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ABSTRACT: Polysulfone (PSU)/poly(ethylene terephtha-
late) (PET) blends were obtained by direct injection molding
across the composition range. Their phase behavior, thermal
properties, morphology, and mechanical properties were
measured. The blends were composed of a pure PSU amor-
phous phase and either a pure PET phase in PSU-poor
blends, or a PET-rich phase with some dissolved PSU in
PSU-rich blends. The morphology of the dispersed phase
was mostly spherical with some elongated particles in the
PET-rich blends. A slight synergistic behavior was observed
in the Young’s modulus, mainly in the 90/10 blend, which is
probably due to orientation effects. The presence of some
broken particles indicated some interfacial adhesion. The

ductility values were approximately linear with composi-
tion. This was generally the case in PSU-rich blends, and
was attributed to the higher level of PSU in the PET-rich
phase. Although embrittlement was seen in blends with 30%
of the second component, the ductility of the two pure
components did not significantly decrease after annealing
due to the presence of low amounts (up to 10%) of another
component of the blend. © 2004 Wiley Periodicals, Inc. ] Appl
Polym Sci 93: 2193-2200, 2004
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INTRODUCTION

Blending of polymers is the most widely used method
to obtain new polymeric materials."* This is despite
the fact that almost any two polymers are immiscible,
and as a consequence, mechanically incompatible un-
less some compatibilization, for instance, by reaction
leading to intermediate products, is produced. Thus,
the research on new polymer blends either with some
miscibility, or partially reacted, is attractive. This is
especially true, for instance, when the main properties
of one component of the blend compensate the defi-
ciencies of the other, as in the case of amorphous/
semicrystalline pairs.

PSU is an amorphous thermoplastic, thermally sta-
ble, chemically inert, hydrolytically stable, and with
good electrical properties. However, it has poor resis-
tance to organic solvents. PSU has been blended with
a great variety of polymeric materials such as poly-
(ether ether ketone),”* phenolphthalein poly(ether
ether ketone),”® poly(phenylene sulfide),” " poly(eth-
ylene oxide),"? poly(hydroxyether of bisphenol A),'?
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liquid crystalline polymers, and others.
PSU blend with polycarbonate (PC) is a commercial
product (Mindel; Solvay Advanced Polymers, Al-
pharetta, GA) whose ability to be reprocessed has
been studied.'” Recent patents refer to PSU/PC blends
with excellent heat resistance,'® and to PSU/PC-car-
bon fiber composites with carbon black of high Izod
impact strength and surface resistivity."

PET is a widely used engineering thermoplastic. It
presents good tensile and impact strength, stiffness, and
a very good gas barrier performance. Studies of blends
containing PET are numerous in the bibliography, for
example, blends with PC202 polyarylate (PAr),>2
phenoxy,*** and polyether imide (PEI).**?!

Thus, PSU and PET have complementary proper-
ties, so they may be a promising blend. However, to
our knowledge, few works®*** on PSU/PET blends
have been published in the open literature. Compres-
sion molded PSU blends with PET showed synergistic
Young’s modulus, but very low ductilities (less than
5%).** The compatibilization of polysulfones (PSU and
poly(ether sulfone)) blends with PET, PBT, and other
polyalkylene terephthalates by phenoxy has been
studied.*

In this work, the thermal properties, morphology,
and mechanical properties of direct injection molded
PSU/PET blends were studied by differential scan-
ning calorimetry (DSC), dynamic mechanical analysis
(DMTA), density measurements, orientation measure-
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Figure 1 Schematic diagram of the samples preparation and probe points for the orientation measurements.

ments, scanning electron microscopy (SEM), and ten-
sile and impact tests. The effects of annealing on the
structure and ductility of the blends have also been
studied.

EXPERIMENTAL

Polysulfone (PSU) (Udel P-1700) was supplied by
Solvay Advanced Polymers (Alpharetta, GA). It had
an M.FL of 88 = 1.0 g/10 min (ASTM D-1238, at
315°C with 5.0 kg load). Poly(ethylene terephthalate)
(PET) was supplied by Brilen (Barbastro, Huesca,
Spain). It had an intrinsic viscosity of 0.82 dL/g in
o-chlorophenol at 30°C. PSU and PET were dried be-
fore processing at 135°C for 15 h, and at 120°C for 14 h,
respectively. The pure PET and the blends were pro-
cessed by direct injection molding in a Battenfeld BA
230E (Battenfeld GmbH, Kottingbrunn, Austria) recip-
rocating screw injection-molding machine (screw di-
ameter = 18 mm and L/D = 17.8) at a barrel and
nozzle temperature of 280°C, injection speed of 7.4
cm?/s, injection pressure of 2650 bar, and mold tem-
perature of 18°C. The pure PSU was injected under the
same conditions, but at a barrel and nozzle tempera-
ture of 310°C. Direct injection molding entails im-
provement in the economy of the process, and avoids
an initial extrusion process, which might contribute to
degradation.

