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ABSTRACT: Mechanical properties such as the tensile
modulus, yield (break) strength, and elongation to break (or
yield) are measured for multiphase poly(ether ether ketone)
(PEEK)/poly(aryl ether sulfone) (PES) blends. Specimens
with three different levels of thermal histories (quenched,
as-molded, and annealed) are prepared in order to study
their effects on the mechanical properties of PEEK/PES
blends. Synergistic behavior is observed in the tensile mod-
ulus and tensile strength of the blends in almost the whole
range of compositions. The ductility of quenched blends
measured as the elongation to break (yield) shows an unex-
pected synergistic behavior in the blend containing 90 wt %
PEEK, although a negative deviation from additive behavior
is observed in the rest of the compositions. A ductile–brittle
transition is observed between 50 and 75 wt % PEEK in the
blend. The ductile–brittle transition in as-molded blends
shifts to 75–90 wt % PEEK. Annealed blends show predom-
inantly brittle behavior in the whole composition range. The
experimental data are further correlated with the theoreti-
cally predicted results based on various composite models.

Although the prediction based on these equations fails to fit
the experimental data in the whole composition range, the
simplex equations that are normally used for blends show-
ing synergistic behavior produced a reasonable fit to the
experimental data. The mechanical properties obtained for
different blend compositions are further correlated with
their morphology as observed by scanning electron micros-
copy. Morphological observation shows a two-phase mor-
phology in PES-rich blends, which is an interlocked mor-
phology in which the disperse phase is not clearly visible in
PEEK-rich blends, and a cocontinuous type of morphology
for a 50/50 composition. Considerable permanent deforma-
tion of both the disperse and matrix phase, especially in the
case of quenched tensile specimens, demonstrates the re-
markable adhesion present between the two phases. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 90: 2887–2905, 2003
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INTRODUCTION

Polymer blends have been of great interest particu-
larly in the last two decades or so. The sources that
have fueled this interest are the cost and time associ-
ated with the development of new polymers and the
ability to tailor properties by blending, which may
result in new, desirable and, in some cases, unex-
pected synergistic effects on the properties. Although
there are literally 1000s of combinations that could be
desirable, only a few exhibit a practical performance
profile. In the last few decades, studies in the field of
polymer blends have led to the development of a large
number of new blend systems, as well as to a simul-
taneous growth of the science of polymer blends.1,2

Among the development fields in polymer blends,
that of high performance polymers is of great interest.
This is because of the favorable combination of prop-
erties of these polymers, which includes a good level
of mechanical properties along with high thermal re-
sistance. High performance materials are sought
mainly as an alternative for metals in the structured
applications where strength and stiffness are of great
importance and the strength to weight ratio is a nec-
essary requirement. One of the leading polymers in
this area is poly(ether ether ketone) (PEEK). It is an
aromatic semicrystalline thermoplastic that offers an
excellent balance of properties: toughness, strength
and rigidity, good electrical, as well as chemical and
radiation resistance.3–9

Poly(aryl ether sulfone) (PES)10,11 is an another high
performance engineering polymer that is amorphous
in nature, unlike PEEK. It exhibits a high glass-transi-
tion temperature (Tg, �220°C), is mechanically tough
and rigid, but has a poor resistance to organic sol-
vents.

Blending PEEK with PES is expected to improve the
glass-transition behavior and processibility of the
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former and the chemical resistance behavior of the
latter. Blends of PEEK with PES have been the focus of
attention in recent years, mainly in patent and to some
extent in scientific journals.12–21 The blends are re-
ported as being completely miscible,12–14 partially
miscible,19 and completely immiscible.15–18 The
method of blending and the structure of PES were
found to have considerable influence on the reported
miscibility behavior of these blends.20,21

Keeping in view the range of miscibility behaviors
reported and the exceptional nature of PEEK/PES
blends, we have extensively studied the phase behav-
ior and structure–property relationships of these
blends.22,23 We found the blends to be completely
miscible when solution blended with a lower critical
solution temperature of around 340°C and partially
miscible when melt mixed. The partially miscible
blends had PEEK-rich and PES-rich phases in all com-
positions.

The study of the mechanical properties of polymer
blends is of great importance because these properties
determine, in most cases, the possibility of the utiliza-
tion of a blend. Hence, a better understanding of the
relationship between the mechanical properties of
blends and their composition is important for their
development into various products. These mechanical
properties are greatly affected by phase adhesion be-
tween the blend components. Miscible blends gener-
ally show a linear relationship of the mechanical prop-
erties with the blend compositions. However, the vari-
ation in the mechanical properties in immiscible and
partially miscible blends is more complex and can
show from below additive behavior to synergistic be-
havior. Evidently the factors that decide the final
properties in these blends are the viscosity ratio of the
component homopolymers, the interfacial adhesion,
and, in the case of crystallizable polymers, the amount
of the crystalline fraction.

