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ABSTRACT: The structural and physical properties of
polyamide 66 (PA66)/syndiotactic polystyrene (sPS) blends
were studied with electron microscopy, wide-angle X-ray
scattering (WAXS), differential scanning calorimetry (DSC),
dynamic mechanical thermal analysis, and tensile creep,
stress–strain, and impact measurements. Attention was pri-
marily concentrated on blends with sPS weight fractions
(w2) in the range of 0 � w2 � 0.50. DSC and WAXS showed
that the integral crystallinity of the PA66 and sPS compo-
nents in the blends was virtually unaffected by the blend
composition. Polymorphism of sPS was observed for blends
with w2 � 0.50. Blends with 0.40 � w2 � 0.60 consisted of
partially cocontinuous components; otherwise, particles of
the minority component were dispersed in the continuous
majority component. The compatibilizer enhanced interfa-
cial adhesion so that no debonding of the components in the
fractured blends was observed. The compliance and creep

rate of the blends at room temperature decreased propor-
tionally to the sPS fraction; a corresponding increase in the
storage modulus (E�) was observed in the 25–100°C interval.
However, E� (125°C) noticeably declined with w2 and thus
showed that sPS did not improve the dimensional stability
of the blends at elevated temperatures. The yield strength
consistently grew with w2, whereas the yield strain dropped
markedly; blends with w2 � 0.60 were brittle, showing very
low values of the ultimate properties. The stress at break,
strain at break, and tensile energy to break displayed some
local maxima at 0.25 � w2 � 0.30, whereas the tensile impact
strength steeply decreased. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 96: 673–684, 2005
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INTRODUCTION

New polymer materials with remarkable properties,
such as high glass-transition temperatures (Tg’s), high
melting temperatures (Tm’s), heat resistance, chemical
resistance to common solvents, low moisture uptake,
high water barriers, good mechanical properties, and
transparency, are traditional objects of basic and ap-
plied material science. Syndiotactic polystyrene (sPS)
is a semicrystalline polymer that attracts much atten-
tion1–8 because of its high Tm (�285°C), rapid crystal-

lization, and high crystallinity and modulus; on the
other hand, its Tg (�100°C) is approximately equal to
that of atactic polystyrene (PS). Mainly, the heat resis-
tance and chemical stability allow potential applica-
tions of sPS at elevated temperatures. The crystalline
phase of sPS has been the subject of many studies,1–8

which have shown the coexistence of several crystal-
line modifications (polymorphism), although under
ordinary conditions, the � modification (a planar all-
trans form with a planar zigzag backbone structure)
dominates.3 The stiffness of crystalline sPS has been
ascribed to intrachain interactions involving bond
bending and stretching. Practical applications of sPS
are limited by its inherent brittleness at ambient tem-
peratures because sPS does not show any crazing or
shear yielding (i.e., plastic microdeformations) before
fracture.3 Mainly for this reason, sPS is blended with
other thermoplastics to eliminate this deficiency.
However, as the processing temperature of sPS is
necessarily higher than its Tm, polymers used for
blending have to sustain a processing temperature of
approximately 290°C, and this may limit the choices.

So far, sPS has been reported to be miscible with
poly(phenylene oxide)9–11 and tetramethyl bisphenol
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A polycarbonate.12 However, to suppress the brittle-
ness of sPS, small particles of immiscible elastomers
may be incorporated (10–20%) that initiate plastic mi-
crodeformations. To this end, sPS has been blended
with ethylene–propylene rubber,13 thermoplastic
polyurethane,14 a hydrogenated styrene–butadiene–
styrene block copolymer (Kraton G1651),15 and a sty-
rene–ethylene/butene–styrene block copolymer (Kra-
ton G1652).16 Moreover, blends of sPS with various
thermoplastics have recently been prepared via melt
mixing, such as sPS/high-density polyethylene
(HDPE)17,18 and sPS/polyamide 6 (PA6).19,20 The lat-
ter has been mainly focused on the efficiency of sty-
rene/glycidyl methacrylate copolymers as compatibi-
lizers. On the other hand, blends of sPS with polypro-
pylene (PP) have been prepared through the
polymerization of styrene and propylene with a
Ziegler–Natta catalyst along with a novel electron do-
nor.21

