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ABSTRACT: Toughening behavior of semicrystalline
polymers was investigated using syndiotactic polystyrene
(sPS)/polyamide 6(PA-6) blends compatibilized with
maleic-anhydride functionalized poly (styrene-b-(ethylene-
co-butylene)-b-styrene) SEBS-MA triblock copolymer. The
effect of interparticle distance and crystal microstructure
near the particle/matrix interface of the blends were
studied. The morphology studies revealed that the size
and interparticle distance of the dispersed PA-6 particles
decreased with increasing SEBS-MA concentration. sPS/
PA-6 blends exhibited sharp brittle-ductile transitions at a
critical interparticle distance of 0.25 lm. With the increase
of the compatibilizer concentration beyond a certain level,
it was observed that the further addition resulted in
decreased impact strength. This could be attributed to the
formation of a separate phase in the matrix by the addi-

tional SEBS added. The TEM studies showed that when
the interparticle distance is below 0.25 lm, the matrix lig-
aments between the inclusions will be filled with well-
oriented crystalline material of reduced plastic resistance.
From DSC and X-ray diffraction studies of model thin
films, it was found that the fraction of small and imper-
fect crystallites near the particle/matrix interface in-
creased with decreasing interparticle distance. This
resulted in decreased yield stress of the whole matrix
with increasing concentration of SEBS-MA accompanied
by changes in the fracture mode from brittle to
tough. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108:
2734–2747, 2008
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INTRODUCTION

Syndiotactic polystyrene (sPS), which is a relatively
new semi-crystalline polymer has attracted signifi-
cant interest because of its unique physical proper-
ties like high heat resistance, excellent chemical re-
sistance, high degree of crystallinity, low specific
gravity, and good dielectric properties.1–6 However,
the polymer has certain major drawbacks such as
high brittleness, i.e., poor impact strength.7 Improve-
ment of these properties of sPS would certainly
widen the spectrum of applications. Our survey of
literature revealed that a few studies have been con-
ducted to improve the impact strength of sPS.8–12

The toughening of semicrystalline polymers with
rubber particles has been an area of active research
over the past few years.13–24 Most of these studies
reported the effect of parameters such as rubber par-
ticle size, volume fraction, and interparticle distance

(ID) on toughening. On the basis of his pioneering
investigations on the toughening of polyamides,
Wu14,15 became the first to introduce the criterion of
ID in the toughening of semi-crystalline polymers.
According to his experimental observations, he pro-
posed that the matrix ligament thickness between
the particles is the key parameter for the toughening
of semicrystalline polymers. He also found that a
sharp brittle-tough transition occurs when the aver-
age ID (matrix ligament thickness) is below a certain
critical value (IDc). This critical value is independent
of rubber volume fraction and particle size, and is
the property of matrix alone. Borggreve et al.25

explained the critical particle distance with a transi-
tion from plane strain to plane stress conditions.
Plane stress conditions leads to shear yielding,
resulting in tough blends. When the ID is larger
than the critical value, the plane strain to plane
stress transition will not take place and as a result
the matrix ligaments fail in a brittle manner.

Recently Muratoglu et al.16,17 proposed a new
morphological explanation for Wu’s observations.
They suggested that the toughness jumps occurring
in rubber-modified polyamides is related to the
changes in matrix morphology induced by the rub-
ber matrix-interface as the ID is varied. It was
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observed by TEM that in nylon 66 modified with
ethylene-propylene rubber, when ID < IDc (0.3 lm),
the nylon matrix within the ligaments has a specific
crystallographic orientation with the crystalline
lamellae being arranged perpendicular to the interfa-
ces of adjacent rubber particles within the matrix.
Such oriented layers of lamellae extended � 0.15 lm
away from each nylon/rubber interface, and in films
of ligament thickness less than 0.3 lm, results in pre-
ferred orientation of the lamellae throughout the
film. When the ligament thickness exceeded 0.3 lm,
crystallites of random orientation were found to
populate the interior to afford a matrix with high de-
formation resistance leading to a brittle failure. How-
ever, a drastic increase in the toughness of semicrys-
talline polymer blends cannot be explained only by
the preferentially oriented lamellae around the par-
ticles. The crystallization behavior of the matrix
polymer is affected substantially by the increase of
nucleation sites resulting from the addition of modi-
fying particles and the confined morphology
between well dispersed particles. Thus, when semi
crystalline polymers are crystallized from melt, pop-
ulation of different crystals can exist. Specifically, for
sPS crystallized from the melt, DSC curves show
three separate melting endotherms, suggesting that
there exist different types of crystals in the matrix.26

Therefore, while considering the toughening behav-
ior of semicrystalline polymers, besides the preferen-
tially oriented lamellae, the crystal imperfection
around the particles should also be taken into
account. In our study, the effect of crystal imperfec-
tion near the particles on the toughening behavior of
sPS has been verified.