The mechanical properties of PEEK/PES blends
have been studied by Malik19 and Eguiazabal et
al.15–18 According to Malik,19 the tensile modulus and
ultimate strength of a PEEK/PES blend increases sig-
nificantly with an increasing concentration of PEEK,
reaches a maximum at around 40 wt %, and then
drops to the value predicted by the rule of mixtures.
According to Malik,19 the synergistic effect was most
probably due to the partial miscibility of PEEK/PES
systems. Eguiazabal et al.15–18 found that kneaded and
compression molded PEEK/PES blends, when crystal-
lized during slow cooling from the melt, showed the
mechanical properties characteristic of immiscible
blends. However, quenched amorphous blends
showed an unusually positive mechanical behavior,
which was attributed to common features of the two
components of the blends. Injection molded blends
provided mechanically compatible blends, probably
due in part to the morphology produced as a conse-

quence of flow during processing. Harris and Robe-
son20,21 reported the compatibility behavior of blends
of PEEK with a range of PES compositions. According
to them, these blends exhibit excellent compatibility
and a significant increase in toughness, especially in
the blends of PEEK with a PES containing a biphe-
nylene unit in the backbone.

A different level of miscibility obtained by us for melt
mixed PEEK/PES blends necessitates a further examina-
tion of the mechanical compatibility in these blends.
Hence, in the present investigation we report the me-
chanical characteristics of PEEK/PES blends. In addi-
tion, the thermal history imparted during processing has
a large effect on the mechanical properties of a polymer,
especially if it is a crystalline one, because the degree of
crystallinity and crystal perfection greatly depends on
the crystallization conditions, which directly affects the
mechanical properties. Thus, the present investigation
has been carried out on blends having a range of thermal
histories. The mechanical properties thus obtained have
been correlated with the morphology of the blends. The
results have been further discussed with respect to the
different theoretical models that are currently available
for predicting the mechanical properties of a multiphase
system.

EXPERIMENTAL

Materials

We synthesized PEEK in the laboratory by following
the reported procedure.24 The purified polymer was
then dried in a vacuum oven at 120°C for 48 h. The
inherent viscosity of the synthesized PEEK was mea-
sured in an Ostwald viscometer at 25°C using 98%
sulfuric acid as a solvent (concentration � 1.00 g poly-
mer/100 mL solvent) and its value was found to be
0.81 dL/g. The polymer has the following general
structure:

PES was procured from Amoco Performance Prod-
ucts under the trade name Radel (grade A-300). Al-
though the structure of this polymer has not been
disclosed by the manufacturers, Ghosal et al.25 found
it to have the following repeating units in its general
structure:
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The ratio of m/n probably varies in the different
grades of Radel A PES that are available. Some of the
important characteristics of PES and PEEK that are
used in this investigation are listed in Table I.

Preparation of blends

PEEK and PES were blended in ratios of 100/0, 90/10,
75/25, 50/50, 25/75, 10/90, and 0/100 (w/w), respec-
tively. Before blending, the two polymers were com-
pletely dried overnight in an air-circulated oven at
150°C. The polymers were melt blended in a Maxwell
mixing extruder (model CS-194 AV, Custom Scientific
Instruments), which is a laboratory mixing extruder
featuring a screwless design. The CS-194 AV extruder
has a 0.75-in. diameter rotor and produces a through-
put in the range of 200 g/h. The methods to employ
this extruder are discussed elsewhere.26 Before melt
blending, the two polymers in appropriate weight
ratios were thoroughly mixed by hand and then fed to
the hopper of the mixing extruder in small batches.
The temperature of both the rotor and die zone were
set at 350°C, and a rotor speed of 90 rpm was used for
all blend compositions. The total residence time of the
polymer mixture inside the mixing zone was approx-
imately 30 s, and extrudate were obtained through a
die with a 3.5-mm diameter. The extrudates were fur-
ther chopped into small granules and again passed
through the mixing extruder to ensure thorough mix-
ing. The extrudates thus obtained were further con-
verted to granules.

Preparation of moldings

All the samples for mechanical testing were prepared
by the compression molding technique. A laboratory
hydraulic press was used for preparing the molded
samples. Specimens were prepared with an approxi-
mate thickness of 0.3 mm. Granules of blends pre-
pared in the extruder and kept between two alumi-
num foils were placed between the platens of the
press, which was already heated to 380°C. A pressure
of 100 kg/cm2 was applied at this temperature for 10
min and then different treatments were given to the

molded specimens. In the first case, the molded sam-
ples were cooled inside the press under pressure in a
room temperature environment. In the second case,
the molded samples were immediately quenched from
380°C to ice-water temperature. A portion of the
quenched samples was annealed in an air oven at
185°C for 24 h.

Tensile tests

The measurements of the tensile properties were made
at room temperature by means of a 5000-kg load ca-
pacity Universal Testing Machine (model UTB2502, R
& D Electronics) at a constant crosshead speed of 10
mm/min. The ASTM D 638 method was followed for
carrying out the test. The geometry of the samples was
according to the recommendations of group (IV) spec-
imen dimensions under the same ASTM method. The
Young’s modulus (E) was arbitrarily defined as the
secant modulus at 2% elongation (MPa). The ultimate
strength (�u) and elongation (�u) were defined as the
stress and engineering strain, respectively, at break.
The yield strength (�y, MPa) and elongation (�y, %)
were taken as the stress and engineering strain at
maximum in the stress–strain curve. Suitable instru-
ment and clamp corrections were performed before
calculating the elongation and modulus. The values
for E, �, and � were reported as population mean
values for at least 8–10 samples.