As expected, a crucial problem of sPS blends is the
preparation of efficient compatibilizers leading to a
fine phase structure and sufficient interfacial adhesion
between dissimilar components. Poly[styrene-block-
(ethylene-co-butene)-block-styrene] (SEBS) triblock co-
polymers, used in HDPE/sPS blends, are suitable, but
they account for a significant reduction in the crystal-
linity of both components.18 Nonetheless, the heat re-
sistance of HDPE/sPS blends has been considerably
improved by the incorporation of 20 wt % sPS. Al-
though no interfacial adhesion has been found in
blends without any compatibilizer, the addition of
SEBS markedly promotes adhesion and leads to finer
phase structures.17 sPS/PA6 blends have been effi-
ciently compatibilized by sulfonated sPS19 or by sty-
rene/glycidyl methacrylate copolymers.20 The com-
patibilizers reduce the sPS domain size and improve
the interfacial adhesion. sPS has also been tested as the
matrix of nanocomposites with an organophilic clay of
montmorillonite.22,23

Our primary intention was to prepare polyamide
blends with a cocontinuous reinforcing sPS compo-
nent, which could impart better dimensional stability
to the blends at elevated temperatures. Numerous
studies24–32 have shown that a partially cocontinuous
component affects the physical (mechanical) proper-
ties of blends much more than a dispersed component;
that is, it accounts for a higher modulus, yield strength
(Sy), resistance to creep, and so forth. It is also
known33,34 that a component with a lower relative
viscosity in the melt shows a higher propensity for
forming a cocontinuous phase. For this reason, we
decided to use a polyamide with a viscosity higher
than that of sPS to lower the critical volume fraction
(the percolation threshold) of sPS in the blends, that is,
to prepare blends with partially continuous sPS at
volume fractions of less than 0.5. Our extensive pre-
liminary tests indicated that available types of hydro-

lytic PA6 had a low melt viscosity, whereas alkaline
PA635 had an appropriate viscosity, but its thermal sta-
bility was not sufficient at the processing temperature of
about 285°C in a Brabender mixer and the following
compression molding (microbubbles formed, probably
as a result of this equilibrium amount of the monomer).
To avoid the latter problem, we switched over to poly-
amide 66 (PA66), selecting an available product with a
high molar mass. The objectives of this study were (1) to
prepare compatibilized PA66/sPS blends showing good
interfacial adhesion of the cocontinuous components, (2)
to analyze their phase structure and crystallinity, and (3)
to estimate the effects of the phase structure on the
resulting mechanical properties.

EXPERIMENTAL

Materials

The polyamide Zytel E51HSB NC010 (DuPont, United
States) is a heat-stabilized, high-molar-mass PA66
resin suitable for molding and extrusion applications.
Its density is 1.14 g/cm3, its Tm is 263°C, and the
temperatures recommended for its processing are
280–305°C.

sPS, produced under the trade name Questra QA
101, is a product of Dow Plastics (Dow Europe S.A.). It
has a density of 1.05 g/cm3, a Tg of approximately
100°C, a Tm of 270°C (Dow test), and a melt-flow rate
(at 300°C and 1.2 kg; ISO 1133) of 8 g/10 min.

So far, PA/PS blends have been successfully compati-
bilized with functionalized polymers miscible with
PS36–38 or with copolymers of styrene with monomers
containing suitable reactive groups, such as carboxyl39

and epoxy40 groups. In this work, we used poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) functionalized
with fumaric acid in the process of reactive melt extru-
sion. The preparation of the compatibilizer was based on
methods described earlier.36–38 We used the following
materials: (1) PPO (Asapryl 48, ASAP, Neratovice, Czech
Republic; fine powder, weight-average molecular
weight � 41,000 g mol�1), (2) 2,3-dimethyl-2,3-diphenyl-
butane (Perkadox 30, Akzo Chemicals B.V., Amersfoot,
The Netherlands), and (3) fumaric acid (Pfizer & Co.,
New York, NY; fine granulate, purified). The function-
alization of PPO was carried out with a laboratory sin-
gle-screw extruder (type 015 extrusiometer, Berstorff;
length � 40 cm, length/diameter � 20, three separately
thermostated zones). The screw speed was set at 70 rpm,
and premixed reaction components (500 g of PPO, 17.8 g
of fumaric acid, and 5.0 g of 2,3-dimethyl-2,3-diphenyl-
butane) were fed into the extruder at a rate of approxi-
mately 10 g/min. The entrance zone was kept at 320°C;
the other two zones were kept at 310°C. The fiberlike
extrudate was cooled in ambient air and cut to obtain
short fibers suitable for refeeding the extruder. Thus, the
material was passed twice more through the extruder
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under similar conditions. For the second passage, the
temperature of the entrance zone was 318°C, and the
temperature of the other zones was 312°C; for the third
passage, the temperatures were 315 and 310°C, respec-
tively.

