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ABSTRACT: Blends of poly(vinyl chloride) (PVC) and acrylonitrile–chlorinated polyeth-
ylene–styrene (ACS) graft copolymer were prepared by melt blending. Mechanical
properties were studied by the use of dynamic mechanical analysis (DMA), impact
tests, tensile tests, and scanning electron microscopy (SEM). The DMA study showed
that PVC is immiscible with chlorinated polyethylene in ACS but partially miscible with
poly(styrene-co-acrylonitrile) (25% acrylonitrile content) in ACS. Mechanical property
tests showed that there is a significant increase in the impact strength while other
good mechanical properties of PVC such as high modulus and high strength remain.
SEM observations supported the results of the mechanical properties studies. q 1997
John Wiley & Sons, Inc. J Appl Polym Sci 64: 399–405, 1997
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INTRODUCTION rubber and the tensile strength and heat stabil-
ity of the styrene–acrylonitrile copolymer
(SAN) matrix, 13–15 which are also imparted inDuring the past decades, considerable attention
PVC/ABS blends. PVC/ABS blends have beenhas been devoted to the modification of poly(vi-
shown to have a significant increase in impactnyl chloride) (PVC) , including plasticization,
strength and heat distortion temperature.9–11

enhancement of impact strength, increase of
Acrylonitrile–chlorinated polyethylene–sty-heat distortion temperature, and improvement

rene copolymer (ACS) is a graft copolymer whichof processibility.1–5 Usually, improvement of the
is very similar to ABS, and hence, it is expected toimpact strength of rigid PVC can be reached by
be an impact modifier of PVC. In ACS, the rubberythe addition of polymeric modifiers such as chlo-
phase is made of chlorinated polyethylene, whichrinated polyethylene (CPE) , 6 ethylene–vinyl
constitutes the main polymer chain; the glassyacetate copolymers, 7 nitrile rubbers, 8 and acry-
phase is made of styrene and acrylonitrile, whichlonitrile–butadiene–styrene copolymer (ABS)
graft onto chlorinated polyethylene. Furthermore,or methylmethacrylate–butadiene–styrene co-
ACS enjoys good weather resistance, becausepolymer (MBS) .9–12 Of these impact modifiers,
there is no unsaturated link in its chains, andABS has received special attention because it
good fire resistance, because it contains CPE. Thecombines the impact strength of polybutadiene
corrosion resistance of ACS is also superior to that
of ABS. Thus, compared with ABS, the use of ACS
as an impact modifier of PVC may have severalCorrespondence to: Q. Guo.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/020399-07 significant advantages. Actually, some patents

399

3944/ 8e84$$3944 03-03-97 22:34:35 polaa W: Poly Applied



400 ZHONG ET AL.

have involved the blends of ACS with PVC.16,17 Dynamic Mechanical Measurements
However, to our knowledge, no systematical in-

Dynamic mechanical measurements were carriedvestigation concerning miscibility and morphol-
out on a Rheovibron Model DDV-III-EA dynamicogy, as well as the properties of the PVC/ACS
viscoelastometer (Toyo Baldwin Co., Japan). Theblends, has been reported in the literature.
frequency used was 35 Hz, and the heating rateIn a previous article,18 we reported the results
was 3.07C/min. The specimen dimension was 6.0of our investigation on the miscibility, phase be- 1 0.4 1 0.2 cm3.havior, and thermal stability of PVC/ACS blends.

By means of differential scanning calorimetry
(DSC) and thermogravimetric analysis, we found Izod Impact Tests
that PVC is immiscible with CPE in ACS, whereas

Notched Izod impact tests was done on an AFS/it is partially miscible with SAN in ACS. The
MK3-654S/000 Izod impact tester (CEAST Co.,PVC/ACS blends exhibit a three-phase structure,
Germany) at 207C, according to ASTM D256 stan-and ACS can significantly improve the thermal
dard. A minimum of five specimens with a notchedstability of PVC. In this article, we present further
angle of 457 were tested in all cases.the results of our research on the mechanical

properties of the PVC/ACS blends.
Tensile Tests

Tensile tests were carried out on an AG-5000A
testing machine at 207C. Standard dumbbell spec-EXPERIMENTAL
imens (ASTM D638) with 2.5 1 0.6 1 0.4 cm3

neck were used. A minimum of five specimens
Materials and Preparation of Blends were tested in all cases. The crosshead speed was

5 mm/min, corresponding to a relative strain rateThe PVC resin (PVC S-700) was purchased from
of 0.2/min.Qilu Petrochemical Co., Zipou, Shandong, China;

it had an average degree of polymerization of
650–750. The ACS, with a melting index of 0.88 Morphological Observation
g/min (1907C, 10.8 kg), was provided by Anhui

To investigate the morphology of PVC/ACSResearch Institute of Chemical Technology, Hefei,
blends, the specimens were fractured under cryo-Anhui, China. The styrene/acrylonitrile (St/AN)
genic conditions with liquid nitrogen. A Hitachiin the ACS was 3/1 in terms of weight ratio, i.e.,
X-60 scanning electron microscope (SEM) wasthe SAN in the ACS had 25 wt % AN content. The
used for observation, before which, the surfacesACS was prepared by grafting St and AN onto
were coated with thin layers of gold of 200 Å.CPE, and the content of CPE in the ACS was 27 wt