Scanning electron microscopy

Cross sections of tensile fractured samples were exam-
ined with a Jeol (model JSM-35CF) scanning electron
microscope at an accelerating voltage of 10 kV. The
cross sections of the fractured surfaces of the samples
were gold coated prior to examination.

Density measurements

The density of samples was measured by a buoyancy
method following ASTM D 792-98, utilizing a Mettler
AE-200 balance with an accuracy up to four decimal
places. The samples were submerged in xylene with
fine copper wire. The density of xylene was measured
as 0.8589 g/cm3. The density of the samples was cal-
culated as

d � w/�vtotal � vwire) � dx (1)

where d is the density of the sample (g/cm3), dx is the
density of xylene (g/cm3), vtotal is the weight of dis-
placed xylene and wire (g), and vwire is the weight of
the submerged wire (g). The standard deviation of the
measurements was �0.0015 g/cm3.

TABLE I
Characteristics of Polymers

Characteristics PEEK PES

M� w 34.700a 42.500b

Density (g/cm3) 1.263c 1.370b

Tg (°C) 147.6c �223.0d

Tm (°C) 339.1 —

a The molecular weight measured in our lab.
b The data provided by the manufacturers.
c The data for completely amorphous samples.
d It varies slightly with the thermal history.
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THEORETICAL BACKGROUND AND MODEL
FITTING

To relate the microstructure and the mechanical be-
havior of polymer blends, modeling of the mechanical
properties of the materials and a comparison with
experimental data is a powerful tool. In multiphase
polymer systems, the relationship between the me-
chanical behavior, the composition of the two compo-
nents, and the morphological (or geometrical) ar-
rangement of each phase has been extensively studied.
Several theories and models have been suggested to
describe the modulus and strength of multicomponent
polymer systems.27

The simplest models for predicting the mechanical
properties of blends are series and parallel models.
The upper bound parallel or the Voigt model is given
by the following rule of mixtures28:

P1 � P1�1 � P2�2 (2)

where P is the mechanical property of the blend; P1
and P2 are the mechanical properties of components 1
and 2, respectively; and �1 and �2 are the volume
fractions of components 1 and 2, respectively. This
equation is suitable for models in which the compo-
nents are arranged parallel to one another and applied
stress elongates each component by the same amount.
The lower bound series or the Reuss model is given
by28

1/P1 � �1/P1 � �2/P2 (3)

This equation is suitable for models in which the
components are arranged in series with the applied
stress.

Another widely used model is the Kerners model.29

It was originally developed for systems having perfect
adhesion at the phase boundary and the modulus in
this case was predicted by the following equation:

E

� Em�
��dEd�

	�7 � 5Vm�Em � �8 � 10Vm�Ed

�

�m

15�1 � Vm�

�dEm

	�7 � 5Vm�Em � �8 � 10Vm�Ed

�

�m

15�1 � Vm�
�

(4)

where E, Em, and Ed are the moduli of the blend,
matrix phase, and dispersed phase, respectively; �d

and �m are the volume fractions of the dispersed and
continuous phases, respectively; and Vm is the Poisson
ratio of the matrix phase.

Kleiner et al.30 have shown that the moduli of com-
patible blends fall outside the upper bounds given by
eq. (2). Instead of the classical composite results, the

blend moduli are reported to follow a composition
dependency given by the general equation cited by
Nielsen and Landel28 for one-phase binary mixtures in
the specific form given by Kleiner30:

E � E1�1 � E2�2 � �12�1�2 (5)

The empirical interaction term (�12) in eq. (5) is given
as

�12 � 4E12 � 2E1 � 2E2 (6)

where E12 represents the measured modulus of a
50/50 blend. The interaction term (�12) expresses the
magnitude of the deviation from the nonlinearity. As
an interaction term, �12 may be a relative measure of
the blend compatibility.

Modeling the tensile strength of a composite system
is more complex, because it depends on the area frac-
tion of the dispersed phase, rather than the volume
fraction, which is a much more accessible quantity.
According to Piggot and Leidner,31 the area fraction in
systems containing spherical inclusions is propor-
tional to the first power of the volume fraction and the
strength at break of an incompatible blend system can
be described by the following equation:

� � �m�1 � �d� (7)

where � and �m are the tensile strengths of the blend
and the matrix, respectively.

Kunori and Geil32 modified eq. (7) for systems hav-
ing strong interfacial adhesion by assuming that,
when a strong adhesive force exists between the blend
components, the dispersed phase will contribute to the
strength of the blend and the fracture will propagate
through the matrix; hence,

� � �m�1 � �d� � �d�d (8)

Equation (8) is same as the upper bound parallel
model [i.e., eq. (2)]. If the fracture propagates mainly
through the interface, eq. (8) may be written as

� � �m�1 � �d
2/3� � �d�d

2/3 (9)

Apart from the series and parallel models, not much
attention has been given to modeling the variation of
the percentage elongation at break with composition.
Nielsen33 has suggested that the elongation at break of
the composite (�) may be approximated by the follow-
ing simple equation relating the elongation at break of
the matrix (�m) and the �d:

� � �m�1 � �d�
1/3 (10)
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These theoretical models were initially developed
mainly for composites with a soft matrix and rigid
filler. The problem with applying these models to
polyblend systems is that whereas the ratio of filler
modulus to polymer modulus in composites is typi-
cally greater than 20, the ratio of moduli for poly-
blends is nearly equal to unity. Because of this com-
ponent modulus equivalency in polyblends, the form
of the dependence of polyblend moduli on the blend
composition may be difficult to model in any mean-
ingful manner with the limitation of the typical scatter
of experimental data. Nevertheless, in the last few
years, these theoretical models have been successfully
applied to a number of polyblend systems.

