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ABSTRACT: Blends consisting of high-impact polystyrene (HIPS) as the matrix and
polyamide 1010 (PA1010) as the dispersed phase were prepared by mixing. The grafting
copolymers of HIPS and maleic anhydride (MA), the compatibilizer precursors of the
blends, were synthesized. The contents of the MA in the grafting copolymers are 4.7 wt
% and 1.6 wt %, and were assigned as HAM and LMA, respectively. Different blend
morphologies were observed by scanning electron microscopy (SEM); the domain size of
the PA1010 dispersed phase in the HIPS matrix of compatibilized blends decreased
comparing with that of uncompatibilized blends. For the blend with 25 wt % HIPS-
g-MA component, the Tc of PA1010 shifts towards lower temperature, from 178 to 83°C.
It is found that HIPS-g-MA used as the third component has profound effect on the
mechanical properties of the resulting blends. This behavior has been attributed to the
chemical reaction taking place in situ during the mixing between the two components
of PA1010 and HIPS-g-MA. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76: 799–806,
2000
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INTRODUCTION

Multicomponent materials are frequently made
by blending two or more miscible or immiscible
polymers. The mechanical blending of miscible
polymers results in a homogeneous morphology
that exhibits a single glass transition.1 However,
the mechanical blending of immiscible but com-
patible components, such as polycarbonate with
acrylonitrile–butadienestyrene, gives a mul-
tiphase morphology with efficient dispersion of
the minor component and good interfacial adhe-
sion between the two unmodified components.2

When incompatible thermoplastic polymers such
as high impact polystyrene (HIPS) and poly-
amide1010 (PA) are mixed, the interfacial adhe-

sion is weak, which results in inferior mechanical
properties and poor dispersion of the components.
These blends require a compatibilizing agent to
achieve satisfactory interfacial adhesion and in-
terfacial stress transfer between the phases. One
approach to polymer blend compatibilization is to
manipulate the interactions at the interface by
the addition of “interfacial agents” that facilitate
graft reactions.3

For the polyamides/polyolefin systems, on the
one hand, polyamides (PA) are frequently blended
with lower modulus polymers such as rubbers4 or
polyolefins5 to improve material properties. The
addition of polyolefins lowers water absorption
and reduces material cost. On the other hand,
polyolefins are often blended with other polymers
to improve its performance in specific applica-
tions. The addition of a PA serves to significantly
increase the yield strength of the material if the
components can be made to interact construc-
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tively. Functionalized polyolefin compatibilizers
are popular third components that are added to
aid both adhesion and mixing in the polyolefin/PA
system. Compatibilizing agents for these blends
have been developed by grafting maleic anhy-
dride (MA) onto polyolefin chains where the
amount of grafted anhydride can be varied.6 In
PP/PA blends, the PP grafted maleic anhydride
compatibilizer forms a chemical linkage through
the reaction of anhydride groups with the end
groups of polyamide. Consequently, a graft copol-
ymer with segments of PP and PA is formed in
situ at the interface. The graft copolymer im-
proves interfacial compatibility by association of
the different segments with their respective com-
ponents. Because the compatibilizing process oc-
curs by reactive mixing, special consideration
must be given to the amount of maleic anhydride
graft used in the compatibilizing agent. A similar
reactive pattern should occur in the blends of the
HIPS/PA/maleated grafting copolymer.

Our previous study7 has shown HIPS-g-MA to
be an effective compatibilizer for 75PA1010/
25HIPS blends. Compatibilization is considered
to occur through a chemical linkage of the anhy-
dride on the compatibilizer chain and the PA end
groups. Model reactions of amines with anhy-
dride-grafted HIPS at melt temperatures proceed
to imide linkages, but it is difficult to determine
the amide vs. imide structure in the PA/HIPS
blends. The formation of the graft copolymer
through the reaction of the anhydride with the
polyamide end group has been confirmed through
the change of morphologies and mechanical prop-
erties. The grafted copolymers preferentially re-
side at the interface and improve the dispersion,
interfacial adhesion, and mechanical properties
through the chemical linkage across the interface.