The major disadvantage of rubber modification for
improved toughness is that it reduces the modulus
and tensile strength that in turn affects the end use
applications of the polymer. Another approach
towards attaining toughened polymers is the incor-
poration of rigid thermoplastic particles instead of
rubber, which results in improved impact strength
with little or no reduction in the stiffness. This pro-
cedure, termed as the rigid–rigid polymer-toughen-
ing concept has been used to toughen various ther-
moplastic polymers.27–33

The present study deals with the toughening of
sPS by the incorporation of a thermoplastic polymer.
Since the melt processing temperature of sPS is very
high (over 2808C), thermoplastic polymers to be
incorporated for toughening should be thermally sta-
ble at high temperatures. For this reason, we chose
PA-6 as the thermoplastic component. Because of the
differences in their polarity and solubility parame-
ters, these two polymers are immiscible. The mor-
phology of the dispersed particles as well as the
interfacial adhesion between the dispersed phase
and the matrix plays a major role in determining the

mechanical properties of the blend. This can be
achieved by the addition of compatibilizers to medi-
ate attractive interactions between the immiscible
components of the blend.34–37 The compatibilizer
employed in the present study is a copolymer of
atactic polystyrene (a-PS)-b-poly(ethylene-co-butyl-
ene)-b-atactic polystyrene (SEBS) modified by reac-
tion with maleic anhydride (referred to SEBS-MA),
which has excellent thermal stability at high temper-
atures. During melt mixing conditions, SEBS-MA
becomes grafted with PA-6 by reaction involving the
maleic anhydride groups on SEBS-MA with the
amine end groups on PA-6.36,38 It has been recently
reported that sPS is miscible with aPS.26,39 Hence,
SEBS-MA is expected to be a potential compatibilizer
for sPS/PA-6 blends.

We report the results from thermal, morphologi-
cal, crystalline and mechanical properties of sPS/
PA-6 blends with respect to the concentration of
SEBS-MA (the compatibilizer) used. Our study
focuses on the effects of ID and crystalline micro-
structure near the particle/matrix interface on the
brittle-tough transition of sPS/PA-6 blends compati-
bilized with SEBS-MA.

EXPERIMENTAL

Materials

The sPS was obtained from Dow Chemical, USA
and Polyamide-6 (PA-6) was obtained from BASF as
UltramidB3. Kraton FG 1901X here referred as SEBS-
MA, which was used as compatibilizer was obtained
from Shell Chemicals. The functionalized SEBS con-
tains � 2% by weight maleic anhydride groups
attached to EB mid blocks. The aminosilane com-
pound (Aldrich) used in the model study was g-
aminopropylethoxysilane.

Blend preparation

All the polymer samples were completely dried in a
vacuum oven at 808C for 20 h before blending. The
samples were melt blended at 2908C for 15 min and
injection molded into dumbbells in a Mini-Max
molder (CS-NMX, Custom Scientific Instruments).
The weight ratios of sPS/PA-6 blends were 90/10,
80/20, and 70/30 and the compatibilizer concentra-
tions studied were 0, 2, 5, 7, and 10 wt % for each
sPS/PA-6 weight ratio.

Electron microscopy

The morphology of the blends were analyzed using
scanning electron microscopy (SEM) [FE-SEM Hitachi
4200] and transmission electron microscopy (TEM;
JEOL 1200EX). Specimens for particle size analysis
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using SEM were cryo-fractured and were coated
with a thin layer of gold-palladium. For TEM, thin
section of bulk region was obtained using a cryo-
genic ultramicrotome system (RMC, MT-7000). Then
the sectioned films were picked up on 300-mesh cop-
per grids and stained using the vapor of either 2 wt
% aqueous osmium tetroxide (OsO4) or ruthenium
tetroxide (RuO4) solution to increase phase contrast.

Mechanical testing

Test specimens for the tensile measurements were
prepared from 1-mm thick plates according to
ASTM D 638. The Young’s modulus was measured
by universal tensile test machine (Instron 4206) at
room temperature with six specimens for each sam-
ple. The strain rate was 5.08 cm min21. The Charpy
impact strength (ASTM D256) was determined using
a single-edge notched specimen (notch radius 0.25
mm) at room temperature.

Thermal analysis

Thermal analysis was done using Perkin–Elmer
DSC-7 under nitrogen atmosphere. Samples were
heated to 3008C and kept for 5 min to eliminate the
influence of thermal history. They were then cooled
to 2708C and reheated to 2908C at a rate of 208C
min21. Melting temperature (Tm) was determined
from the second heating curve and crystallization
temperature (Tc) from the cooling curve. The normal-
ized crystallinity of sPS was determined from the
following equation

vc ¼
DHf=DH0

f

w
3 100%

where, DHf is the melting enthalpy of the blend, DH0
f

is the melting enthalpy of 100% crystalline sPS
(DH0

f 5 53 J g21),40 and w is the weight fraction of
sPS in the blend.