Blend preparation

The compositions of the prepared series of PA66/sPS/
compatibilizer blends are listed in Table I (in the text,
only the PA66/sPS relative weight ratio is given to
specify a blend). The amount of added compatibilizer
was selected after a series of preliminary tests and a
microscopic analysis of the obtained morphology. The
polymers were mixed in the W50EHT mixer of a Bra-
bender plasticorder (chamber volume � 50 mL, rate
� 80 rpm, initial temperature � 285°C, mixing time
� 6 min). The initial ratio of the PA66 and sPS torques
at the processing temperature was about 2.3, which
indicated a lower relative viscosity of sPS required for
promoting sPS phase continuity. Three types of test
pieces were produced. First, compression molding
(Fontinje press; initial temperature � 285°C, initial
pressure � 3 MPa, pressing time � 4 min, time of
cooling to room temperature � 20 min) was used to
obtain plates (100 mm � 100 mm � 2 mm) from which
two types of test pieces were prepared: (1) strips (10
mm wide) for the measurements of the mechanical
properties [dynamic mechanical thermal analysis
(DMTA); creep] were sawn and (2) dumbbell speci-
mens (65 mm long and 10 mm wide, reduced to 3 mm
in the middle) were machined for the measurements
of the tensile impact strength (TIS). Second, small
dumbbell specimens (40 mm in gauge length, 1.5 mm

thick, and 5 mm wide) were prepared by injection
molding (microinjection-molding machine, DSM; bar-
rel temperature � 280°C, injection pressure � 1.5
MPa) for stress–strain measurements.

Electron microscopy

Scanning electron microscopy (SEM) images and scan-
ning transmission electron microscopy (STEM) images
were obtained with a JEOL JSM 6400 scanning electron
microscope and a Tescan TS 5130 Vega scanning electron
microscope (equipped with a transmission adapter), re-
spectively. SEM microphotographs showed the fracture
surfaces of blends fractured in liquid nitrogen. Before
being examined in the electron microscope, the samples
were sputtered with platinum with a vacuum sputter
coater (SCD, Balzers). All SEM microphotographs were
secondary electron images taken at an acceleration volt-
age of 30 kV. STEM images showed RuO4-stained ultra-
thin sections, which were prepared as follows: small
pyramids were cut off and fixed in an ultramicrotome
with a cryo attachment (Ultracut UCT, Leica); ultrathin
sections were cut at �130°C, washed, transferred to Cu
grids, and stained with RuO4 vapor. The staining was
based on the reaction of RuCl3 � xH2O with NaOCl, as
described in the literature;41,42 the staining times were
approximately 60 min. Under these conditions, STEM
microphotographs displayed bright PA66 components
and dark sPS components. All STEM microphotographs
were taken at an acceleration voltage of 30 kV.

Wide-angle X-ray scattering (WAXS)

The WAXS patterns were obtained with an HZG/4A
powder diffractometer (Freiberger Praezisionsmechanik,

TABLE I
DSC Data of the PA66/sPS Blends as a Function of the Composition

PA66/sPS/Ca

First heating

Cooling Tc
(°C)e

Second heating

Tg1
b Tg2

b
�Hc

(J/g)c
Tm

(°C)d
�Hm
(J/g) Tg1 Tg2

b
Tm

(°C)d
�Hm
(J/g)

100/0/0 42 — 3.3 264 67.3 231 63 — 264 79.1
90/10/1 43 nd 1.8 263 59.7 233 60 nd 263 73.8
85/15/1.5 44 nd 2.1 263 58.5 233 62 nd 263 70.5
80/20/2 35 94 2.3 263 56.0 232 59 101 263 67.9
75/25/2.5 42 99 2.3 263 54.9 233 60 102 263 64.5
70/30/3 36 102 1.6 264 51.6 232 62 107 263 61.4
60/40/3 44 100 1.4 263 47.0 231 65 103 264 56.7
50/50/3 42 101 1.0 263 (271) 44.7 (236) 231 (218) 64 101 263 (270) 51.0
40/60/3 41 101 0.8 263 (272) 41.4 235 (228, 217) 63 102 262 (271) 47.8
20/80/2 nd 98 0.1 (263) 271 33.9 235 (218) nd 101 263 (272) 38.3
0/100/0 — 94 — (265) 272 30.1 236 — 95 (263) 271 29.4