The thermal behavior of the blends and of the pure
components was studied by differential scanning cal-
orimetry (DSC) using a Perkin-Elmer DSC-7 (Nor-
walk, CT) calorimeter. The samples were heated from
30 to 300°C at 20°C/min. The crystallization and melt-
ing temperatures and heats were determined respec-
tively, at the maxima and from the areas of the corre-
sponding peaks. The phase structure of the blends was
studied by dynamic mechanical analysis (DMTA) us-
ing a TA Instruments Q 800 DMA (New Castle, DE).

The samples were heated from 0 to 230°C at a heating
rate of 4°C/min and at a frequency of 1 Hz.

The specific volume was measured in a Mirage SD-
120-L  densitometer (A&D Instruments, Oxford,
United Kingdom) with a maximum typical deviation
of 0.0008 cm®/g, using 1-butanol as immersion liquid.

Possible chemical reactions between PSU and PET
were studied by Fourier Transform infrared spectros-
copy (FTIR) using a Nicolet Magna 560 spectropho-
tometer (Nicolet Analytical Instruments, Madison,
WI). An attenuated total reflection (ATR) objective
attached to a Spectra Tech microscope (Shelton, CT)
and a mercury-cadmium telluride detector were used.
The orientation of the blends and of the pure compo-
nents was also measured by FTIR in tensile specimens
cut along the flow direction using a Leica 1600 mic-
rotome (Nussloch, Germany). Two measurements
were carried out in each specimen in the three points
indicated in Figure 1. The polarized ATR spectra were
carried out at a 45° angle of incidence using a Nicolet
Magna-IR 560 spectrophotometer equipped with an
ATR accessory. The resolution was 8 cm ™' and each
reported value is the average of the six points. The
dichroic ratio D was the ratio of the intensities of the
absorption bands of a characteristic group measured
for parallel (A)) and perpendicular (A L) polarization
with respect to the injection direction.

A

D=, M

The average orientation is expressed as the orienta-
tion parameter (f) that is related to the dichroic ratio as

(D —=1)(Dy + 2)
“(D+2)(D,-1) (2)

where D, = 2cot’a, and « is the angle between the
chain axis and the transition moment. Although « is
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not accurately known, 90° can be used as a first ap-
proximation for all the perpendicular bands, because
this angle would give rise to the minimum orientation
value.

The tensile tests were carried out using an Instron
4301 (Canton, MA) at a cross-head speed of 10 mm/
min and at 23 * 2°C on injected ASTM D-638 type IV
(1.8 mm thick) specimens. The Young’s modulus, E,
and yield stress, o,, were determined from the load-
elongation curves. The ductility was measured by
means of the reduction of transversal area (d) by
means of the expression:

gt A 3
- AO ()

where d is the ductility, and A, and A are the initial
and final transversal areas, respectively.

Scanning electron microscopy (SEM) was carried
out on both etched and unetched surfaces of cryogen-
ically fractured specimens, after gold coating. A Hita-
chi S-2700 (Ibaraki, Japan) electron microscope was
used at an accelerating voltage of 15 kV. Etching with
N,N-dimethylformamide was used to remove the PSU
phase.

RESULTS AND DISCUSSION
Phase structure

The phase structure of the blends was first studied by
DMTA. The glass transition temperatures (T,) of the
blends by DSC, when observed, were in accordance
with those observed by DMTA. The T, of PSU in the
blends remained practically constant at 194°C, what-
ever the PET content. The T, of PET at 84°C was also
constant in the 10/90 and 30/70 blends, but it in-
creased with the PSU content up to a maximum of
98°C in the 90/10 blend. These results indicated that
the blends were composed of a pure PSU amorphous
phase, and either a pure PET phase in PSU-poor
blends, or a PET-rich phase with some PSU in PSU-
rich blends. In other PSU/PET blends,*? the Tg values
did not follow a consistent trend. )

The approximate amount of PSU in the PET-rich
phase of this work can be estimated by means of the
Fox equation:**

1 _ wq n (00 (4)
T, T, T,
where T, is the glass transition of the blend, T;; and
T, those of the two components, and w; and w, the
weight fractions of PET and PSU, respectively. The
calculated PSU contents in the PET-rich phase of the
50/50, 70/30, and 90/10 blends were 4, 8, and 16%,

respectively.
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Figure 2 Experimental (—) and weighted addition (--)
FTIR spectra of the 50/50 blend.