Thin film study

To investigate the effect of tethered PS chains
around particles on the crystalline microstructure of
sPS in blend, thin films were prepared on silicon
wafers and grazing incidence X-ray diffraction
(GIXD) was performed on these thin sPS film as a
model system of this study. The change of crystalline
microstructure in the prepared films was qualita-
tively determined in the reflection mode, while the
films were still lying flat on the silicon substrate. To
investigate the difference of crystalline microstruc-
ture near the interface of sPS and silicon wafer with
and without SEBS-MA tethered chain, SEBS-MA thin

film assemblies with a typical thickness of 50 nm
have been prepared. Thin films were prepared by
spin coating the solutions onto silicon wafers with a
rotation speed of 2500 rpm in all the cases. Silicon
wafers were grafted with g-aminopropyltriethoxy-
silane (g-APS) so that their surfaces contain amino
groups, which can react with the SEBS-MA chains.
We limited the grafting time to 18 h because no sig-
nificant changes were observed beyond the fist 18 h
of grafting time. The unbounded polymer was
removed by multiple washing with toluene, includ-
ing washing in an ultrasonic bath.

Solution of sPS (1 wt %) was prepared in hot xy-
lene under argon to avoid the oxidation of polymer.
sPS films (� 100 nm) were deposited by spin coating
on to hot glass plates from solution to prevent poly-
mer precipitation. After drying for 12 h to remove
any excess solvent, the sPS film was heated above
the melting temperature to remove solvent induced
sPS crystal form. Then the sPS film was floated off
the glass plate onto the surface of a water bath and
picked up on the SEBS-MA coated g-APS grafted
wafers.

The sPS/SEBS-MA/g-APS grafted wafer assembly
was then annealed under vacuum to avoid the oxi-
dation of sPS. After melting sPS films at 2908C for 10
min, the sample stage was moved rapidly to a sec-
ond heating stage kept at 1808C and was subjected
to an isothermal crystallization for 1 h. Figure 1 is
the schematic representation showing the steps for
the preparation of model thin film, sPS/tethered
SEBS blend film on silicon wafer. The diffraction pat-
terns for the interface layer of sPS films were
obtained by GIXD. This experiment was conducted
using synchrotron X-ray radiation source (3C2 beam
line, wave length 1.598 Å) at the Pohang accelerator
laboratory, Pohang, Korea.

RESULTS AND DISCUSSION

Morphology of simple and compatibilized blends

Figure 2 shows the SEM micrographs of simple sPS/
PA-6 80/20 blends and those compatibilized with
varying concentration of SEBS-MA. The samples are
cryogenically fractured and PA-6 phase has been
preferentially etched using formic acid at 408C. The
simple blends exhibit a two-phase morphology with
PA-6 dispersed in the continuous sPS phase. The
cavities from which PA-6 has been etched are per-
fectly clear and smooth indicating the absence of ad-
hesion between the dispersed phase and the matrix.
This suggests that sPS/PA-6 blends are incompati-
ble. With the addition of SEBS-MA, the dimensions
of the dispersed PA-6 phase have been decreased
obviously. The average particle diameter for sPS/
PA-6 blends with respect to SEBS-MA concentration
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is shown in Figure 3. The addition of the compatibil-
izer beyond 2 wt % has resulted in a substantial
reduction of the domain size and a uniform distribu-

tion of the dispersed phase. It can be observed from
Figure 3 that in the case of sPS/PA-6 80/20 and 70/
30 blends, addition of 5 wt % SEBS-MA causes a sig-

Figure 1 Schematic representation showing the steps of preparation of model thin film (sPS/tethered SEBS blend film on
Si wafer) for X-ray diffraction studies. (I) Tethering SEBS chains on amine-modified Si wafer (A). (II) Floating off sPS film
and picking up of sPS film on A followed by annealing at 2908C for 10 min and recrystallization at 1808C.

Figure 2 SEM micrographs of simple and SEBS-MA compatibilized sPS/PA-6 (80/20) blends. SEBS-MA content (a) 0 wt
% (b) 2 wt % (c) 5 wt %, and (d) 7 wt %.
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nificant reduction in the domain size. Further addi-
tion of the compatibilizer does not contribute
towards particle size reduction that almost levels off
above 5 wt % addition. In contrast to these blend
compositions, sPS/PA-6 90/10 shows a continuous
decrease in Dn up to the addition of 7 wt % SEBS-
MA and then levels off.

Additional insight into the blend morphology and
the interfacial activity of SEBS-MA is obtained from
TEM. The TEM micrographs of sPS/PA-6 80/20
blends compatibilized with 5, 7, and 10 wt % of
SEBS-MA are shown in Figure 4(a–c). When SEBS-
MA is added to the system, it can be positioned in
three ways: SEBS-MA domains dispersed in the PA-
6 phase, SEBS-MA dispersed in the sPS phase and
SEBS-MA located at the interface between sPS and
PA-6 phases. The careful inspection of Figure 4(a)
reveals a thin dark layer of SEBS-MA surrounding
the PA-6 particles. This indicates that the compati-
bilizer prefers to reside at the interface between sPS
and PA-6. The addition of 7 wt % of SEBS-MA
forms a thick sheath of compatibilizer surrounding
the PA-6 particles as observed in Figure 4(b). It is
also observed that the thick SEBS-MA sheathed PA-
6 particles tend to promote aggregates. It is to be
noted that in the case of addition of 5 and 7 wt %
compatibilizer, no individual SEBS-MA phase is
observed. However, on further addition of SEBS-
MA (10 wt %), small black particles can be seen in the
sPS matrix [Fig. 4(c)], which are most probably
the residual dispersed SEBS-MA. Therefore when the

SEBS-MA concentration exceeds 7 wt %, the addi-
tional compatibilizer forms a separate phase in the
sPS matrix.