RESULTS AND DISCUSSION

Figure 1 shows the stress–strain curves of PEEK sub-
jected to different thermal histories. The quenched and
as-molded samples show ductile behavior, the
quenched samples showing higher elongation at break
and hence higher ductility. Annealed samples show a
predominantly brittle behavior with samples breaking
immediately after yielding. The stress to yield in-
creases in the as-molded and annealed samples be-
cause of the development of crystallinity. As-molded

samples show the highest yield stress, probably due to
the higher degree of crystallinity in these samples.
Surprisingly, annealed samples fail in a predomi-
nantly brittle manner, even though they have a lower
degree of crystallinity. This could be because of the
fact that annealed samples contain a more imperfect
crystal microstructure and thus have higher defect
concentration within the lamellae.34

Figure 2 shows the stress–strain curves of PES with
different thermal histories. Whereas the quenched PES
shows ductile behavior with clear neck formation after
yielding, the as-molded and annealed PES fail in a
brittle manner. This behavior can be understood by
the fact that annealing of glassy polymers at temper-
atures just below their glass transition (Tg) causes a
reduction in both volume and enthalpy.35 Naturally,
there are accompanying changes in the mechanical
properties, and the modulus and strength are ex-
pected to increase. However, the more dramatic and
serious change is the reduction in ductility (i.e., em-
brittlement).36 These responses can be interpreted, at
least qualitatively, as resulting from the loss in free
volume during sub-Tg annealing.37 We must mention
here that the as-molded PES can also be considered as
annealed samples exposed for shorter annealing
times. The annealed PES shows a higher stress at

Figure 1 Representative stress–strain curves of PEEK subjected to different thermal treatments.
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failure compared to as-molded PES because of being
annealed for a longer duration and hence having low-
est free volume.

Representative stress–strain curves of quenched, as-
molded, and annealed PEEK/PES blends are shown in
Figure 3(a–c). As Figure 3(a) illustrates, almost all the
quenched blend compositions fail in a ductile manner,
although the fraction of samples failing by brittle frac-
ture increases as the PEEK concentration in the blend
decreases. Hence, whereas blends containing 75 and
90 wt % PEEK fail by predominantly ductile fracture,
those containing 10, 25, and 50 wt % PEEK fail pre-
dominantly by brittle fracture. The fact that some ten-
sile specimens break by ductile failure while others
break by brittle failure at the same blend composition
can be explained in terms of failure criteria proposed
by Nicolais and Dibenedetto.38 According to these
criteria, the brittle failure will occur if an individual
sample defect grows to a critical defect size before the
stress–strain curve reaches a maximum. Variations in
the defect size and defect size distribution within a
tensile sample population results in a proportion of
some samples failing in a brittle mode and some fail-
ing in the ductile mode within the same embrittlement
region. Another remarkable feature of the stress–
strain curves in Figure 3(a) is the increase in the stress
at yield (or break) to a maximum at around 50 wt %
PEEK content. A similar synergistic dependence of the
tensile strength on blend compositions has also been
reported for other blend systems.39,42 Similarly, the

elongation at break reaches a maximum at 90 wt %
PEEK content in the blend. There can be several rea-
sons for these synergistic behavior, which are dis-
cussed later in this article. Figure 3(b), which repre-
sents the stress–strain curve of as-molded samples,
shows nearly similar behavior to the quenched sam-
ples, except for the fact that the break (or yield) stress
is higher and elongation to break is lower in the as-
molded blends compared to quenched blends. In ad-
dition, except for the composition having 90 wt %
PEEK, all other blend compositions show brittle fail-
ure. The composition with 75 wt % PEEK does appear
to initiate a neck region, but failure occurs shortly after
the yield point. All the annealed blend samples in-
cluding the homopolymers fail by brittle failure as
shown in Figure 3(c). The tensile stress at break in
annealed blends varies in a nearly similar fashion as
the quenched and as-molded samples.

The above observations of the tensile stress–strain
curve of PEEK/PES blends are discussed below with
respect to the inherent compatibility and morphology of
the blend system, and they are modeled with respect to
current theories of polymer composite behavior.

