20% PEI to the 30% PEI
compositions (Fig. 2), this had no significant in-
fluence on the ductility of the blends, because the
curvature of the ductility plot did not change at
these compositions. Additionally, the change in
the T, of the blends, as shown in Figure 3, was
fairly in accord with the linear value. This was
with the exception of the 10 and 20% PEI compo-
sitions, but the ductility increase took place in all
the PBT-rich blends. Therefore, the temperature
difference to the 7', does not seem to be the main
parameter that influences the ductility values.
Finally, the lack of increase in the ductility values
with respect to that of the pure PEI in the PEI-
rich blends agrees with the negative specific vol-
ume of mixing, as shown in Figure 5, of these
compositions. Moreover, the increasing ductility
when the PEI content decreases as shown in Fig-
ure 7, takes place together with the disappear-
ance of the negative specific volume of mixing and
its posterior positive values. Therefore, the spe-
cific volume of mixing appears to be the main
reason for the ductility values shown in Figure 8.
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Figure 9 Notched Izod impact strength of the blends
versus composition.

This is supported by the fact that the ductility of
miscible polymer blends is usually close to addi-
tive,223¢ although positive'®!? and negative devi-
ations?%*145 have been found. The negative devi-
ations are usually attributed to a decrease in the
free and specific volumes as a result of mixing.

The notched Izod impact strength is plotted in
Figure 9. The low value®31* of PEI (14 J/m) in the
figure must be due to experimental conditions. As
can be seen, the plot is very similar to that of the
ductility, with values closer to the tie line in PBT-
rich blends. As in the case of ductility, the excess
or deficit of volume of mixing appears as the pa-
rameter that mainly controls the impact resis-
tance values.

CONCLUSIONS

PEI/PBT blends appear miscible after an indus-
trial-like processing, such as mixing by extrusion
and injection molding. The processability of PEI
clearly improved when even low amounts of PBT
were added. The melt pressure at the exit of the
extruder is a suitable parameter to measure the
processability of the polymer blends. The pres-
ence of PEI hindered PBT crystallization, which
gave rise to a large decrease in the PBT crystal-
linity, from 27 to 7%, when the PEI content in-
creased from 20 to 30%.

A loss of the free volume induced by mixing
was observed in all of the blends, with the excep-
tion of the blends with 10 and 20% PEI content,
where excess volume of mixing was observed.
This change in the specific volume is believed to
be the main parameter that determines the me-
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chanical properties, rather than the injection
temperature that did not show any effect, and the
crystalline content, which had an effect that was
only observed at the 70/30 composition, in which
the crystallinity level largely changed. Conse-
quently, in the blends with 10 and 20% PEI con-
tent, a lack of increase in the modulus and in the
yield stress, and more linear ductility and impact
strength values were observed. The rest of the
blends showed impact resistance values slightly
below, but ductility values similar or even higher,
than those of PEI. Moreover, the modulus of elas-
ticity and the yield stress increased to give a
strong synergism in the 90/10 and 80/20 blends,
with values in the 90/10 blend roughly 5-10%
larger than those of the higher of the two pure
components.
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