Tensile properties

Typical stress–strain curves obtained at room tem-
perature for the neat and toughened sPS are shown
in Figure 5. Up to 2 wt % SEBS-MA, the blends ex-
hibit a linear stress–strain behavior ending in a brit-
tle failure. With the addition of 5 and 7 wt % SEBS-
MA, a pronounced nonlinear stress–strain curve is
obtained, which indicates the signs of plastic defor-
mation. In these cases, the crack after initiation prop-
agates in a stable crack growth. This confirms that
the compatibilized blends exhibit much higher frac-
ture toughness than neat sPS and sPS/PA-6 blends.
The flat portion of the stress–strain curves in the
high concentration SEBS-MA specimens suggests
that, before crack growth a large-scale plastic defor-
mation takes place in these blends. The overall stress
of the blends as a function of SEBS-MA content is
depicted in Figure 6, which shows that overall stress
of the binary sPS/PA-6 blends, is slightly decreased
by the addition of PA-6. As the concentration of
SEBS-MA increases, the overall stress shows a grad-
ual decrease. Till 2 wt %, this reduction is not sub-
stantial, but is followed by a dramatic reduction
between 2 and 5 wt %, which is associated with a
change in fracture mode from brittle to tough as dis-
cussed later. Therefore, the overall stress indicates
the breaking stress when the SEBS-MA content is
less than 2 wt % and the yield stress when the SEBS-
MA content is greater than 5 wt %.

The Young’s modulus of the blends with varying
SEBS-MA concentration is plotted in Figure 7. Pure sPS
has a Young’s modulus of 3.2 Gpa and that of pure
PA-6 is 2.8 Gpa. The Young’s modulus of the binary
blends sPS/PA-6 shows an intermediate value between
the two components. With the addition of SEBS-MA
the Young’s modulus of the system decreases gradu-
ally. It can be seen from Figure 7 that up to 7 wt %
addition of the compatibilizer the extent of reduction in
the modulus is low, with a drastic reduction occurring
at 10 wt % SEBS-MA. It has already been observed
from the TEM micrographs (Fig. 4) that beyond 7 wt %,
the addition of SEBS-MA results in the formation of a
separate phase. Hence, the significant reduction in the
Young’s modulus with 10 wt % SEBS-MA addition is
preferentially due to the existence of individual SEBS-
MA domains in the sPS matrix.

Impact properties

Izod impact strength

The notched impact strength of the blends at room
temperature is plotted as a function of sPS/PA-6

Figure 3 Number average domain diameter (Dn) of the
sPS/PA-6 blends as a function of sPS/PA-6 weight ratio
and SEBS-MA content.
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composition and SEBS-MA content in Figure 8. Sim-
ple blends exhibit slightly better impact properties
when compared with pure sPS. The impact strength
increases with compatibilizer concentration in all
the blends irrespective of their compositions. Up to
2 wt %, the addition of compatibilizer has resulted
only in a slight improvement of impact strength.
With the addition of 5 wt % SEBS-MA, there is a
drastic increase in the impact strength in all the
blends. It is evident from the figure that in all the
compositions studied, the impact strength increases
regularly with PA-6 content up to 2 wt % SEBS-MA

addition. However, when the compatibilizer loading
exceeds 2 wt %, the improvement in the impact
strength varies with PA-6 content. In the case of
sPS/PA-6 80/20 and 70/30 blends, there is a strong
jump of impact strength occurring between 2 and 5
wt % SEBS-MA. For sPS/PA-6 90/10 blends, the
abrupt improvement in impact strength occurs at 7
wt % compatibilizer loading. All the blends exhibit
the maximum impact strength at a compatibilizer
concentration of 7 wt %. At 10 wt % compatibilizer
loading, there is a substantial decrease of impact
strength. The improvement in impact strength upon

Figure 4 TEM micrographs of sPS/PA-6 blends. SEBS-MA content (a) 5 wt % (b) 7 wt %, and (c) 10 wt %.
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compatibilization is due to the change in fracture
mode from brittle to tough, which is discussed in
the criterion of toughening to sPS/PA-6 blends.

Figure 5 Stress-strain curves of neat sPS and sPS/PA-6
(80/20) blends compatibilized with SEBS-MA.

Figure 6 Overall stress of sPS/PA-6 (80/20) blends as a
function of SEBS-MA content.

Figure 7 Young’s modulus of sPS/PA-6 blends as a func-
tion of SEBS-MA content.

