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ABSTRACT : Mechanical properties and phase morphology of the blends of polyamide-6({PA-6) with
polycarbonate (PC) containing various amounts of styrene-maleic anhydride (SMA) have been in-
vestigated. The content of PA-6 was fixed at 75% by weight to limit the number of variahies in the
examination of morphology and to ensure the continuous polyamide phase. PA-6/PC blends(75/25)
without SMA copolymer as a compatibilizer has shown poor mechanical properties. Scanning elec-
tron microscope (SEM) photographs of the blends compatibilized with SMA copolymer, revealed that
PC particles were finely and uniformly dispersed in the PA-6 matrix, and the spherical PC particles
in the compatibilized blends were much smaller than those of uncompatibilized blends. Mechanical
properties of ail the blends containing SMA coplymer were enhanced, which represents an im-
provement of interfacial adhesion, In particular, the optimum SMA content for the best mechanical
properties was found to be in the vicinity of 10 phr.

Introduction

There is of intensively commercial interest in
multiphase polymer blends or alloys, because of
the potential opportunities for combining the at-
tractive features of each material into one or for
improving deficient characteristics of a particular
material.* However, most of immiscible blends
show poor mechanical properties relative to their
components, and the phase morphology is strongly
dependent on details of the processing history.
This arises from the unfavorable interaction
hetween molecular segments of the components,
which leads to a large interfacial tension and
makes undesirable dispersion of minor component
during melt mixing.

Polyamide (PA) is an attractive class of poly-
mers for engineering plastics, but it has a number
of deficiencies for certain applications, because of
its brittleness, high moisture sorption, poor di-
mensional stability, and marginal heat deflection

temperature. Many of the deficiencies can be im-
proved by blending it with other plastics, like poly
(phenylene oxide),* ABS,* poly(olefine),”™” or poly-
carbonate (PC).* Polycarbonate is a well-known
commercial material, having a variety of applica-
tions. It is a high performance engineering ther-
moplastic with a good combination of thermal and
mechanical- properties. However, PC exhibits poor
solvent resistance, particularly when it was expo-
sed to humid environments for a prolonged period.

PA-6/PC blends might be expected to have a use-
fut balance in their properties. Unfortunately blend
of PA-6 and PC is thermodynamically immiscible.®"!
Therefore, various attempts, i.e., development of
the specific comatibilizing agents and exploitation
of different process and machinery” have been
done to achieve satisfactory interfacial adhesion.

In this study, we have investigated the com-
patibilizing effects of styrene-maleic anhydride
(SMA) on the PA-6/PC blend system. SMA has
shown excellent compatibility with a number of
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other materials and has been used as a base ma-
terial for several commercial blends. The maleic
anhydride provides heat resistance while styrene
renders good thermoplastic processability and mer-
it in cost. Since SMA was expected to enhance
miechanical properties and interfacial adhesion of
immiscible PA-6/PC blends, the relationship
between the nature of the compatibilizing agent
and the resuiting blend morphology was in-
vestigated. In this study, the content of PA-6 was
fixed at 75 wt% to limit the number of variables in
the examination of morphology and to ensure the
continuous phase of PA-6.

Experimental

Materials. Materials used in this work were
obtained from the various commercial sources.
Polyamide-6 (PA-6) supplied by Unitika Chemical
Co. Ltd. is a hydrolytic poly{e-caprolactam) of
which product name is A-1030 BRF. The number
average molecular weight of PA-6 with a melt
flow index (MD) of 4.3g/10min is 22,500, The
measured concentration of amine end group was
5.0% 10" mol/g by titration. Bisphenol-A poly-
carbonate (PC) was supplied by Teijin Chemical
Co. Lid., of which product name is Panlite L-
1250Y. Before every step of processing, ali the ma-
terials containing any PA-6 were dried for at least
24h at 80°C in a vacuum oven to ensure removal
of absorbed water. Styrene-maleic anhydride
(SMA) was incorporated into the blends of PA-6/
PC as a compatibilizing agent. The SMA containing
15wt% maleic anhydride (MA) and 15wt% poly-
hutadiene rubber, was supplied by Arco Chemical
Co. Ltd., of which product name is Dylark 250.