Tensile or Young’s modulus behavior

The tensile modulus of the blends as a function of
volume fraction of PEEK for quenched, as-molded,
and annealed samples is shown in Figure 4(a–c). The
experimental moduli are plotted with the curves de-

Figure 2 Representative stress–strain curves of PES subjected to different thermal treatments.
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Figure 3 Representative stress–strain curves of various compositions of PEEK/PES blends subjected to different thermal
treatments: (a) quenched, (b) as-molded, and (c) annealed. The curves are sequentially shifted 4% in strain along the abscissa
for the purpose of comparison.
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rived by the described theoretical equations. Because
compositions with 50 wt % PEEK are close to a phase
inversion composition, the properties for this compo-
sition have not been predicted by some of the equa-
tions. Thus, the theoretical curve based on these equa-
tions shows discontinuity around this particular com-

position. The left-hand curves in Figure 4 represent
the PES matrix with PEEK as the dispersed phase, and
the right-hand curves refer to the PEEK matrix with
PES as the dispersed phase. Here, a Poisson ratio of
0.44 was used for both PEEK and PES and the volume
fractions were calculated assuming constant density

Figure 4 The tensile modulus as a function of the volume fraction of PEEK for PEEK/PES blends and a comparison with
theoretically predicted variations for (a) quenched, (b) as-molded, and (c) annealed blends.

2894 NANDAN, KANDPAL, AND MATHUR



for the two components through the whole composi-
tion range. This assumption is justified by the small
variation of the degree of crystallinity of PEEK in the
blends.43 Respective density values of 1.31 and 1.37
g/cm3 were used for PEEK and PES. In addition, in
agreement with others,44,46 we assume that, although
different from the theoretical condition of 0.50, the
actual Poisson ratios can be applied to our case.

As can be seen from Figure 4(a–c), the blend moduli
show a positive deviation from linearity in all cases.
The above behavior appears more clearly in the inter-
mediate compositions. The results are remarkable in
the sense that this kind of behavior is generally
observed in miscible blends and, as reported previ-
ously,23 the present blend system shows very limited
miscibility, although such synergistic behavior in the
blend moduli has also been reported in other immis-
cible blend systems.39,41,47

In addition, the Figure 4 shows that no composite
equation is able to model the experimental modulus
data of this blend system in an exact manner. The
linear curves are those that normally predict the prop-
erty of a miscible blend or of immiscible blends with
perfect adhesion between the phases, whereas the
curves below the additive behavior are those that
usually predict the property of an immiscible blend
system with poor interfacial adhesion. As discussed
by Kleiner et al.30 normally such systems, which show
positive deviation from linearity, can be modeled by
simplex equations such as eq. (5). Curve A in Figure
4(a–c) shows the theoretical curve based on eq. (5).

The value of �12 in eq. (5), which can be taken as a
relative measure of compatibility, was found to be
1300, 1900, and 1880 MPa for quenched, as-molded,
and annealed blend systems, respectively. These val-
ues are greater or comparable to those obtained for
some other compatible systems.30,39,41 They also show
a high degree of mechanical compatibility in as-
molded and annealed blends compared to quenched
blends, at least at the low strains at which the moduli
values are normally measured. Although simplex
equations can be generated to model modulus–com-
position empirical data, they give no indication of any
correlation with the molecular structure. As has been
mentioned by Kleiner et al.,30 the packing density,
cohesive energy density, and glass-transition temper-
ature are (in the order given) the major factors that
determine the numerical magnitude of the modulus
and the density and packing density are the key to
understanding the modulus.

Figure 5(a,b) shows the variation of the density with
composition in quenched and as-molded PEEK/PES
blends. Annealed blends behave more or less similar
to as-molded blends. The experimental density data
have been compared with the additivity behavior. In
the case of density, it is given by the following rela-
tionship:

1/	 � w1/	1 � w2/	2 (11)

where 	, 	1, and 	2 are the densities of the blend and
homopolymers 1 and 2, respectively; and w1 and w2

Figure 4 (Continued from the previous page)
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are the weight fractions of the respective homopoly-
mers. From Figure 5(a,b) it can be observed that the
variation of the density with the composition follows
a trend that is more or less similar to the modulus
behavior and hence signifies the importance of the
correlation between the density and modulus.

Tensile strength behavior

Figure 6(a–c) shows the variation of the strength at
yield (or break) with the volume fraction of PEEK for
quenched, as-molded, and annealed blends. Observe
that the blends show an apparent synergism in the

Figure 5 The density as a function of the volume fraction of PEEK for (a) quenched and (b) as-molded PEEK/PES blends.
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tensile strength compared to the homopolymers. This
synergism is more visible in the PEEK-rich composi-
tions than in the PES-rich compositions. In Figure 6(a),
which shows the strength at break (or yield) of
quenched blends, it can be observed that whereas both
homopolymers break by ductile failure, the blends
show a region of transition from predominantly duc-
tile failure to predominantly brittle failure. This tran-
sition occurs at a composition of around 50–75 wt %
PEEK. Compositions having a PEEK content higher
than 50–75 wt % PEEK break predominantly by duc-
tile failure, whereas compositions having a PEEK con-
tent lower than 50–75 wt % PEEK fail predominantly
by brittle failure. As mentioned previously, even in
compositions failing by brittle fracture, some speci-
mens break in a ductile manner. The fraction of total
samples that fail by ductile mode is indicated within
the parentheses for each composition (Fig. 6).

Although the tensile strength data for as-molded
and annealed blends vary in a way similar to those
observed for quenched blends, the embrittlement re-
gion in as-molded blends shifts to the 75–90 wt %
PEEK region. In annealed blends, as expected based
on the tensile behavior of homopolymers, all blends
fail by brittle failure. There is also an increase in the
tensile strength values of as-molded and annealed
blends compared to quenched blends, which was dis-
cussed earlier.