%. The CPE was obtained from Wuhu Chemicals
Factory, Anhui, China; it was rubbery type and

RESULTS AND DISCUSSIONhad 36 wt % chlorine content. Tribasic lead sulfate
and dibasic lead stearate, supplied by Wenzhou

Dynamic Mechanical PropertiesPlastics Additives Factory, Wenzhou, Zhejiang,
China, were used as heat stabilizers for PVC. Pure PVC

The PVC/ACS blends were prepared by melt
mixing. The preweighed mixtures of PVC and The dynamic mechanical properties of PVC have

been studied intensively, and a general reviewACS, together with stabilizers, were first mixed
in a high-speed mixer for 30 min at room tempera- has been made in references 19–23. Our results,

shown in Figure 1, are similar to those that haveture and then milled for 5 min on a two-roll mill
at 1607C. The samples thus obtained were molded been reported in the literature. The loss modulus

(E 9 ) versus temperature (T ) curve exhibits twointo sheets (about 4 mm thick) with a hot press
molding machine at 1707C and 100 atm for 5 min. relaxation peaks. The low-temperature b-relax-

ation peak is at050Ç 07C, and the high-tempera-The blend compositions studied were 100/0, 80/
20, 60/40, 40/60, 20/80, and 0/100 PVC/ACS in ture a-relaxation peak is at ca. 1097C. Because

the storage modulus (E * ) decreases sharply at ca.terms of weight ratio. In order to prevent possible
degradation, 1.5 wt % stabilizers were added to 1097C, indicating that the material becomes soft

at that temperature, the a-relaxation was attrib-the blends.
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five well-defined relaxation peaks at about 136,
70, 011, 050, and 01107C, denoted by a-, b-, g-,
d-, and e-relaxations, respectively. It can be seen
that the a-relaxation and g-relaxation are very
sharp and are due to micro-Brownian motion of
the polymer chains. They correspond to the glass-
rubber transition of CPE and SAN in ACS, respec-
tively. For b-, d-, and e-relaxation, their origins
are not known at present, and a detailed study is
in progress.

The Blends

Figure 3 illustrates the temperature dependence
of E 9 for the PVC/ACS blends. The E 9 versus T
curves of all of the blends show a sharp relaxation
peak at about 0117C. With an increase of ACS
content, this relaxation peak becomes sharper
and sharper; however, its location remains almost

Figure 1 Dynamic viscoelastic properties of PVC: (l ) unchanged. This relaxation peak is due to the a-
storage modulus E *, (s ) loss modulus E 9. relaxation (glass transition) of the CPE compo-

nent in the blends, which overlaps with the b-
relaxation peak of PVC. From Figure 3, it can alsouted to the transition from the glassy to the visco-
be seen that blending with ACS suppresses theelastic state. The low-temperature b-relaxation
b-relaxation of PVC and enhances the a-relax-peak was attributed to a twisting motion of a
ation of CPE, in particular, when the content ofchain segment about its long axis, i.e., segment
ACS is more than 20 wt %. This may be the reasonflipping, by Havriliak and Shortridge.22

for the sharp increase of the impact strength of
the blends beyond 20 wt % ACS, as discussed be-Pure ACS

The dynamic mechanical properties of ACS are
shown in Figure 2. The E 9 versus T curve shows

Figure 3 Temperature dependence of loss modulus
E 9 of PVC/ACS blends. PVC/ACS: (/ ) 100/0, (, ) 80/Figure 2 Dynamic viscoelastic properties of ACS: (l )

storage modulus E *, (s ) loss modulus E 9. 20, (l ) 60/40, (h ) 40/60, (m ) 20/80, (s ) 0/100.
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Table II Mechanical Properties of the PVC/Table I Glass Transition Temperature
of the PVC/ACS Blends ACS Blends

ImpactTg (7C)
Strength E sy sb eb

PVC/ACS (J/m) (GPa) (MPa) (MPa) (%)CPE PVC-Rich SAN-Rich
PVC/ACS Phase Phase Phase

100/0 31.8 2.37 56.5 47.8 125.0
80/20 32.3 2.25 50.0 33.6 144.0100/0 109.0

80/20 010.9 112.1 124.1 60/40 94.6 2.12 48.7 31.0 80.0
40/60 190.8 2.02 46.1 28.3 20.060/40 010.8 115.0 127.1

40/60 010.9 118.0 130.1 20/80 233.5 1.74 36.8 24.9 60.0
0/100 237.8 1.49 29.3 21.6 46.720/80 010.9 118.1 133.0