Sample Preparation. Blends of PA-56 and PC
were prepared by melt blending in a compact mix-
ing machine developed in our laboratory. The mix-
ing part of this machine is illustrated in Figure 1.
An appropriate amount of PA-6 and PC with dif-
ferent amount of SMA was mixed with a rotor spe-
ed of 80 rpm at 250°C for 15 minutes. A blend
sample was then injected into a mold placed just be-
low the machine. The content of SMA was varied
from 2.5phr to 15phr (15part against total amount
of PA-6 and PC).

Analysis. Tensile property experiments were
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Figure 1. Scheme diagram of mixing zone for compact mix-
ing machine.

carried out on a universal testing machine of
United Calibration Co. at room temperature, ac-
cording to the procedure described in ASTM D638.
A crosshead speed used in all measurements was 5 ‘
mm/min.

Specimens for Notched Izod impact tests have a
dimension of 5.05x1.27x0.3 ¢cm, with a notch 0.25
cm in radius. Notched Izod impact strength of the
blends was measured using an impact testing ma-
chine of Yasuda Seiki Co. at room temperature ac-
cording to ASTM D256.

For morphological studies, Jeol scanning electron
microscope (SEM) was used to characterize the
morphology of the injection molded specimens. All
the samples were perpendicularly fractured to the
stretching direction in liquid nitrogen and frac-
tured surface was sputtered with goid by a Sputter
Coater. For transmission electron microscopy
{TEM), injection molded specimens were mi-
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crotomed perpendicular to the flow direction and
then stained with ruthenium tetraoxide (RuQ.).

Results and Discussion

Binary Blends. The properties of binary blends
of the PA-6/SMA and PC/SMA are of interest for
comparison to the subsequent investigation on ter-
nary blends. Figure 2 shows the stress-strain
curves of the binary blends of PA-6/SMA. Mechan-
ical properties of PA-6/SMA blend show typical
trends in that stress is reduced with the increase
of SMA, because of grafted polybutadiene rubber
in SMA. Elongation at break is also increased with
the content of SMA

Ide e al. have shown that copolymers containing
anhydride groups could be an effective com-
patibilizer for the blends with PA, and proposed
the following chemical reaction,'*®

where polyamide end groups at the interface are
chemically reacted with anhydride group in SMA
during melt mixing. Reactions of amines with anhy-
dride group at melt temperature result in imide
linkage. The formation of the graft copolymer
through the reaction of the anhydride with the end
groups of polyamide preferrably reside at the in-
terface and improve interfacial adhesion through
the chemical linkage across interface.

Notched Izod impact strength is enhanced with
the incorporation of SMA, relative to that of PA-6
homopolymer as shown in Figure 3. The blend (PA-
6/SMA, 100/15) containing 15 phr SMA shows a
particularly interesting feature in elongation at
break and in Izod impact strength. But Izod impact
strength is diminished by increasing the content
above 15 phr SMA. This reduction may reflect
embrittlement caused by excess of SMA. High
SMA level might embrittle the blend owing to
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Figure 2. Stress-strain curves of PA/SMA binary blends
with various content of SMA in phr, (®) 0, (0) 5, (&) 10,
(V) 15,
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Figure 3. Notched Izod impact strength of PA/SMA binary
blends as a function of SMA content at room temperature.
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very brittle nature of SMA and the relative
stoichiometry of the functional groups. Figure 4
shows TEM photograph for a binary blend of PA-6
with 5phr SMA stained with RuO.. SMA is dis-
persed as extremely fine particles in the PA-6 ma-
trix. This demonstrates clearly that grafting of PA-
& chains to SMA occurs during melt blending, most
probably via the reaction of the amine chain ends
with the maleic anhydride units. Thereby, the
mechanical properties of PA-6/SMA blend were

Figure 4. TEM photomicrographs of PA/SMA (100/5)
binary blend.
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Figure 5. Stress-strain curves of PC/SMA hinary blends
with various content of SMA in phr: (@) 0, (©) 5, (4) 10,
{7) 15.
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enhanced with an incorporation of SMA,

Figure 5 shows the stress-strain curves of PC/
SMA hbinary blends as a function of SMA content.
As SMA content is increased, a decrease in yield
stress and in elongation at break is found.