In general, this blend system, HIPS/PA1010,
has important meaning both to scientific and com-
mercial applications. As is well known, HIPS is a
commercial product in large use. It has been used
to manufacture refrigerator inner box, TV hous-
ing, etc., throughout the world. However, HIPS
liners could meet problems in terms of the envi-
ronment friendly blowing agents, HCFC-141b,
from rigid polyurethane foam used for the insula-
tion of domestic refrigerators and freezers. A new
objective of this work was to investigate the foam/
liner interactions, and ultimately develop a
HCFC-141b–compatible liner. The compatibi-
lized blends of HIPS and PA1010 have success-
fully been used to manufacture the liners of re-
frigerators and freezers with an HCFC-141b

blowing agent in China. From a scientific point of
view, it is necessary to highlight the relationship
among the miscibility, the effect of compatibilizer,
morphology, and mechanical properties of the
blends of HIPS and PA1010. The present study
was aimed at understanding the relationship be-
tween the nature of the compatibilizer and the
resulting blend morphology and properties. In
particular, HIPS/PA1010 blends in which the
HIPS is the rich phase were investigated by using
two compatibilizers with widely different graft
anhydride concentrations.

EXPERIMENTAL

Materials

HIPS employed in this study was a commercial
grade (492-J) manufactured by the Yanshan Pet-
rochemical Co. Beijing, China. Polybutadiene
(7%) was utilized during the polymerization of
HIPS. Its MFR was 2.6 g/10 min. PA1010 was
supplied from Jilin Shijinggou Union Chemical
Co., China. Its relative viscosity was 2.1, and the
melting flow rate was 10 g/10 min.

Preparation of Compatibizer and Blends

HIPS-g-MA was prepared by melt mixing initi-
ated by dicumyl peroxide (DCP) in a Brabander
mixing chamber. The mixing temperature was
controlled at 180°C. The content of MA in HIPS-
g-MA used in this work was 1.6 wt % (LMA) and
4.7 wt % (HMA), respectively. The grafting de-
grees were determined by the chemical titration
method.

PA1010 was dried for 24 h at 90°C before melt
blending. The ternary blends, HIPS/PA1010/
HIPS-g-MA, were prepared by melt mixing using
a Brabender mixer operating at a rotation speed
of 50 rpm and mixing temperature designed as
200–210°C. The amount of HIPS in the blend was
adjusted so that the total amount of HIPS and
HIPS-g-MA was 75 wt %, while the PA1010 re-
mained constant at 25% by weight. The amount of
HIPS-g-MA (HMA or LMA) in the blends was 2.5,
5, and 10 wt % of the total blend weight.

Morphological Observation

The morphology of blends was observed with a
scanning electron microscope (SEM, JXA-840) at
an accelerating voltage of 25 kV. The blend sam-
ples were fractured at liquid nitrogen tempera-
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ture, and the cryogenically fractured samples
etched with formic acid (a good solvent for poly-
amide) to increase the contrast.

Crystallization and Thermal Analysis

The thermal behavior of blended samples was
determined on a Perkin-Elmer DSC-7. The fusion
thermal curve was obtained from 50 to 220°C at a
heating rate of 20°C/min. All measurements were
performed under a nitrogen atmosphere.

Tensile Properties

Dumb bell-shaped specimens were prepared at
230°C with hot-press molding. The tensile tests
were carried out on an Instron 1121 machine at
23°C with a crosshead speed of 5 mm/min. Five
specimens of each blend were tested and average
values were taken as experimental data.

RESULTS AND DISCUSSION

Morphology

The uncompatibilized blend of HIPS/PA1010 (75/
25) had a coarse morphology, with a domain sizes
as large as 3 mm (Fig. 1). The large voids left on
the fracture surface where the particles had sep-
arated from the matrix and the smooth surfaces
of the exposed PA particles, with no evidence of
adhesion between the matrix and dispersed
phase, confirmed the immiscibility of the two
components. In compatibilized blends, the PA was
dispersed in the HIPS as spherical particles. The
addition of 5 wt % LMA reduced the average

particle size in the blends to 0.8 mm [Fig. 2(a)].
However, the average particle size is reduced to
0.6 mm by addition of 5 wt % HMA [Fig. 2(c)].
Interfacial adhesion also seemed to be improved
with addition of a 5 wt % compatibilizer because
some of the PA particles on the fracture surfaces
had been adhered with the matrix material. Bet-
ter dispersion and improved interfacial adhesion
were attributed to formation of a HIPS-g-MA/PA
copolymer by reaction of anhydride groups with
terminal amine groups of PA during melt mixing.
The dispersion was improved when the copolymer
stabilized the interface by forming an interfacial
layer between PA1010 particles and the HIPS
matrix. Improved adhesion depended on strong
chemical or physical interactions between parti-
cles and matrix. The blends with 5 and 10 wt %
HMA, are shown in Figure 2(c) and (d). The mi-
crographs illustrate the reduction in particle size
with increasing compatibilizer content, and also
suggest better adhesion in the blend with higher
compatibilizer content because the particles in
the 10 wt % HMA blend appear to be more deeply
embedded in the matrix. A morphology gradient
was especially apparent in the blend with a lower
compatibilizer content.