nd � not detectable; Tg2 � glass-transition temperature of syndiotactic polystyrene.
a Blend composition (wt %); C � compatibilizer.
b Detected by DSC.
c During the first heating scan.
d Secondary peaks are in parentheses.
e Crystallization temperature in the cooling scan (secondary peaks are in parentheses).
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Freiberg, Germany). The total integral intensity (Itot) and
the integral intensity diffracted by the crystalline part
(Icr) of the samples were used43 to determine the crys-
tallinity (Icr/Itot). The size of the crystallites was esti-
mated with the Scherrer equation:43 Lhkl � �/� cos �,
where Lhkl is the mean dimension of crystallites per-
pendicular to the planes (hkl), � is the wavelength
of the X-rays, � is the width of the reflection at
the half-maximum intensity, and 2� is the diffraction
angle.

Differential scanning calorimetry (DSC)

A Mettler DSC 30 was used to perform two scans from
0 to 300°C. The heating rate and the cooling rate
(between the scans) were 10°C/min. Tests were run
under a nitrogen atmosphere (flow rate � 100 mL/
min). Test specimens (ca. 20 mg) were used to ascer-
tain Tg (the inflexion point corresponding to Tg of a
crystalline polymer, whose fraction in the blends did
not exceed 20%, was rather unclear), Tm, and the total
melting enthalpy (�Hm). The crystallinity of the blend
constituents was calculated with �Hm1 � 190 J/g and
�Hm2 � 53.2 J/g for the crystalline phases of PA6644

and sPS,45 respectively.

DMTA

Measurements were performed with a DMTA Mk II
instrument (Polymer Laboratories, Loughborough,
United Kingdom) operated in the single-cantilever
bending mode with 12 mm � 10 mm � 2 mm test
specimens. The storage modulus (E�) and loss modu-
lus (E�) were measured from �100 to 150°C at a heat-
ing rate of 2°C/min with a dynamic displacement of
0.064 mm and a frequency of 1 Hz.

Tensile creep measurements

The tensile creep was measured with an apparatus
equipped with a mechanical stress amplifier (lever;
10:1). Tests in the interval of 0.1–10,000 min (some-
times up to 15,000 min) were performed at room tem-
perature, that is, 22–24°C. Mechanical preconditioning
consisted of applying an elevated stress (for 100 min),
which produced a strain higher than that expected in
the intended experiment; the following recovery (be-
fore the registered creep was initiated) took place for
about 22 h. The specimen dimensions were as follows:
the initial distance between grips was 100 mm, and the
cross section was 10 mm � 2 mm. The length of the
creeping specimens was measured to an accuracy of 2
�m, that is, about 0.002%. The specimens used for the
creep studies were stored for more than 6 months at
room temperature to avoid any interfering effect of
physical aging during the measurements.

Stress–strain measurements

An Instron 6025 tester was used to measure the tensile
properties of the studied blends at room temperature.
Dog-bone-shaped specimens with a gauge length of 50
mm (cross section � 5 mm � 1.5 mm) were tested up
to fracture at a crosshead speed of 5 mm/min, that is,
at a strain rate of 10%/min. Five specimens were
tested for each blend.

TIS

TIS was measured at 23°C with a Zwick tester
equipped with a special fixture for test specimens
according to ISO 8256. Six specimens were tested for
each material.