As can be observed from Figure 6(a–c), most of the
composite equations fail to predict the tensile strength
data of the present blend system, at least in the PEEK-
rich compositions. Although not applied previously,
we propose that simplex equations of the form used to
model the synergistic behavior in the modulus data
can also be generated for predicting the tensile
strength values. Curve A in Figure 6(a–c) is drawn
based on such simplex equations, and it reasonably
fits the experimental data.

Fried et al.39 have discussed various reasons for the
synergism in tensile strength in polymer blends. One of
the reasons is based on an extension of the rubber net-
work theory,48 which suggest that an increase in strength
could result from an increase in the number of network
chains per unit volume formed by the entanglements.
Increased entanglement density may occur as a result of
specific interchain interactions. However, in the present
blend system, any interactions will not be strong enough
to let the above reason be valid for the observed syner-
gism in tensile strength. Another explanation for the
above behavior may be taken from the same packing
density argument proposed by Kleiner et al.30 to explain
the observed synergism in modulus values, and the
maximum blend strength may be directly related to the
maximum blend density. The above fact, to some extent,
seems to correlate well with the experimental data, but it
cannot explain the increase in strength values at a 90 wt
% PEEK composition, where the density value is near to

the additive value. The other reason for the synergism in
the tensile strength data for PEEK-rich compositions
could be due to the more compatible nature of the blend
at these compositions.23 This could result in the suppres-
sion of the secondary relaxation of PEEK and thus raise
the stress level required to activate significant strain
softening. This has also been found in several other
blend systems.41,49

Elongation at break (or yield) behavior

Figure 7(a–d) shows the elongation at break (or yield)
of quenched, as-molded, and annealed PEEK/PES
blends. As already mentioned, in quenched PEEK/
PES blends, some specimens of a blend composition
fail in a ductile manner while other show brittle fail-
ure. Figure 7(a) shows the elongation at yield of
quenched specimens failing via ductile mode or the
elongation at break of specimens failing via brittle
mode. Figure 7(b) shows the elongation at break of
quenched specimens showing ductile failure. From
the figures it can be seen that whereas the PEEK-rich
compositions in quenched PEEK/PES blends fails pre-
dominantly by ductile failure and shows high elonga-
tion at break, most of the specimens in PES-rich com-
positions fail as soon as the yield point is reached. This
could be because of the multiphase nature and low
miscibility of the blends at these compositions. Thus,
although the interfacial adhesion in these composi-
tions is good enough for excellent small strain defor-
mation properties like the modulus and yield
strength, it is not sufficient to overtake the deforma-
tion of the yield point and hence blends fail as soon as
the yield point is reached. Figure 7(a) shows that the
elongation at yield (or break) in PEEK-rich composi-
tions of quenched PEEK/PES blends is above that
predicted by additive behavior, whereas in PES-rich
compositions it shows a negative deviation and falls
more or less near to that predicted by the Nielsen
model. From Figure 7(b) it can be observed that, al-
though most of the blend compositions show a nega-
tive deviation of the elongation at break from those
predicted by additive behavior, the composition con-
taining 90 wt % PEEK shows an unusual synergistic
ductile behavior with an elongation at break greater
than both of the homopolymers. Although unexpected
in a partially miscible blend system like the present
one, such behavior has also been observed in other
blend systems. We do not have any explanations for
this behavior. However, it must be mentioned here
that this particular blend composition shows the high-
est miscibility for PEEK/PES blends, as has been re-
ported previously.22,23 In addition, the increase in duc-
tility corresponds well with the earlier observed de-
crease in the modulus and increase in the yield
strength.
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Figure 7(c,d) shows the variations of the elongation
at yield (or break) for as-molded and annealed blends,
which are more or less similar to those for quenched
blends, although the ductility of these blends is far
lower.

Further discussion and correlation with
morphology
Generally, miscible polymer blends give rise to syner-
gism or linear behavior in the fracture properties,39,50

partially miscible blends give values close to line-

Figure 6 The tensile strength as a function of the volume fraction of PEEK for PEEK/PES blends and a comparison with
theoretically predicted variations for (a) quenched, (b) as-molded, and (c) annealed blends. The fraction of total tested
specimens that fail in ductile mode is indicated in the parentheses.
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arity,51 and immiscible blends give values well below
linearity.52,53 We reported previously that PEEK/PES
forms an immiscible blend system with a low level of
miscibility. Hence, the mechanical properties obtained
here are quite unusual for these kinds of blends. Al-
though similar behavior has been reported previously
for some blend systems, no proper explanation has yet
been given for these exceptional properties.

Before going on to further discussion and explana-
tions, we attempt to correlate the above tensile prop-
erties with the morphology of the blends. Figure
8(a–d) shows the morphology of the tensile fractured
surface of as-molded PEEK/PES blends with different
compositions. Because the morphologies of the an-
nealed compositions are almost similar, these micro-
graphs have not been shown here for reasons of brev-
ity.