The average particle size of dispersed phase is
plotted in Figure 3 as a function of the amount of
compatibilizer. It shows that the particle size de-
pended on the amount of compatibilizer, but was
not strongly affected by HMA or LMA used in the
blends. Small concentrations of a compatibilizer
of LMA had a very large effect on particle size, for
example, 2.5 wt % LMA decreased the average
particle size from over 2.4 mm to less than 1.0 mm.
Further increases on anhydride concentration, up
to 10 wt % resulted in only minimal additional
decrease in particle size. To the blends with HMA,
the smallest amount of HMA used, 2.5 wt %, was
sufficient to achieve a PA particle size less than
0.8 mm. To achieve a PA particle size less than 0.6
mm with HMA, 10 wt % of the compatibilizer was
necessary.

If it is assumed that the graft copolymer is
located at the interface between the two phases
with complete penetration of the two phases, the
interfacial area stabilized per molecule (A) can be
estimated by

A 5
3fMn

RWcN
(1)

where f is the volume fraction of the dispersed
phase, Mn is the number-average molecular

Figure 1 SEM micrographs of fractured surface of a
HIPS/PA1010 75/25 blend.
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weight of the compatibilizer, R is the particle
radius, Wc is the mass of compatibilizer per unit
volume of blend, and N is Avogadro’s number,
respectively. For the systems used, Mn and N can
be regarded as the constant parameter. The cal-
culated values of surface area stabilized per com-
patibilizer molecule are estimated in Table I.
With this qualification, the average interfacial
area per compatibilizer molecule is remarkably
similar for LMA and HMA, and is not strongly
affected by compatibilizer content. However, the
calculation assumed that all compatibilizer stabi-
lized at the interface was needed in the subse-
quent interpretation of these numbers.

Crystallization and Thermal Analysis

The differential scanning calorimetric (DSC)
thermal curves of HIPS/PA1010/HIPS-g-MA
blends and neat PA1010 were shown in Figure 4.
The heat of fusion of PA1010 at lower tempera-
ture has decreased as HIPS-g-MA increased, and
the Tm of PA1010 at a higher temperature is

Figure 2 SEM micrographs for 25 wt % PA1010 blends containing: (a) 5 wt % LMA,
(b) 10 wt % LMA, (c) 5 wt % HMA, (d) 10 wt % HMA.

Figure 3 Average PA1010 particle size as a function
of HIPS-g-MA content: 2.5, 5, and 10 wt %.
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unaffected by adding HIPS-g-MA. This feature
suggests that some chemical reaction occurred
between the MA groups in HIPS-g-MA and ter-
minal amino group of PA1010 in the HIPS/
PA1010/HIPS-g-MA blend as follows:

The variation of the double-melting behavior of
PA66 on the DSC curve of PA66/PEI blends is also
found, and the heat of fusion of the lower endo-
therm is found to change with the Tc.

8 It seems
that the crystals formed at a lower Tc usually
contain a bit of smaller and more defective

spherulites. Perhaps most of them are positive
spherulites with branched fibril structure. After
the initial melting, these crystalline domains may
still exhibit large mobility and sufficient molecu-
lar ordering that would facilitate the reorganiza-
tion process. In contrast, the crystals formed at
higher Tc are larger, and perfect positive spheru-
lites that may lead to a lower mobility upon pre-
melting that often hinders the reorganization
ability. These indicate that the crystals at lower
temperature are less stable than that at a higher
temperature, and this would be influenced by
many factors such as Tc, heating speed, and the
interaction of groups in material. In our system,
the number of hydrogen bonds in the PA1010
phase decreased, owing to the chemical reaction.
The big imide groups synthesized in situ between
terminal amino group in PA1010 and MA groups
in HIPS-g-MA can inhibit the fold of PA1010 mo-
lecular chains effectively, so the heat of fusion of
PA1010 at a lower temperature decreased. For
the higher temperature peaks, the heat of fusion
of PA1010 has no changes because of the reorga-
nization of PA1010, while the other molecular
impurities could be removed from the crystalline
phase of PA1010.