RESULTS AND DISCUSSION

Phase structure of the blends

The phase structure of the 90/10, 85/15, 80/20, 75/25,
70/30, 60/40, 50/50, 40/60, and 20/80 PA66/sPS
blends was observed with SEM, STEM, or both. From
a practical point of view, the most interesting blends
were those with sPS as a minority component. SEM
microphotographs of the fracture surfaces (Fig. 1)
could be employed for a rough evaluation of the mor-
phology and for a qualitative estimation of the inter-
facial adhesion. In all the PA66/sPS blends, the frac-
ture at the temperature of liquid nitrogen was brittle,
as documented by sharp fracture lines, which are
dominating morphological features in Figure 1(a–d).
The fracture advanced through both components, that
is, not along the interface, and this suggested that the
interfacial adhesion was strong enough to prevent the
debonding of the components. Because of high inter-
facial adhesion, the resolution of the blend compo-
nents was rather difficult: in all microphotographs
[Figs. 1(a–d)], PA66 appears smoother and darker,
whereas sPS looks coarser and lighter. It is possible to
conclude that the 90/10, 85/15, and 80/20 blends [Fig.
1(a)] and the 75/25 and 70/30 blends [Fig. 1(b)] were
composed of spherical particles of sPS in the continu-
ous matrix of PA66. In the 60/40 blend [Fig. 1(c)], sPS
formed rather big particles, showing some tendency to
partial cocontinuity. The 50/50 blend [Fig. 1(d)] exhib-
ited a clear cocontinuous phase structure. In the 40/60
blend, PA66 formed relatively big particles with some
tendency to partial continuity, whereas the 20/80
blend consisted of smaller PA66 particles embedded
in the sPS matrix. STEM microphotographs of the
RuO4-stained ultrathin sections (Fig. 2) provided a
clearer view of the phase structure and confirmed the
results of the SEM analysis; that is, the blends with a
weight fraction of sPS (w2) less than or equal to 0.3
[Fig. 2(a,b)] exhibited particulate morphology,
whereas the blends with a w2 range of 0.4 � w2 � 0.6
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[Fig. 2(c,d)] showed a partially cocontinuous morphol-
ogy. Figure 2(c,d) displays an interesting detail not
visible in the SEM microphotographs: PA66 contained
small particles of sPS and vice versa.

Crystallinity of the blends: DSC and WAXS
measurements

The properties of a blend constituent may differ from
those of the starting polymer because of partial misci-
bility with other blend components, interactions with
the compatibilizer, and induced changes in the struc-
ture (e.g., crystallinity). DSC shows (Table I) that PA66
and sPS had melting peaks at Tm � 264°C and Tm

� 272°C, respectively. The crystallinity of the as-
molded neat polymers was calculated after the sub-
traction of the enthalpy of secondary crystallization
(�Hc) from the observed value of �Hm (Table I, first
heating scan). In light of the indicated values44,45 of
�Hm of the crystalline phases, crystallinities of about

34 and 56% were obtained for PA66 and sPS, respec-
tively. As PA66 and sPS melted at almost identical
temperatures, it was evident that their melting peaks
in the blends superposed (Fig. 3), and only �Hm (pro-
portional to the total crystallinity) of a blend could be
evaluated. Figure 4 shows that the values of �Hm �
�Hc for the as-molded blends did not obey the addi-
tivity (the rule of mixing) but were somewhat lower
(cf. refs. 18, 20, and 46–48). The experimental data
could be fitted with an empirical equation:

�Hm � �Hc 	 �Hm1C1w1	1 � P1w2



 �Hm2C2w2	1 � P2w1
 (1)

where w1 and w2 are the weight fractions (the percent-
age of added compatibilizer was neglected) and C1
and C2 are the crystalline fractions of PA66 and sPS,
respectively, and P1 and P2 are empirical interaction
parameters expressing a negative effect of component

Figure 1 SEM microphotographs of fracture surfaces of PA66/sPS blends: (a) 80/20, (b) 70/30, (c) 60/40, and (d) 50/50
PA66/sPS.
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2 on the crystallinity of component 1 and vice versa
(the rule of mixing, visualized as a straight line, re-
quires P1 � P2 � 0, which reflects zero interaction of
the components; otherwise, 0 � P1, P2 � 1.) P1 � 0.17
and P2 � 0.33 were obtained for the first heating scan
performed with as-molded specimens characterized
by C1 � 0.34 and C2 � 0.56. �Hm registered in the
second heating scan, where �Hc � 0 showed a depen-
dence on the blend composition closer to linearity,
that is, P1 � 0.10 and P2 � 0.18, but the values were
noticeably higher than those in the first scan because
C1 was 0.42 and C2 was 0.55. Higher values of the
crystallinity and the absence of secondary crystalliza-
tion in the second heating scan could be ascribed to
more favorable conditions of crystallization (between
the first and second heating scans) in comparison with
those of the as-molded specimens. These results indi-
cated that the crystallinity of PA66 and sPS was only
slightly affected by the second component in the
blends and but instead depended on the conditions of
crystallization.

The cooling scan of the DSC measurements provided
evidence of a complex crystallization process in the
blends containing 50% or more sPS (Fig. 3 and Table I).
Although blends with w2 � 0.4 showed only one crys-
tallization peak, blends with 0.5 � w2 � 0.6 displayed
three peaks, and the 20/80 blend showed two peaks. The
central peak at about 231°C, occurring in all the blends
(except for 20/80), was proportional to the PA66 fraction
and obviously corresponded to the crystallization of
PA66. On the other hand, the peaks situated at a higher
temperature (235–240°C) or at a lower temperature (ca.
217°C) could be attributed to sPS. It is well known that
sPS can show three melting (or crystallization) peaks
because of its polymorphism.2,48–50 The multiple melting
peaks of the studied blends may also be associated with
a rather complex morphology of these blends with 50 or
60% sPS, in which cocontinuous components contained
dispersed particles of the second component (Figs. 1
and 2).