In discussing the phase morphology of polymer
blends, the phase inversion point prediction is useful.
Jordhamo et al.54 developed an empirical model based
on the melt–viscosity ratio and volume fraction for
predicting the phase-inversion region of immiscible
polymer blends. According to the model, phase inver-
sion occurs when the following equation holds:

�
m/
d���d/�m� � 1 (12)

The quantities 
m and 
d represent the viscosities of
the respective matrix and dispersed phases whereas
�d and �m represent the respective matrix and dis-

persed volume fractions of the phases. Miles and
Zurek55 emphasized that the condition for cocontinu-
ity should be expressed by the viscosity ratio at the
shear rate prevailing in the mixing device used to
prepare the blends. Jordhamo et al.54 showed that this
simple equation describes the experimentally ob-
served phase inversion point for polystyrene/poly-
butadiene blends. Ho et al.56 suggested a modified
version of eq. (12):

��d/�m� � 1.22�
m/
d�
0.29 (13)

Recently, Kitayama et al.57 found that for uncompati-
bilized polyamide/styrene-acrylonitrile blends, both
of the above equations failed to correctly predict the
phase inversion point; they proposed the following
equation:

��d/�m� � 0.887�
m/
d�
0.29 (14)

Considering that the processing history given in the
extruder is erased during the compression molding
process, the phase inversion point prediction can be
done at 1 s�1, which is the shear rate normally ob-
served in the latter process. Complex viscosity val-
ues58 were used instead of shear viscosity, assuming
that the samples follow the Cox–Merz rule.59 Apply-
ing the above models, eq. (12) predicts the phase in-
version point for a 95/5 PEEK/PES composition,
whereas eqs. (13) and (14) predict the phase inversion

Figure 6 (Continued from the previous page)
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point for around a 75/25 PEEK/PES composition,
which is more in agreement with the morphology
observed, as discussed below.

Figure 8(a) shows the morphology of the 75/25
as-molded PEEK/PES blend. As can be seen, because

the composition is very close to the phase inversion
point, a cocontinuous type of morphology is visible
and no disperse phase can be clearly observed. The
remarkable mechanical properties observed at this
composition may be because of its cocontinuous mor-

Figure 7 The percent elongation at break (yield) as a function of the volume fraction of PEEK for PEEK/PES blends: (a)
quenched with elongation at yield for break for specimens showing brittle failure, (b) quenched with elongation at break for
specimens showing ductile failure, (c) as-molded, and (c) annealed. The fraction of total tested specimens that fail in ductile
mode is indicated in the parentheses.
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phology. As the PES weight fraction in the blend is
further increased, the cocontinuous morphology
changes to a clear two-phase morphology. Figure 8(b)
shows the morphology of a 50/50 PEEK/PES blend.
An unusual composite droplet type of morphology
can be observed. This type of structure consists of a
matrix phase, a dispersed phase, and dispersed drop-

lets within the dispersed phase. The overall structure
is highly reminiscent of some rubber-based blends
where low molecular weight polystyrene remains dis-
solved in the dispersed rubber particles.60 Although
this type of morphology has been reported previously
for thermoplastic blends,61 the controlling mechanism
in these cases is clearly different from that in rubber-

Figure 7 (Continued from the previous page)
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based blends because both constituents of the blend in
these studies are immiscible high polymers. Van
Oene62 has demonstrated that an elastic material can
tend to encapsulate one of low elasticity in order to
lower the overall surface free energy. Because PEEK is
more elastic in nature than PES, the former has a
tendency to preferentially encapsulate the latter
(hence the observed morphology). The mechanism is
still not clear. Nevertheless, this type of morphology
does lead to excellent mechanical properties and is
corroborated by the tensile data. Figure 8(c) shows the
distribution of PEEK in the PES matrix with phase
dimensions on the order of 2–10 �m in the 25/75
PEEK/PES blend. The hole that is present shows the
debonding or dewetting of the PEEK dispersed phase
during fracture. The surface of the holes is seldom
clear and rough surfaces usually appear. The matrix
deformation is also appreciable, which shows the very
high adhesion level that exists at the surface and the
existence of some continuity of the matrix through the

interphase. The nearly additive tensile properties in
this composition are in agreement with the observed
morphology. Figure 8(d) shows a micrograph of the
10/90 PEEK/PES blend. Again the roughness and
shape of the dewetting zones and the matrix deforma-
tion clearly show the strong interphase adhesion in
this system.

Figure 9(a–d) shows the cross-sectional view of the
tensile fractured surface of different compositions of
quenched PEEK/PES blends. The fracture surfaces of
quenched PEEK/PES blends show typical ductile fail-
ure morphology. Oriented peaks, fibrils, and bands at
right angles to the direction of fracture propagation
can be distinguished as characteristic features of ex-
treme ductile failure. The dispersed phase also exhib-
its a permanent deformation along with the matrix,
having a rodlike morphology in the matrix except in
the 75/25 PEEK/PES blend. It seems this composition
is very close to a phase inversion composition, and
thus no second phase could be observed on the frac-

Figure 8 Scanning electron microscopy photographs of the tensile fractured surfaces of as-molded PEEK/PES (a) 75/25, (b)
50/50, (c) 25/75, and (d) 10/90 blends.
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ture surface. In all other compositions, where a rodlike
morphology is seen, no holes or dewetting appear in
the fracture surface and all the rods are clearly de-
formed and broken. This experimental evidence
shows the exceptional adhesion level existing between
the two phases. This breaking out of the dispersed
phase in all cases without any sign of dewetting al-
lows an effective incorporation of the properties of the
dispersed and matrix phase into those of the blend.
The 50/50 PEEK/PES blend is also close to phase
inversion composition and exhibits a partially cocon-
tinuous morphology with a highly cohesive fracture
surface. The 25/75 PEEK/PES blend, in which the
dispersed phase morphology is much more visible,
exhibits a fracture with low plastic deformation. The
mechanical properties of quenched PEEK/PES blends
are also in agreement with the observed morphology.