The DSC cooling curves of the blends of HIPS/
PA1010/HIPS-g-MA and PA1010 are shown in
Figure 5. The crystallization peak is broader with
the increase of the HIPS-g-MA component. For
the blend with 25 wt % of the HIPS-g-MA compo-
nent, the Tc of PA1010 shifts towards a lower

Table I Surface Areas Stabilized per Molecule
of Compatibilizer

HIPS-g-MA
Content (wt %)

A-LMA
(3Mn/N)

A-HMA
(3Mn/N)

2.5 30.0 41.1
5 21.7 31.0

10 21.9 31.8

Figure 4 DSC curves of PA1010 (a) and HIPS/
PA1010/HMA blends: (b) 75/25/0, (c) 70/25/5/, (d) 65/25/
10, (e) 50/25/25.

Figure 5 DSC crystallization curves of PA1010 (a)
and HIPS/PA1010/HMA blends: (b) 75/25/0, (c) 70/25/5,
(d) 65/25/10, (e) 50/25/25.
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temperature, from 178 to 83°C. This so-called
fractionated crystallization is observed. The de-
scribed effects, in particular the fractionation of
the crystallization, depend to a large extent on
the dispersion of the minor component. With in-
creasing dispersitivity of that component, the
magnitudes of its additional crystallization peaks
become stronger at the expense of the usual peak.

The fractionated crystallization is characteris-
tic of the crystallization behavior of a semicrys-
talline polymer blended with an immiscible poly-
mer. This phenomenon has been observed so far
in block copolymers comprising PEO-PS9, 10 and
in blends comprised of PE/PS,11 PVDF/PA6,12

PA6/PP,13 PBT/PC,14 and PA/ABS15 when the
crystallizable component is included in the non-
crystallizable matrix in finely dispersed domains.
The smaller the particles, the more distinct is the
effect.

Among a larger amount of small polymer drop-
lets each of volume VD, the fraction of droplets
containing exactly Z heterogeneities of the kind
“1” that initially induced crystallization follows a
Poisson distribution function.16 It reads:

fz
~1! 5 @~M~1!VD!Z/Z!#exp(2M~A!VD) (2)

where M(1) is the concentration of randomly sus-
pended heterogeneities, and M(1)VD is their mean
number per droplet. The fraction of droplets con-
taining at least one heterogeneity of the kind “1”
is given by fz.0

(1) 5 1 2 f0
(1), and amounts to

fz.0
~1! 5 1 2 exp(2M~1!VD) (3)

The consideration of a droplet size distribution
may somewhat modify this equation. fz.0

(1) de-
scribes that part of the droplets and, therefore, of
the material that crystallizes induced by hetero-
genecity “1.” The remainder crystallizes at a
greater undercooling degree induced by heteroge-
neity “2,” and so on. For these further crystalliza-
tion steps the same considerations hold. Because
fz.0

(i) depends on VD, the influence of the dispersi-
tivity on the relative strength of the different
crystallization steps is obvious. For sufficiently
large droplets, fz.0

(1) is near unity, and no fraction-
ated crystallization occurs. On the contrary, a
certain crystallization step is suppressed (or un-
detectable) if the relation M(i)VD ,, 1 holds.
From the relative intensity of the different crys-
tallization steps, conclusions can be drawn on the
concentration of the respective heterogeneities if

the mean size of the droplets is known. From the
results shown in Figure 5, we can conclude that
the domain size, that is VD, in the HIPS/PA1010/
HIPS-g-MA (50/25/25) blend is small enough so
that the fractionated crystallization in the
PA1010 phase was obviously detected. On the
other hand, the fractionated crystallization of
PA1010 domains in PA1010/HIPS blends cannot
be observed at all. This is related to the larger
volume of droplets in these blends. These results
deal with the micrographs of the samples shown
in Figure 2.