The determination of the crystallinity with the
WAXS method was rather complicated because of the

Figure 2 STEM microphotographs of RuO4-stained ultrathin sections of PA66/sPS blends: (a) 80/20, (b) 70/30, (c) 60/40,
and (d) 50/50 PA66/sPS.
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overlap of the diffraction patterns. For this reason, the
WAXS crystallinity was determined only for compres-
sion-molded neat polymers: 30% for PA66 and 29% for
sPS (WAXS provides distinctly lower values of crys-
tallinity because DSC also records the enthalpy asso-
ciated with imperfect, less ordered structures). A com-
parison of the diffraction patterns of the blends with
those calculated under the assumption of additivity
showed that the crystallinities of PA66 and sPS in the
blends were not perceptibly affected by blending. On
the other hand, the crystallite size (L110) of sPS (eval-
uated at 2� � 6.7°) increased with the sPS fraction in
the blends as a result of the diminishing ratio of the
compatibilizer to sPS (Table II). In contrast, no changes
in L010,110 of the PA66 crystallites (evaluated at 2�
� 23.7°) were observed.

DMTA

The dynamic mechanical patterns (Fig. 5) of the PA66/
sPS blends showed three E� peaks at about �70, 30,
and 100°C. The latter two peaks corresponded to the
glass (�) transitions of PA66 and sPS, respectively
(Table II). The �70°C peak of the polyamides was
induced by low-molar-mass diluents, that is, mainly
by nonreacted monomer and absorbed water.51,52 The
high intensity of this secondary relaxation showed the
presence of such diluents (to several percent51) in the
PA66 component in the blends that were in equilib-
rium with the relative humidity (ca. 50%) at room
temperature. These diluents also accounted for a rel-

atively low glass-transition loss peak of PA66 detected
by DMTA (T�1) of 30°C in the blends. As the glass-
transition temperature of PA66 (Tg1) of 63°C, recorded
(Table I) in the second heating scan (of the specimens
dried during the first heating scan), approached a real
value,53 we can presume that the depression of Tg1 by
about 20°C was mainly caused by absorbed water (no
analysis of the low-molar-mass substances present in
the PA66 component in the blends was carried out).
The � loss peak of sPS was located at the relatively low
glass-transition loss peak of sPS detected by DMTA
(T�2) of 98°C (Table II), which was in good agreement
with DSC measurements indicating 94°C (Table I).

The two glass transitions of the studied blends were
a result of their heterogeneity. The � loss peaks
showed minor changes in their location on the tem-
perature scale with the blend composition [Table II
and Fig. 5(a)]: T�2 somewhat rose with a decreasing
sPS fraction in the blends, whereas T�1 slightly de-
creased with a decreasing PA66 fraction. If the starting
polymers were partially miscible, the PA66 peak
would have shifted toward higher temperatures and
the sPS peak would have shifted toward lower tem-
peratures, but this was not the case. We suppose that
the small rise in T�2 (the 70/30 blend had a T�2 value
7–9°C higher than that of sPS; Tables I and II) could be
attributed to two effects. First, Tg of the homogeneous
sPS/PPO blends was observed48 to rise linearly with
the PPO fraction (Tg of PPO � 210°C); as our compati-
bilizer contained PPO and the compatibilizer/sPS ra-
tio in the blends was rising with decreasing w2 in the
range 1 � w2 � 0.3, T�2 slightly increased because of
the mixing of PPO with sPS. Second, although the sPS

Figure 4 Difference between �Hm and �Hc, according to
DSC measurements, for PA66/sPS blends. The parameters
of eq. (1) were as follows: for the first heating scan, repre-
sented by a dashed line, P1 was 0.17, P2 was 0.33, C1 was
0.34, and C2 was 0.56; for the second heating scan, repre-
sented by a dotted line, P1 was 0.10, P2 was 0.18, C1 was 0.42,
and C2 was 0.55. The full lines represent the additivity.