The PSU present in the PET-rich phase can be either
miscibilized, reacted, or both. To test which of these
possibilities was true, the occurrence of chemical re-
actions during processing was studied by FTIR. In
Figure 2 the FTIR spectrum of the 50/50 blend is
compared with that obtained from the weighted ad-
dition of the spectra of PSU and PET. As can be seen
in the experimental spectrum, there is a displacement
of the carbonyl group of the PET of the blend with
respect to the calculated one. This indicates the exis-
tence of chemical reactions and the presence of reacted
copolymers in the blends. An attempt was made to
further elucidate the nature of the chemical reactions.
However, the procedures used to separate both phases
of the blends were unsuccessful. On the other hand, as
the FTIR results are not quantitative, the additional
presence of mixed PSU in the PET-rich phase cannot
be inferred.

The possible effects of the presence of PSU on the
crystallizability and crystallinity of PET were studied
by DSC. The first DSC heating scans of pure PSU and
PET, and of the blends versus temperature are shown
in Figure 3. As can be seen, both PET and most of the
blends showed a crystallization exotherm, indicating
that they were not fully crystallized in the mold. The
melting temperature (T,,), and crystallization temper-
ature (T,) of PET when observed, remained practically
constant in the blends. These results indicated that the
presence of PSU did not affect the crystallization of
PET.

With respect to the crystallinity of PET, it was very
low (roughly 6%), probably because of the low mold
temperature, and barely changed with PSU content.
The lack of change of both the T,, and the crystalline
content in the blends indicated the formation of block
copolymers, which are almost as crystallizable as pure
PET.

Morphology

The morphologies of the cryofractured surfaces of the
70/30 and 30/70 blends are shown in Figures 4A and
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Figure 3 First DSC heating scans of pure PSU and PET, and PSU/PET blends.

4B, respectively. When the 90/10 blend was observed,
small PET particles (typically 0.4 wm) were homoge-
neously distributed in the PSU matrix. The morphol-
ogy of the 70/30 blend shown in Figure 4A was dif-
ficult to discern, due to the topology of the matrix. For
this reason, this blend was etched with N,N-dimeth-
ylformamide to remove the PSU matrix and better
observe the morphology of the PET phase. The PET
particles were spherical, with a particle size mostly
between 0.5 and 2 um. They were apparently larger
particle size than in Figure 4A, probably due to obser-
vation of the whole particle, instead of the smaller
sections, corresponding to fracture in planes other
than that crossing through the center of the particle.
The morphology of the 50/50 blend presented a
partially oriented dispersed phase, with practically
undeformed and elongated dispersed phases, not very
different from that of Figure 4A. The nature of the
dispersed phase was not clear; hence, it was studied
both by means of the composition at which phase
inversion should take place, and by etching. To find
out the phase inversion composition, the viscosities of
the components were measured by means of the
torque in the melt state in the Brabender kneader. The
lower viscosity of PET at 280°C suggested that phase

inversion should take place in PSU-rich blends, and as
a consequence, the dispersed phase of the 50/50 blend
should be PSU. With respect to etching, the solvent
attacked the dispersed phase; thus, the matrix of the
50/50 blend was PET and phase inversion took place
between 50/50 and 70/30 compositions.

The morphology of the 30/70 blend is shown in
Figure 4B. Both this blend and the 10/90 blend pre-
sented both practically undeformed and rather fibril-
lar particles. Most PSU particles were small (mostly
below 2 um). Some large particles (larger than 5 wm)
with PET particles inside were also observed. As can
be seen, some particles were debonded, but others
appeared broken, indicating some interfacial adhe-
sion.

Mechanical properties
As-molded blends

The Young’s moduli of both the pure components and
the blends are shown in Figure 5 as a function of the
PET content. Both the best approximation (continuous
line) and the modified rule of mixtures (broken line)
are drawn. As in a previous work,*> a small synergism
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Figure 4 Morphologies of cryogenically broken surfaces of
the PSU/PET 70/30 (A) and 30/70 (B) blends. The photo-
graphs were obtained by SEM at an angle of 30° from the
perpendicular to the surface.

was observed at all blend compositions. Synergisms in
the modulus are usual in miscible blends,**” in par-
tially miscible blends,>>%%%° and also in reacted
blends.?**° However, some immiscible blends*'*? also
showed synergisms in the modulus. This indicates
that the adhesion level in the interface, when it exists,
is not a relevant characteristic when discussing the
modulus behavior. This is probably due to the very
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Figure 5 Young’s modulus of the PSU/PET blends versus

PET content.
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Figure 6 Specific volume of the PSU/PET blends versus
PET content.

low strain at which it is measured, where debonding,
and as a consequence lack of contribution to support
the load, has not yet taken place.