Figure 8 Notched impact strength of the sPS/PA-6
blends as a function of SEBS-MA content.

2740 KANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Hence in the case of sPS/PA-6 90/10 blends, the
change in fracture mode occurs between 5 and 7 wt %
compatibilizer concentration, whereas in the case of
sPS/PA-6 80/20 and 70/30 blends, the toughness
jump is observed between 2 and 5 wt % SEBS-MA
concentration.

Relevance of blend morphology in the
toughening of sPS/PA-6 blends

In addition to the change in fracture mode, the
improvement in toughness at higher compatibilizer
loading can also be attributed to the reduction of
PA-6 particle size (Figs. 2 and 3), their uniform dis-
persion and the better interfacial adhesion between
the dispersed phase and the matrix. The maximum
toughness exhibited by the blends at 7 wt % SEBS-
MA can be explained on the basis of morphology
obtained from TEM analysis [Fig. 4(b)]. TEM micro-
graphs revealed that the SEBS-MA is not only
located at the interface between the sPS and PA-6,
where it lowers the interfacial tension thereby
improving the adhesion between both the phases,
but forms together with the PA-6 dispersed par-
ticles, a complex structure. It is clearly evident
from the Figure that the EB blocks of SEBS-MA
besides forming spherical or layered domains, pen-
etrate obviously into the pure PA-6 particles join-
ing them into complex aggregates with a ‘‘hon-
eycomb-like’’ morphology. Thus it can act as an
impact modifier as it is well known that thermo-
plastic elastomers are very effective toughening
agents. When the compatibilizer concentration is 10
wt %, small particles are observed in the sPS ma-
trix, which could be the residual dispersed SEBS-
MA forming a separate phase. Recently Li et al.9

reported a decrease of impact strength in sPS/PA-6
blends compatibilized with sulfonated syndiotactic
polystyrene(SsPS-H) beyond 5 wt % addition of the
compatibilizer. According to their results, the
excess SsPS-H could remain in an agglomerated
form in the blend due to strong interactions
between the sulfonate groups, providing a stress
concentration points in the testing, which ulti-
mately leads to a decreased toughness. Li and Li41

obtained a similar result for polyamide-1010/a-PS
blends compatibilized by sulfonated atactic poly-
styrene (SaPS-H) and has attributed the phenom-
enon to the existence of the ‘‘loose interface’’
between the two phases formed by the introduction
of the excess SPS-H. Therefore, in our case the
residual dispersed SEBS-MA forming a separate
phase may reduce the effectiveness of toughening
and could lead to decreased impact strength at
higher compatibilizer concentration. Thus, the mor-
phology of the blends plays a major role in the
toughening mechanism.

Fracture surface morphology of the
impact specimens

Figure 9 shows the variation in morphology at the
impact-fractured surfaces of the sPS/PA-6 blends
compatilbilized with SEBS-MA copolymer. The mor-
phology of sPS/PA-6 80/20 blends compatibilized
with 2 wt % SEBS-MA shown in Figure 9(a,b) indi-
cates that the dispersed particles are strongly embed-
ded in the matrix. The surfaces after fracture are not
smooth indicating good adhesion. In Figure 9(b) (the
higher magnification of 9a) an interfacial layer can
be observed around each particle without any voids
between the particles and the matrix, which provides
a direct evidence of the interfacial activity of SEBS-
MA leading to an improved interfacial adhesion.
The morphology of sPS/PA-6 80/20 blends compati-
bilized with 5 wt % SEBS-MA is shown in Figure
9(c,d) where we can observe a yielding like matrix
deformation and ductile tearing. This suggests that,
the massive deformation progress in the whole ma-
trix. It is clearly evident from Figure 9(d) [higher
magnification of Fig. 9(c)] that the PA-6 particles at
the fracture surface is covered with a layer of com-
patibilizer spreading from the particle surface into
the matrix phase with fibrils holding the particles in
the matrix, which confirms the yielding deformation
of the matrix at 5 wt % compatibilizer loading. Thus
the improved interfacial adhesion enables the
applied stress to be transferred through the dis-
persed phase as well. It can also be suggested that
the relatively fine dispersions of PA-6 surrounded
by the SEBS-MA interface also provide effective
stress interactions in enhancing shear deformation
by relieving the hydrostatic stress via cavitation.42,43