Figure 3 DSC thermograms of a 40/60 PA66/sPS blend.
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crystallite size remained approximately constant in
the range of 100–50% sPS, it markedly decreased with
a further decrease in the sPS fraction in the blends
(Table II). In the latter interval, the relative sPS fraction
contained in the interphase necessarily increased. As
the interphase was a part of the noncrystalline regions,
we could presume that the observed small increase in
T�2 with a decreasing sPS fraction also reflected an
increasingly hindered mobility of tightened sPS chains
in the interphase and its proximity.54

The decrease in T�1 with a decreasing fraction of
PA66 in the blends (Table II) could hardly be attrib-
uted to a rising concentration of water in the PA66
component because PA66 particles embedded in the
sPS matrix were less accessible to air humidity. In our
previous articles, we observed an analogous decrease
in the glass-transition loss peak (T�) of dispersed eth-
ylene–propylene rubber with its diminishing fraction
in binary blends with PP55 or in ternary blends with
PP and poly(styrene-co-acrylonitrile) (SAN).30 The T�1
depression could be explained as a result of the neg-
ative compression (acting on dispersed particles) that
developed over the course of the cooling of the blend
melt; the continuous matrix had a much higher T�2
value than the dispersed component. Thus, in the T�2
� T�1 interval, dispersed particles of PA66 shrank
more, still being in the rubberlike state, than the glassy
matrix. An increasing fraction of sPS in the blends
enhanced the average negative pressure acting on
PA66 particles. However, as the observed effect was
very small and irrelevant for other mechanical prop-
erties, it was not analyzed in greater detail.

The corresponding temperature dependence of E�
[Fig. 5(b)] indicated that the values of E� at T�1 or T�2
were almost independent of the blend composition. To
better visualize the effect of the blend composition on

E� at various temperatures, we plotted the data ex-
tracted from Figure 5(b) in Figure 6. The latter graph is
essential from the viewpoint of conceivable applica-
tions of PA66/sPS blends: although E�(25°C) was vir-
tually independent of the blend composition, E�(75°C)
markedly rose with the sPS fraction (which held for
the modulus in the central interval of 25–100°C). How-
ever, E�(125°C) was low and noticeably decreased
with the percentage of sPS in the blends; this showed,
contrary to expected results, that sPS did not impart a
better dimensional stability to the blends with PA66 at
elevated temperatures.

Tensile creep

The dependence of the tensile compliance [D(t)] en-
compassing the time interval from 10�1 to 104 min is
given for selected blends in Figure 7. By chance, T�1
was close to the temperature of the creep measure-
ments, and so the observed differences in the compli-
ance of the blends were relatively small [Fig. 5(b)]. For
this reason, initial values of D(t � 6 s) were located in
a narrow interval, which broadened with the elapsed
time of creep. The log D(t)–log t plots of the experi-
mental data were approximated by straight lines,56–58

the slope of which was proportional to the creep rate.
Generally, the compliance and creep rate of the blends
decreased with the sPS fraction. Although the compli-
ance of PA66 increased by an order of magnitude over
the measured time interval, the compliance of sPS was
virtually time-independent. However, because of the
inherent brittleness and low tensile strength of sPS
and the blends with a high percentage of sPS, creep
measurements could be implemented only with low
values of stress. The 60/40 and 50/50 PA66/sPS
blends, that is, materials with cocontinuous compo-

TABLE II
DMTA and WAXS Data of the PA66/sPS Blends as a Function of the Composition

PA66/sPS/Ca C/sPS (w/w)
T�1
(°C) E� (T�1; MPa)b

T�2
(°C) E� (T�2; MPa)c

WAXS crystal
size (nm)g

PA66 sPS

100/0/0 — 30 152 — — 6.3 —
90/10/1 0.100 29 147 107 39 6.8 —
85/15/1.5 0.100 29 148 107 48 7.1 18.6
80/20/2 0.100 28 138 107 55 7.0 16.4
75/25/2.5 0.100 24 135 107 57 7.1 16.0
70/30/3 0.100 24 141 107 71 6.8 21.9
60/40/3 0.077 23 126 104 105 7.2 25.6
50/50/3 0.059 23 114 104 134 6.9 29.6
40/60/3 0.050 23 101 104 179 7.1 31.3
20/80/2 0.025 24 64 101 239 6.1 30.9
0/100/0 0.000 — — 98 332 — 30.0

a Blend composition (wt %); C � compatibilizer.
b Height of the glass-transition loss peak of PA66.
c Height of the glass-transition loss peak of sPS.
d Compare with Experimental section.
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nents, showed a conspicuous rise in their creep rate
for the periods exceeding 1000 min. We observed an
analogous effect for the PP/SAN blends57 that we
explained by a time-dependent redistribution of the
stresses acting on the cocontinuous fractions of the
constituents during the course of the creep of the
blends. The blends containing 60 or 80% sPS displayed
a reduced creep rate but also a low tensile strength
(Table III), which most likely preclude their applica-
tions.