Of the morphological features that may influence
the modulus, the crystallinity level was the same in
the blends and in pure PET. Therefore, it did not
influence the modulus behavior. Mixing induced den-
sification is often seen in miscible, and sometimes in
partially miscible, blends. For this reason, the density
of the pure components and the blends was measured.
The corresponding specific volume plot is shown in
Figure 6 against composition (density of pure PSU and
PET respectively, 1.2338 and 1.3305 g/cm?). As can be
seen, the plot closely followed the direct rule of mix-
tures. The crystallinity of PET was constant in the
blends and in pure PET as was seen by DSC; therefore,
the free volume of the amorphous phase did not
change upon blending. The average orientation, ex-
pressed as the orientation parameter (f), is shown in
Table I. As can be seen, the average orientation of the
10/90 blend was slightly lower than that of pure PET,
and the average orientation of the 50/50 blend was
almost the average of those of the pure polymers.
However, in the 90/10 blend, the average orientation
was almost that of pure PET, suggesting that the syn-
ergism in the modulus could be due to a greater
orientation in the blend than expected.

The synergistic modulus behavior observed can be
described (broken line) by means of the modified rule
of mixtures proposed by Nielsen:*’

TABLE I
Average Orientation of the Blends and the Pure
Components
PSU/PET Average orientation (f)
100/0 0

90/10 0.125
50/50 0.0705
10/90 0.136

0/100 0.146
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Figure 7 Yield stress of the PSU/PET blends versus PET
content.

P =DPi¢ + Prdhy, + Brahi 5)

where P and ¢ are the studied property and the vol-
ume fraction, respectively; the subscripts 1 and 2 refer
to the two components of the blend; and 8, is an
empirical parameter that can be calculated as

Bi2 = 4Py, — 2P, — 2P, (6)

where Py, is a property of the 50/50 blend. As can be
seen, with the exception of the 90/10 blend that
showed an absolute synergism, the continuous curve
of Figure 5 that corresponds to Equation 5 reasonably
fits the experimental data. The parameter 3,, (200 MPa
in this blend) quantifies the deviation and has been
tentatively related to the compatibility of the blend.*®
Although a possible suppression of a low temperature
secondary transition should also be taken into ac-
count,** the B,, values range between 200 and 2000
MPa in thermoplastic/thermoplastic blends both
when the modulus synergism is attributed to volume
contractions'”?*** and when it is attributed to higher
orientation of any of the components in the blends.*
However, values of roughly 2500 MPa or higher are
obtained in thermoplastic/liquid crystalline polymer
(LCP)* and LCP/LCP blends,* due to the large ori-
entation of the LCPs.

The yield stress of the blends versus PET content is
shown in Figure 7. As can be seen, the synergism
remained only in the 90/10 composition. As can also
be seen, the tendency observed in the o, plot of Figure
7 mainly for the 50/50 and 30/70 blends, is different
from that of Figure 5, where no negative value was
seen. This could be due to the fact that the strain
values at which both properties were measured, and
as a consequence the mechanism involved, are differ-
ent. This is despite parallel behavior of both short
deformation properties to the usual rule.*®

The ductility of the blends is shown against PET
content in Figure 8. It was measured by means of the
reduction of transversal area, because breaking took
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place during the cold drawing process. This led to
large ductility differences, which were not represen-
tative of the real ductility of the material when duc-
tility was measured as the elongation at break. As can
be seen, the 90/10 and 70/30 blends practically fol-
lowed the rule of mixtures, whereas the 50/50 and
30/70 blends were below the tie line. The ductile
behavior of these blends was opposite to that seen®” in
Brabender mixed and compression molded PSU/PET
blends where, probably due to the processing method,
ductility values below 5% were obtained.

The better break performance of the PSU-rich
blends is attributed to PSUs’ partial miscibility. This is
because the ductility behavior is often related to the
miscibility level. Thus, although negative deviations
can be observed due to a decrease in the free volume
as a result of mixing,*”° miscible and partially misci-
ble blends usually present ductility synergistic>'* or
neutral*>*® values. Immiscible blends are expected to
show negative deviations from the rule of mixtures™
due to the lack of interfacial adhesion. Positive devi-
ations in immiscible blends*!>?° are attributed to ad-
ditional parameters such as the lesser crystalline char-
acter of the components of the blend,*' the presence of
highly oriented structures (fibrillar morphology),”
different Poisson’s moduli of the components, and a
small dispersed phase size.”®