Morphology generation during mixing of poly-
mer components involves a balance between the
competing processes of fluid drop breakup and
coalescence. Taylor studied the deformation and
disintegration of Newtonian fluids.17,18 Tokita
has derived an expression for describing the par-
ticle size of a dispersed phase in polymer
blends.18,19 At equilibrium, where breakup and
coalescence are balanced, the equilibrium particle
size, D, may be expressed as:

D 5 ~24Prn/ps12!~F 1 4Pr EF2/ps12! (4)

where s12, n, E, and Pr refer to stress field, inter-
facial tension, bulk breaking energy, and proba-
bility that a collision will result in coalescence,
respectively. Equation (4) predicts that the equi-
librium particle size decreases when the stress
field becomes larger, the interfacial tension be-
comes smaller and the volume fraction of the dis-
persed phase is smaller. As represented in Figure
3, because the decrease of the interfacial tension
resulted from the chemical reaction between the
components of PA1010 and HIPS-g-MA, the aver-
age domain size was reduced to approximately
1/20, compared with those in the uncompatibi-
lized blend systems at the same composition.
These results are in agreement with the trends
predicted in eq. (4). The average volumes, VD, of
the dispersed PA1010 particles in the HIPS/
PA1010/HIPS-g-MA 50/25/25 blend is significa-
tive smaller than those in the system of HIPS/
PA1010/HIPS-g-MA with other compositions, so
that the relation M(i)VD ,, 1 holds, and the frac-
tionated crystallization is observed.

Tensile Properties

Figure 7 shows the effect of compatibilizer on the
tensile strength of HIPS/PA1010 blends contain-
ing a 25 wt % PA1010 component. The addition of
a compatibilizer increased the tensile strength
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from 24.8 MPa in the uncompatibilized blend to
30.2–31.1 MPa, which was also higher than the
HIPS control (25.5 MPa). The low tensile proper-
ties of the HIPS/ PA1010 blend can be essentially
related to the larger size of the PA1010 domains
with a poor adhesion to the matrix. These do-
mains act as gross material defects, causing pre-
mature rupture of the specimen soon after the
beginning of yield. On the other hand, the im-
provement of tensile strength was attributed to
improved adhesion and homogeneity and de-
creased particle size in the compatibilized blends
that facilitated stress transfer of the PA particles
and increased their load-bearing capacity. From
the morphological observation, we realized that
the PA1010-g-HIPS copolymer, which was formed
during melt mixing, improved the tensile proper-
ties of the HIPS/PA1010 blends.

Tensile strength of the LMA-compatibilized
blends increased from 28.5 to 29.8 and 30.2 MPa
with increasing the compatibilizer from 2.5 to 5
and 10 wt %, while the blends with HMA had the
strength of 29.5, 30.2 and 31.1 MPa. The tensile
strength was similar in HMA and LMA blends
because adhesion was maintained until the ma-
trix yielded. The elongation at break gradually
increased as the LMA content increased from 5 to
10 wt %, and the better adhesion provided by
LMA was manifest primarily in the ultimate elon-
gation. The increased tensile strength of all the
compatibilized blends suggested that the interfa-
cial strength can be improved sufficiently to in-
hibit particle debonding before yielding, even
though the smallest amount of compatibilizer was

added. However, debonding of the PA particles
during yielding was indicated in the blends with a
5 wt % compatibilizer by the low elongation, com-
parable to the elongation of the uncompatibilized
blend. The gradually increasing elongation at
break with increasing the compatibilizer content
was attributed to improved interfacial strength.

CONCLUSIONS

Binary blends of the HIPS and PA1010 copolymer
were immiscible with poor interfacial adhesion
and large-phase domains. In compatibilized ter-
nary blends, chemical reaction took place between
the anhydride groups in the HIPS-g-MA and ter-
minal amino groups of PA1010, and increased the
adhesion between two phases. Both a low-anhy-
dride compatibilizer and a high-anhydride com-
patibilizer improved the dispersion of PA1010 in
HIPS matrix. For the blend with a 25 wt % HIPS-
g-MA component, the so-called fractionated crys-
tallization was observed. The tensile strength of
the uncompatibilized blend was lower than that
of HIPS due to poor adhesion between the phases.
With improved adhesion, the tensile strength of
the compatibilized blends was about twice of the
uncompatibilized blend, and was also higher than
that of HIPS. No remarkable difference was
dected on the tensile strength of the compatibi-
lized blends by using LMA and HMA.
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