Stress–strain and impact measurements

The obtained results, summarized in Table III, show
that the tensile modulus (E) and Sy consistently grew
with the concentration of sPS in the blends. In parallel,

the yield strain (ey) steeply decreased, and so no yield-
ing was observed for sPS and the 20/80 PA66/sPS
blend. The stress at break (Su) displayed a small local
maximum at 25–30% sPS; as the strain at break (eu)
simultaneously passed through a prominent maxi-
mum, the tensile energy to break (TEB) was charac-
terized by a maximum in this range. However, a fur-
ther increase in the sPS fraction in the blends ac-
counted for a profound drop in eu and TEB. TIS
decreased monotonically, but steeply, with the frac-
tion of sPS in the blends.

CONCLUSIONS

The integral crystallinity of the PA66 and sPS compo-
nents in their blends was virtually unaffected by the
blend composition. However, DSC measurements re-
vealed that the crystallinity strongly depended on the
cooling rate. Two melting peaks indicating the poly-
morphism of sPS were observed for blends containing
more than w2 � 0.50. In the composition interval 0
� w2 � 0.30, sPS was dispersed in the PA66 matrix,
whereas the blends with 0.40 � w2 � 0.60 showed
partially cocontinuous components, and PA66 con-
tained small particles of sPS and vice versa. For w2
� 0.60, PA66 was dispersed in a continuous sPS ma-
trix. Fracture surfaces in compatibilized blends ad-
vanced not along the interface but through both com-
ponents, and this suggested that the interfacial adhe-
sion was high enough to prevent debonding of the
blend constituents.

Figure 6 E� of PA66/sPS blends as a function of the com-
position at selected temperatures: (�) �75, (■) 25, (F) 75,
and (Œ) 125°C.

Figure 5 Effect of the composition (wt %) of PA66/sPS
blends on the temperature dependence of (a) E� and (b) E�:
(1) 100/0, (2) 80/20, (3) 60/40, (4) 50/50, (5) 40/60, (6) 20/80,
and (7) 0/100 PA66/sPS.

POLYAMIDE 66/SYNDIOTACTIC POLYSTYRENE BLENDS 681



All the mechanical properties of the PA66/sPS
blends were profoundly affected by the blend compo-
sition. Dynamic mechanical measurements showed
that E� (25°C) was virtually independent of the blend
composition, whereas E�(75°C) rose with the sPS frac-
tion (which applied to the modulus in the whole in-
terval of 25–100°C). However, E� (125°C) noticeably

declined with the percentage of sPS in the blends, and
this meant that sPS did not impart better dimensional
stability to the blends at elevated temperatures. The
compliance of PA66 rose by an order of magnitude
over the measured time interval of 0.1–10 000 min,
whereas the compliance of sPS was virtually time-
independent; consequently, the compliance and creep

Figure 7 Effect of the composition (wt %) of PA66/sPS blends on the time dependence of D(t): (a) (E) 100/0, (�) 70/30, (‚)
60/40, and (�) 50/50 PA66/sPS and (b) (E) 80/20, (�) 40/60, (‚) 20/80, and (�) 0/100 PA66/sPS.
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rate of the blends decreased proportionally to the sPS
fraction. Also, E and Sy consistently grew with the sPS
content in the blends; in parallel, ey steeply decreased,
and so no yielding was observed for blends containing
more than 60% sPS. Su, eu, and TEB displayed local
maxima at 25–30% sPS; blends with more than 60%
sPS were brittle, showing very low values of the ulti-
mate properties. TIS decreased steeply, but monoton-
ically, with the fraction of sPS in the blends.

The authors very much appreciate the assistance of Josef
Baldrian (for the wide-angle X-ray scattering measure-
ments), V. Hašová (for the preparation of the blends and the
measurement of the tensile impact strength), and L. Ka-
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37. Wünsch, J.; Gottschalk, A.; Weber, M.; Altstädt, M.; Kressler, J.;
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55. Kolařı́k, J.; Agrawal, G. L.; Kruliš, Z.; Kovář, J. Polym Compos
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