Figure 6 summarizes the results of Izod impact
strength of PC/SMA blends. As SMA content is In-
creased, Izod impact strength of the blends is de-
creased. In TEM photograph for PC/SMA(100/5)
binary blends as shown in Figure 7, SMA is dis-
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Figure 6. Notched Izod impact strength of PC/SMA  bi-
nary blends as a function of SMA content at room tem-
perature.

e

Figure 7. TEM photomicrographs of PC/SMA  (100/5)
binary blend.
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persed as relatively small particles in the PC ma-
trix. These behaviors may be an evidence of weak
interfacial adhesion between the PC matrix and
the disperse phase. Blends of SMA with PC may
be partiaily miscible. Therefore, commercial pro-
ducts in PC/SMA blends require MBS as a com-
patibilizer, to improve interfacial adhesion and 1m-
pact strength.”

Ternary Blends.

Mechanical Properties: Stress-strain curves of
the PA-6/PC (75/25) blends with various amount

100
80
R
- RTRTITTTT
T 604 FEmrTorym—
=3
&
£ 40
n
20
OI T T T T ¥
0 10 20 30 40 50 60

Strain (%)
Figure 8. Stress-strain curves of PA/PC ternary blends
with various content of SMA in phr: (@) 0, (0} 5, (&) 10,
(7} 15, (7) 20.
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Figure 9. Notched Izod impact strength of PA/PC ternary
blends as a function of SMA content at room temperature.
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of SMA are shown in Figure 8. Stress-strain behav-
ior of the uncompatibilized blends shows a large
reduction in elongation at break. This behavior is
typical of incompatible blends with poor interfacial
adhesion. As SMA copolymer is added, gradual im-
provement in elongation at break of the blends is
observed which indicates an improvement of in-
terfacial adhesion. However, the vield stress is
slightly decreased with increasing SMA content be-
cause of polybutadiene rubber in SMA.

Figure 9 shows the change of lzod impact
strength of PA-6/PC blends with the SMA content.
Tzod impact strength was linearly increased with
the addition of SMA. However, increasing SMA
content above 10 phr is detrimental to room tem-
perature foughness. The initial increase, of course,
reflects the benefits of coupling the phases and the
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Figure 10. Effect of the amount of SMA on Izod impact
strength and elongation at break for PA/SMA hinary and
PA/PC/SMA ternary blends.
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attendant morphology changes. This behavior may
reflect a loss of optimum morphology, em-
brittlement by excess SMA or possibly other
causes. It is tikely that high SMA levels would em-
brittle the blend itself owing to very brittle nature
of SMA. Another factor may be the relative
stoichiometry of the functional groups.

Figure 10 compares lzod impact strength and
elongation at break of ternary blends with those of
PA-6/SMA binary blends, under assuming the only
reactive site in the PA-6 phase. For ternary blends
containing 75 wt% PA-6, we presume that the PA
phase contains 13.3~16.7 phr SMA, for effective
grafting reaction between MA units in SMA and
amine-end groups in PA-6. This level exhibits high-
er Izod impact strength than that of different level.
This behavior is in accord with the highest Izod im-
pact strength of PA-6/SMA blends containing 15
phr SMA. The above behavior tentatively suggests
that stoichiometric ratio of the reaction may be
the important factor to give the consistent results
in mechanical properties.

Morphology. The phase morphology 1s, 1o

doubt, a very important aspect among the various
properties of the blend system: however, the
scanning electron Microscopy (SEM) techniques
render only a rather limited information. It was ex-
pected that grafting reaction or specific interaction
at interface may result in a decrease in domain
size through the lowering of the interfacial tension,
i.e., a surfactant effect.

Figure 11 shows that the morphology of the PA-
6/PC (75/25) blends varies with the incorporation
of SMA. As seen in this figure, the blend un-
compatibilized with SMA has a coarse morphology
with domain sizes as large as about 2—4pm. It
seems that there is no adhesion between the ma-
¢rix and dispersed phase, as confirmed in-
compatibility of the two constituents.” In the ter-
nary blends compatibilized with SMA, the PC par-
ticles were dispersed in the PA-6 matrix as smail-
er spherical particles. For the PA-6/PC/SMA blend
system, the dispersed particles appeared to be es-
sentially spherical and were very small. The PC
particle size decreased with increasing the content
of SMA (Figure 11 (b)~(d)). It was evident that

Figure 11. SEM photographs of PA/PC ternary blends as a function of SMA content. (a) 0, {b) 5, (c) 10, (d) 15 phr.
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Figure 12. TEM photomicrographs of PA/PC ternary blends with 5phr SMA. (a) low magnification, (b)~(d) high mag-

nificatior.