Crystalline microstructure

DSC study

It is widely accepted that the crystalline microstruc-
ture of semicrystalline polymers plays a significant
role in determining their mechanical properties and
fracture behavior. The effect of addition of second
phase particles on the crystallization behavior and
spherulite morphology of semi crystalline polymers
and their blends has been reported.12,44–46 In the case
of sPS blends, aPS portion of the compatibilizer
(SEBS-MA) employed is miscible with the sPS and
results in varying morphology and interfacial prop-
erties with loading concentration. This along with
the change of ID affects the crystalline microstruc-
ture of the sPS matrix. To evaluate the extent to
which PA-6 and SEBS-MA influence the crystalline
microstructure of sPS blends, DSC analyses were
performed. The DSC thermograms of sPS/PA-6
blends with varying compatibilizer loading is shown
in Figure 10 which clearly demonstrates that, all the
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melting temperatures (Tm1, Tm2, Tm3) decrease with
the increase of compatibilizer concentration and a
broadening of the melting temperature range is dis-
tinct. The melting temperature (Tm) depends on the
thickness and perfect (defect) of the crystalline

lamella. The broadening of the melting temperature
range limits the growth of crystalline domains as
revealed by the reduced Tm. The influence of compa-
tibilizer concentration on the crystallization tempera-
ture (Tc) and percentage crystallinity (vc) of sPS is
plotted in Figure 11. The crystallization temperature
(Tc) and percentage crystallinity (vc) of sPS are dras-
tically reduced at 5% compatibilizer loading. It is
likely that the polystyrene tethered chain of SEBS-
MA retards the crystallization rate of sPS and hence
results in reduced Tc and vc of sPS. These changes,
in turn points out that the crystallization of sPS is
inhibited by the presence of SEBS-MA, by generating
numerous small and imperfect crystallites. As we
have already discussed, the decrease in Tc and vc of
sPS occurring between 2 and 5 wt % SEBS-MA con-
centration also contributes towards the change in
fracture mode from brittle to tough in the impact
failure of the blends. Hence we can conclude that
SEBS-MA as compatibilizer affects the crystal lamel-
lar perfection in the blend.

Thin film study

The WAXD off-specular spectra were obtained at a
grazing angle of 0.158, for the sPS with and without

Figure 9 SEM of the impact-fractured surfaces of SEBS-MA compatibilized sPS/PA-6 blends: (a) SEBS-MA 2 wt %,
(b) higher magnification of (a), (c) SEBS-MA 5 wt %, and (d) higher magnification of (c).

Figure 10 DSC second heating curves of simple and
SEBS-MA compatibilized sPS/PA-6 (80/20) blends.
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SEBS tethered chain. Thin films of � 100 nm were
used for this study.

As mentioned previously, aPS portion in SEBS-
MA is highly miscible with PS, thus it can form an
interdiffusion layer with PS above its melting tem-
perature. Once the interfacial layer is formed, the
effect from the interdiffusion would be so significant
within the thin films of � 100 nm thickness that the
change in sPS crystalline structure is expected to be
well observed.

Figure 12 shows the WAXD results for thin films
of sPS, and significant change in the first peak (2y �
6.7, characteristic peak of a-form, obtained by ther-
mal crystallization) was observed as expected; In the
case of sPS films crystallized on bare silicon wafers
with a film thickness of 100 nm, the half width of
the first peak is quite small whereas, for sPS films
crystallized on silicon wafers containing tethered
SEBS-MA chains, the half width of the first peak
appears to be relatively larger.

Half-width of a peak in WAXD spectra is gener-
ally indicative of the relative perfection of the cor-
responding crystalline structure. Thus it can be
deduced from Figure 12 that crystalline structure
of sPS become more imperfect when sPS is crystal-
lized upon the surface composed of SEBS-MA. This
implies that the aPS portion of the tethered chains
around the surface hinder perfect chain folding of
sPS chains to form crystals, which results in lamel-
lar crystal imperfection. These WAXD result
supports our suggestion (from DSC result) on the
hindered or retarded crystallization behavior of

sPS/PA-6 blends compatibilized with SEBS-MA by
envisaging the molecular structure of the interfacial
layers.

Therefore, it can be suggested that the crystalline
perfection of lamellae near the interface plays an im-
portant role in the toughening of sPS blends.

The criterion of toughening to sPS/PA-6 blends

The investigation on the effect of compatibilizer
loading on the toughening revealed that for sPS/PA-
6 80/20 and 70/30 blends, there is a strong jump of
impact strength between 2 and 5 wt % loading of
SEBS-MA and for sPS/PA-6 90/10 blends, the ab-
rupt improvement in impact strength occurs at 7 wt
% compatibilizer loading (Fig. 8). It can also be
noted that sPS/PA-6 80/20 possess much higher
impact energy than sPS/PA-6 90/10 blends. This
behavior manifests that the improvement in impact
strength on compatibilization cannot be ascribed
entirely to the better interfacial adhesion and the
morphology of the system. These results can be bet-
ter explained by toughening criterion such as ID and
crystalline microstructure.

Interparticle distance

The findings of Wu showed that the toughening
effect did not correlate directly with either the rub-
ber particle size or with its volume fraction, but
rather with the distance between the particles (ID).
He proposed that ID, which is also referred to as the
matrix ligament thickness, is the key parameter
determining whether a blend is brittle or tough and
the critical interparticle distance (IDc) is the property
of the matrix alone. When the interparticle distance
is larger than a critical value (IDc), the fracture mode

Figure 11 Crystallization temperature and percentage
crystallinity of the sPS in sPS/PA-6 (80/20) blends as a
function of SEBS-MA content.