Despite a fairly isotropic morphology, cohesive frac-
ture, and remarkable adhesion observed by scanning
electron microscopy, the synergistic behavior is signif-
icant in small strain properties over almost the whole

composition range and in large strain properties in
PEEK-rich compositions. This synergism in the me-
chanical properties was not observed previously by
Eguiazabal et al.,16–18 who also extensively studied
this blend system. In fact, in as-molded compression
molded blends, they observed that the break stress
values have a significant negative deviation from the
additive behavior, reaching almost 30 MPa with a
50/50 composition. Similarly, the elongation at break
of as-molded blends was well below the additive be-
havior. In our previous work on the compatibility
behavior of these blends,23 we gave three reasons for
the difference in the results obtained in our system:

1. a different grade of poly(ether sulfone), which
contains a repeating unit that is more identical to
the PEEK structure shown below:

Figure 9 Scanning electron microscopy photographs of the tensile fractured surfaces of quenched PEEK/PES (a) 90/10, (b)
75/25, (c) 50/50, and (d) 25/75 blends.
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2. a lower molecular weight PES than that by pre-
vious workers (Eguiazabal et al. used a PES with
Mw � 97,000); and

3. a different melt blending technique.

Although we are not sure how responsible the third
reason could be for the significant deviation of our
results from others because the compression molding
technique used after blending erases the previous pro-
cessing history and hence the morphology of the
blends. But as has been discussed by Arzak et al.,16 the
wide variation in compatibility results obtained by
different workers does suggest that the method and
characteristics of blending play a definitive role in the
phase behavior and composition obtained in this sys-
tem. As for the first reason, Harris and Robeson20 have
shown how the structural difference in PES results in
significant variations in the compatibility and mechan-
ical properties of PEEK/PES blends.

Several reasons have been assigned for the syner-
gism in the mechanical properties found in some
blends, despite their immiscibility:

1. the fairly oriented morphology because it is well
known that in oriented blends a certain miscibil-
ity level is not a necessary condition to reach an
acceptable mechanical performance,47

2. the largely aromatic character of the blend com-
ponents,16,17,63

3. the relatively similar chemical structure of both
components,

4. the possibility of preferential surface adsorption
and hence surface enrichment,64 and

5. the enthalpic interaction and related polymer–
polymer adhesion between the phases.65

Statistical thermodynamic theories predict that
varying degrees of interdiffusion of polymer segments
will occur in the interfacial layer as required to mini-
mize the interfacial energy and the degree to which
this can occur depends primarily on the enthalpic
interaction between the phases.

Extensive studies of the morphology and interface
of these immiscible blends are needed to arrive at a
definite reason for their unusual synergistic mechani-
cal properties. However, the results obtained here and
previously by other workers do signify that complete
miscibility, modification of the interface, or addition of
a compatibilizer is not the only way to obtain a me-
chanically compatible blend.

CONCLUSIONS

Blends of PEEK and PES, despite their limited misci-
bility, show excellent mechanical properties. Synergis-
tic behavior in the tensile modulus and tensile
strength was observed with a maximum at around

50–75 wt % PEEK in the blend. This synergistic be-
havior in the tensile modulus and strength is consis-
tent with a similar increase in density at these compo-
sitions and signifies the importance of the packing
density in determining these properties in polymers.
The elongation at yield (break) decreases in the blends
but it shows an unexpected synergistic behavior in the
PEEK-rich compositions, especially at 90 wt % PEEK
in the blend. Specimens with different thermal histo-
ries show almost similar variations in their mechanical
properties. The scanning electron microscopy obser-
vation of the morphology indicates a cohesive fracture
and remarkable adhesion between the phases, but it
cannot fully account for the synergistic behavior in the
mechanical properties. A comparison with theoretical
predictions based on some composite equations shows
how these models fail to predict the experimental data
in a multiphase blend with components having mod-
uli ratios near to one and showing a synergistic vari-
ation in the mechanical properties. However, a sim-
plex equation provides a reasonable fit to the experi-
mental data and proves its usefulness in predicting the
mechanical properties of polyblends with synergistic
behavior.

The excellent mechanical properties, especially of
PEEK-rich compositions, is worthy of further investi-
gation to clarify whether this improvement is main-
tained with variations in temperature and different
test conditions. Further, the synergistic behavior in the
mechanical properties in some immiscible blend sys-
tems like the present one needs some extensive re-
search efforts of their blend morphology and interface
to arrive at some definite explanations.
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