SMA copolymer would affect the size of PC par-
ticle, which dispersed in the PA-6 matrix. Thus,
the PC particles compatibilized with SMA in ter-
nary blends appeared to be more deeply embedded
in the matrix. Graft copolymer formed by the reac-
tion of the anhydride with the polyamide end
groups at the interface, affects morphology by low-
ering the interfacial tension and by providing sta-
bilization against coalescence. In the solid state,
the chemical bonds undoubtedly strengthen the
weak interface,

For the close observation of each phase in
blends, several staining techniques have been in-
troduced to obtain clear TEM images. For the ter-
nary blends of PA-6, PC and SMA, RuO4 which is
a widely used staining agent for various polymers
including polyamide, polycarbonate and poly-
styrene was used for staining.® Figure 12(a)

Korea Polym. J., Vol. 4, No. 1, 1996

shows the morphology of PA-6/PC blend con-
taining 5 phr SMA, and Figures 12(b)~{(d)} show
PC particles observed with high magnification. It is
obvious that the separated phase at the phase bound-
ary of the uncompatibilized blends (Figure 11{a)},
disappeared due to the incorporation of SMA. As
shown in Figure 12(c)}, PC particles (average
diameter © 700 nm) were surrounded by the SMA
layers (average thickness : 2(~30 nm).

Figures 13(a) and (b) show the morphology of
the PA-6/PC ternary blends containing 15 phr
SMA. In high magnification, the small particles are
stained selectively. It indicates that SMA is dis-
persed in the PA-6 matrix and is also located at
the interface. The TEM photographs in Figures 12
and 13 clearly indicate the presence of SMA at the
interface region. Since SMA is partially miscible
with PC and MA group in SMA would react with
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(a)

Figure 13. TEM photomicrographs of PA/PC ternary
blends with 15phr SMA. (a) low magnification, (b) high
magnification.

the amine end group of PA-6, interface is an ex-
pected place where SMA might be located. On the
other hand, it appears that some of SMA is also
dispersed in the PA-6 matrix. It should be noted
that all of the SMA may not reside in the in-
terfacial region but may be dispersed in the matrix.
Increasing SMA content above 10 phr SMA is de-
trimental to the toughness. Factors that might con-
tribute to this trend are; an excess of brittle SMA
at the interfacial region, separated dispersion of
SMA in the PA-6 matrix, or subtle changes in dis-
persion. It becomes apparent that compatibilizer
used excessively is detrimental to the mechanical
properties of the blends.
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Conclusions

The yield stress of PA-6/SMA binary blends was
reduced due to the increase of SMA grafted with
polybutadiene rubber, while the elongation at break
was increased with the content of SMA. The blend
containing 15 phr SMA showed particularly in-
teresting feature: high elongation at break and im-
proved Izod impact strength were observed. The
SMA was dispersed as extremely fine particles in
the PA-6 matrix. This demonstrates that grafting
of PA-6 with SMA occurs during melt blending.
The most probable reaction may be the reaction
between the amine group and the maleic anhydride
units.

As SMA content was increased, a decrease in
yield stress, in elongation at break, and in Izod im-
pact strength of PC/SMA blends was observed.

Elongation at break of all the blends with SMA
was higher than that of the uncompatibilized blends,
which represents an improvement of interfacial
adhesion. Also, Izod impact strength of the ternary
blends was linearly increased until the blends con-
tains 10 phr SMA. Particularly, the optimum con-
tent of SMA is in the vicinity of 10 phr SMA was
observed. For PA-6/PC blends without SMA, the
domain sizes were very large and fractured sur-
faces were coarse. However, for the blends com-
patibilized with SMA, PC particles were dispersed
in the PA-6 matrix as small spherical particles and
embedded deeply in the matrix. The TEM pho-
tographs indicate that SMA mainly existed at the in-
terface region. It appeared that the spherical PC
particles dispersed in the blend of PA/PC/SMA,
were surrounded by the SMA. The SMA played a
role of a compatibilizer in the enhancement of
mechanical properties and mterfacial adhesion.
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