Figure 12 WAXD crystalline peaks for sPS thin film in
the presence and absence of SEBS tethered chain.
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will be brittle and if ID is less than IDc, the fracture
mode will be tough.

To study the effect of ID on the brittle to tough
transition, we calculated the ID values using the
following equation14,15

ID ¼ d0 b
p
6/r

� �1=3
" #

exp lnr2
� �

where, d0 is the number average domain diameter of
the particles, b is a geometric constant, depending
on the assumed packing of the particles (1.0 for
cubic lattice, 1.09 for body-centered cubic and 1.12
for face-centered cubic packing; b is taken as 1 here),
/r is the volume fraction of the particles and r is
the geometrical standard deviation of the particle
size distribution. The parameter d0 is taken from
Figure 3.

In Figure 13 the ID of the blends is plotted as a
function of sPS/PA-6 composition and SEBS-MA
content. It can be observed that SEBS-MA addition
has resulted in a reduction of ID. With the addition
of 5 wt % compatibilizer, the ID of the blends
decreased drastically. The effect of matrix ligament
thickness on impact strength is demonstrated in Fig-
ure 14, which shows that for all the blend composi-
tions, the notched impact strength increases consid-
erably with the decrease of ID. Figure 14 demon-
strates that the data of izod impact strength,
obtained for the sPS/PA-6 blends in a broad range
of composition follows a single curve when plotted
as a function of ID. Our results agree quite well with

the findings by Wu and hence, as proposed by him,
the criterion of ID for toughening of semicrystalline
polymers can be applied successfully to sPS/PA-6/
SEBS-MA blends. The master curve presented in the
Figure 14 exhibits the toughness jumps when the
average ligament thickness decreases below 0.25 lm,
which can be considered as the IDc for the specific
sPS matrix used here. IDc for the system studied is
lower than those reported previously for PA 6,6 (IDc

5 0.3 lm)14 and high density polyethylene (HDPE)
(IDc 5 0.6 lm).13 This in turn suggests that IDc is a
matrix specific parameter. It can also be noted from
Figure 13 that on addition of 5 wt % SEBS-MA to
sPS/PA-6 90/10 blends the ID is larger than the IDc.
Since the ID for 90/10 blends reaches the critical
value only after the incorporation of 7 wt % compa-
tibilizer, the toughness jump for this particular com-
position occurs at 7 wt % SEBS-MA loading whereas
the same takes place at 5 wt % compatibilizer load-
ing in the case of sPS/PA-6 80/20 and 70/30 blends
(Fig. 8).

Crystalline microstructure near the
particle/matrix interface

Muratoglu et al.16,17 proposed a morphological ex-
planation for Wu’s findings based on the critical lig-
ament dimension. They reported that, in the blends
of polyamide 66 and ethylene/propylene anhydride
functionalized rubber, the interparticle regions of
closely spaced particles exhibit a different morphol-
ogy, in which the lamellae are organized parallel to

Figure 13 Matrix ligament thickness (ID) as a function of
sPS/PA-6 weight ratio and SEBS-MA content.

Figure 14 The ‘‘master plot’’ of Izod impact strength ver-
sus matrix ligament thickness.

2744 KANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



each other and perpendicular to the rubber/matrix
interface. They correlated their observations with the
findings of Wu regarding the IDc. Accordingly,
when the effective ID is below the critical value (0.3
lm for the system studied), the entire sample would
behave tough via the percolation of the favorably
oriented interparticle regions throughout the speci-
men. On the other hand, percolation of readily de-
formable material could not be achieved in brittle
samples where the particles are sparsely distributed
with much of the background matrix being oriented
randomly, having a high deformation resistance. In
the case of rubber modified HDPE blends, Bartczak
et al.13 have reported that the high levels of tough-
ness obtained, results from the specific oriented crys-
tallization found in the matrix layers of certain thick-
ness around each rubber inclusion. They found that
when the mean ligament thickness is below 0.6 lm
(IDc in this case), the oriented anisotropic material
with reduced plastic resistance percolate through the
structure, which in turn results in improved tough-
ness. Recent studies on toughened polyamide sys-
tems by Leibler and coworkers suggested that tough-
ness of reinforced semicrystalline polymers depend
on the crystalline orientation on intermediate
scales.45

Figure 15 shows a local orientation of sPS lamel-
lae near the interface in sPS/PA-6/SEBS-MA blends
(2 wt % SEBS-MA). In TEM micrographs, the dark
lines represent the amorphous regions and the
white lines represent the lamellae. It can be
observed from the Figure that the orientation of the
all the lamellae grown near particle/matrix inter-
face is not perpendicular to the interface. This result

deviates from the observations of Muratoglu et al.
who have conducted the TEM studies on annealed
spin-coated PA-6 blend films. In the case of real
systems toughened by particle addition, the amount
of perpendicular oriented lamellae near particle/
matrix interface having curvature will be less than
that in a flat surface. This is due to the fact that the
growth of lamellae generated at curved surface can
be hindered easily by the impingement of nearby
lamellae. Hence, the orientation of all lamellae
grown near the particle/matrix interface is not per-
pendicular to the dispersed particles/interface.
Nevertheless, when the ID is below 0.25 lm, the
fraction of oriented lamellae stacks parallel to each
other is dominant and the oriented matrix shells
around the inclusions come into contact. As a
result, the ID between the inclusions will be partly
filled with well-oriented crystalline material of
reduced plastic resistance, which then percolates
through the whole blend as can be seen from the
TEM micrograph of sPS/PA-6 (80/20) blend com-
patibilized with 7 wt % SEBS-MA (Fig. 16).