Annealed blends

It is known that molded fully amorphous (and not
fully crystallized) PET is able to crystallize after expo-
sure to high temperatures decreasing its deformabil-
ity. This change in PET from fully amorphous to par-
tially crystalline determines its applications. More-
over, both PSU and PSU-based materials are often
used in applications involving high temperatures for
long periods of time. For these reasons, to find out the
performance of the PSU/PET blends of this study at
high temperatures, the blends were subjected to an-
nealing, as were the pure components as a reference.
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Figure 8 Ductility of the PSU/PET blends versus PET con-
tent.
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TABLE 1I
Crystallinity and Ductility of the As-molded and Annealed PSU/PET Blends
Crystallinity (%) Ductility (%)
After annealing After annealing
Composition As-molded 120°C 160°C As-molded 120°C 160°C
100/0 44 (66) 46 (11)

90/10 6 21 47 (74) 39 (6.5)

70/30 6 24 52 (85) 1.2 (4.0)

30/70 6 23 58 (112) 1.4 (5)

10/90 6 24 73 (210) 68 (11.5)

0/100 6 24 24 76 (255) 71 (128) 69 (42)

The values in parentheses correspond to ductility measured as the elongation at fracture. The main standard deviations of
the ductility were 4% (6%) as-molded, 10% (10%) annealed at 120°C, and 6% (11%) annealed at 160°C.

Annealing was carried out in the case of PSU and
PSU-rich blends at a temperature (160°C) close, but
below, the Tg of PSU, and similar to the maximum
continuous use temperature reported”” for PSU. In the
case of PET and PET-rich blends, annealing was car-
ried out above T, (120°C).

The possible changes in the crystallinity of PET after
annealing were studied by DSC. The measured crys-
talline contents, as well as the ductility values that will
be discussed later, are shown in Table II. As can be
seen in Table II, annealing led to an increase in the
crystalline content of PET up to its usual maximum
value,”® " whatever the annealing temperature.

The ductility of the blends after annealing is com-
pared with that of the corresponding as-molded
blends in Table II. As can be seen, in the case of the
pure PSU, the decrease in ductility (a consequence of
the decrease in free volume upon annealing) was very
small. This was because reduction in the area at break
did not change and because the decrease in elongation
at break was only a consequence of the decrease in the
ability to cold draw. In the case of the 70/30 blend,
annealing led to a brittle behavior very different from
that seen in annealed PSU. However, the presence of
small PET levels (up to 10%) only worsened the per-
formance at high temperature of PSU slightly. This
was because the ductility values were comparable to
those of pure PSU, indicating that the thermal resis-
tance of the 90/10 blend is similar to that of neat PSU.
The PET of the annealed blend was more crystalline
and, therefore, less ductile. However, the ductility was
constant, indicating that the higher crystalline content
of the PET was not relevant when the fracture prop-
erties of the blends are concerned.

As can also be seen in Table 1II, although the ductil-
ity of neat PET measured by the elongation at break
decreased, it remained ductile after annealing. The
30/70 blend embrittled after annealing. However, the
10/90 blend remained ductile as ductility measured
by the reduction of the cross section was maintained,
as in the 90/10 blend. Thus, the ductilities of the
blends at low dispersed phase contents were rather

similar to those of the pure components. This indi-
cated that the possible negative effects on ductility of
either the biphasic structure (PET-rich blends), or the
combined effects of the biphasic structure and the
increased crystallinity (PSU-rich blends) were not im-
portant enough to embrittle the blends. This was al-
though their ability to cold draw decreased, as seen
through the decrease in the elongation at break.

CONCLUSION

PSU-poor blends presented two pure PSU and PET
amorphous phases. However, in PSU-rich blends
some PSU was present in the PET-rich phase. Reaction
occurred between PSU and PET. The crystallinity and
crystallization ability of PET did not change as a con-
sequence of the PSU presence. The dispersed phase
was spherical with some elongated dispersed phases
at PET contents above 30%. The observed synergism
in the Young’s modulus is attributed to higher orien-
tation of the blends with respect to that expected for
the average of the pure components. The linear behav-
ior of ductility was in good agreement with the pres-
ence of some broken particles that indicated interfacial
adhesion. The best ductility values took place, as ex-
pected, when the presence in one phase of the other
component of the blend was maximum, but compati-
bility also extended to the compositions where full
immiscibility was seen. Although the opposite was
seen in blends with 30% of the second component, the
presence of low amounts (up to 10%) of a second
component barely modified the ability of the two pure
polymers to resist high temperatures, as seen by the
lack of significant decrease in ductility after annealing.
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