The DSC studies showed that addition of 5 and 7
wt % SEBS-MA resulted in the decrease of melting
(Tm) and crystallization (Tc) temperatures and crys-
tallinity and also in broadening of the melting tem-
perature range of sPS. A dramatic reduction in crys-
tallinity and Tc occurred between 2 and 5 wt %
loading of the compatibilizer and this has been
attributed to the existence of more imperfect crystal-
line region near particle/matrix interface. It is well
established that sPS and PA-6 are immiscible and
does not entangle in each other due to significant dif-
ferences in their polarity and solubility parameters.

Figure 15 TEM of sPS/PA-6 (80/20) blend compatibilized
with 2 wt % SEBS-MA.

Figure 16 TEM of sPS/PA-6 (80/20) blend compatibilized
with 7 wt % SEBS-MA.
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The introduction of SEBS-MA at the interface medi-
ates an attractive interaction between the immiscible
sPS and PA-6. During melt mixing, sPS is miscible
with aPS by means of diffusion process. The quality
of the SEBS/sPS interface depends on the triblock
end segments (PS) forming mechanical entangle-
ments with the matrix (sPS) material. The addition
of SEBS-MA causes an increase in interfacial thick-
ness by the pronounced penetration of the triblock
end segments (aPS) into the sPS phase. The WAXD
studies on the model system indicate that the inter-
action between aPS and sPS segments can hinder the
perfect chain folding of sPS (Fig. 12). It has already
been noted that the SEBS-MA addition resulted in a
decrease of particle size of the dispersed phase. This
can lead to an increased volume fraction of the inter-
face near the particle/matrix. Therefore it can be
stated that the decrease of Tm, Tc, and vc as well as
the broadening of melting temperature range of sPS
in the compatibilized blends can be attributed to the
penetration of the triblock end segments of the com-
patibilizer into sPS phase. Consequently, these
changes imply that the crystallization of sPS is inhib-
ited by the addition of SEBS-MA, leading to the for-
mation of many (numerous) small and imperfect
crystallites near the particle/matrix interface. Hence,
we suggest that the resulting lamellae morphology
might have originated from the different crystal ori-
entation and imperfect crystals of the matrix sPS at
the interface with the change in ID.

CONCLUSION

Impact strength of sPS can be improved by the addi-
tion of PA-6 employing SEBS-MA as the compatibil-
izer without any substantial reduction in modulus.
Morphology studies revealed that a significant
reduction in the domain size as well as a uniform
distribution of the dispersed phase could be
obtained at a compatibilizer concentration beyond
2 wt %, indicating a strong interfacial adhesion
between the components. Toughness jump in sPS/
PA-6 80/20 and 70/30 blends occurred between
2 and 5 wt % of compatibilizer incorporation and for
90/10 blends it was between 5 and 7 wt % SEB-MA
addition. This is associated with the change in frac-
ture mode of the blends from brittle to tough, lead-
ing to the shear yielding fracture of the matrix.

By applying of the criterion of ID for toughening in
sPS/PA-6/SEBS-MA blends, we obtained a value
0.25 lm as the IDc, below which all the blends were
found to be tough. Investigations on the effect of
crystalline microstructure in the blends revealed that
when the ID is below 0.25 lm, the fraction of oriented
lamellae stacks parallel to each other is dominant and
the oriented matrix shells around the inclusions come
into contact. As a result, the matrix ligaments

between the inclusions will be partly filled with well-
oriented crystalline material of reduced plastic resist-
ance, which then percolates throughout the whole
blend. This in turn also contributed to the improve-
ment in toughness of the blends. Studies on crystal-
line microstructure using DSC and X-ray diffraction
pointed out that the crystallization of sPS is inhibited
by the presence of SEBS-MA by creating numerous
small and imperfect crystallites, which manifested a
decrease in Tm, Tc, and vc of the compatibilzed
blends. This inhibition is caused by the entanglement
of the triblock end segments (aPS) of the compatibil-
izer with the sPS phase. From these results, it could
be concluded that the improvement in toughness of
the sPS/PA-6/SEBS-MA blends could be attributed
to the ID, crystal orientation and imperfect crystals of
the sPS matrix ultimately leading to the reduction of
yield stress with increasing concentration of the
SEBS-MA, which is accompanied by the change in
fracture mode from brittle to tough.

The authors thank the Pohang Accelerator Laboratory for
providing the 3C2 beam line used in this study.
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