0/100 010.8 136.0

phase is independent of the blend composition,
whereas the Tg of the PVC-rich phase increaseslow. Above 807C, the E 9 versus T curves exhibit
with an increase of ACS content and, hence, SANtwo relaxation peaks. The low-temperature relax-
content; the Tg of the SAN-rich phase decreasesation peak shifts to high temperature and its
with an increase of PVC content. These resultsheight decreases with increasing ACS content in
are consistent with our previous DSC study onthe blend, whereas the high-temperature relax-
this system18 and suggest that PVC is immiscibleation peak shifts to low temperature and its
with CPE in ACS but is partially miscible withheight decreases with decreasing ACS content in
SAN in ACS; also, the PVC/ACS blends exhibit athe blend. The low-temperature relaxation peak
three-phase structure: the CPE phase, the PVC-corresponds to the glass transition of the PVC-
rich phase, and the SAN-rich phase.rich phase, and the high-temperature relaxation

peak is due to the glass transition of the SAN-
Izod Impact Strengthrich phase. The Tg data obtained from Figure 3

are listed in Table I and are plotted in Figure 4 The incorporation of ACS in PVC results in a con-
as a function of blend composition. From Figure siderable increase in notched Izod impact
4, it can be seen clearly that the Tg of the CPE

Figure 5 Composition dependence of Izod impact
strength at room temperature (207C) for PVC/ACSFigure 4 Glass transition temperatures of PVC/ACS

blends. blends.
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ACS content, and there is a sharp change in the
range of 20–40 wt % ACS. Therefore, the impact
strength increases greatly beyond 20 wt % ACS.
The interaction between the phases in the PVC/
ACS blends may also contribute to the improve-
ment of the impact strength of the blends, and
this will be seen further by SEM observation.

Tensile Properties

The common stress–strain behavior was obtained
for PVC, ACS, and their blends. The obvious yield
and neck formation are observed on the stress-
strain curve, which shows that PVC, ACS, and
their blends are ductile materials at the strain
rate of 0.2/min and room temperature (207C).
Young’s moduli (E ) of PVC, ACS, and their blends
were calculated from the initial slopes of the
stress-strain curves (Table II) . In Figure 6, the
Young’s modulus is plotted against the blend com-
position. It can be seen, first, that the Young’s

Figure 6 Dependence of Young’s modulus at room modulus decreases with increasing ACS content
temperature (207C) on composition for PVC/ACS in the blends, which is due to the lower modulus of
blends. ACS. Second, the Young’s modulus shows positive

deviations from simple additivity over the entire
composition range. These positive deviations sug-strength over that of pure PVC (Fig. 5 and Table
gest that there is enough interaction between theII) . It can be seen from Figure 5 that the impact
components to retard its internal mobility sig-strength increases monotonically with increasing
nificantly.24–27ACS content in the blend, and the variation of

the impact strength on composition exhibits an S-
shape. The impact strength remains almost con-
stant with ACS content up to 20 wt % in the blend;
then, it begins to increase greatly with increasing
ACS content. However, the impact strength re-
mains essentially invariant when the content of
ACS is beyond 80 wt %. It is interesting to point
out that the macroscopic fractured surface of the
impact specimen was smooth for pure PVC. How-
ever, the fractured surface became more and more
coarse with the addition of ACS content in the
blend, and some characteristics of ductile fracture
clearly appeared at high ACS content.

In ACS, CPE rubber constitutes the main poly-
meric chain to which St and AN are grafted. The
CPE contributes to the toughness of the materi-
als, which is similar to the PVC/ABS case.11 With
increasing ACS content, the CPE content in the
blend also increases and the blends will have
more rubbery CPE dispersed in the rigid and
glassy matrix. Thus, the impact strength of the
blends improves with the incorporation of ACS.
As we have mentioned above, the a-relaxation of Figure 7 Composition dependence of strength at
CPE, which is below zero temperature, becomes room temperature (207C) for PVC/ACS blends: (s )

stress at yield, (l ) stress at break.more and more significant with the increase of
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The properties at high deformation are summa-
rized in Table II and illustrated in Figures 7 and 8
by the stress at yield (sy), the stress at break (sb),
and the elongation at break (eb). In Figure 7, the
open circles represent stress at yield and the solid
circles represent stress at break. From Figure 7, it
can be seen that, first, the stress at yield is greater
than the stress at break for the specimens with the
same composition. Second, when ACS was incorpo-
rated in PVC, there is a decrease in both stress at
yield and stress at break, attributing to the rela-
tively poor mechanical properties of ACS (Table II).
Third, the curve of the stress at yield versus the
blend composition shows essentially positive devia-
tions from simple additivity, except for the 80/20
PVC/ACS blend, for which the yield stress falls be-
low the corresponding weight-average value. The
essentially positive deviations indicate that there is
enough interaction between the components. How-
ever, the curve of the stress at break versus the
blend composition exhibits negative deviations from
the simple additivity. This is because yield occurred
at relatively low strain and was dominated by the
continuous phase, whereas fracture occurred at
high strain and was considered to be flaw controlled.

It is interesting to see that the elongation at
break exhibits a very complicated shape (Fig. 8).
At some blend compositions, the elongation at
break exceeds the corresponding weight-average

Figure 9 Scanning electron micrographs of fractured
surfaces of (a) 80/20 and (b) 20/80 PVC/ACS blends.

value, whereas it falls below at other blend compo-
sitions. Similar results were observed in chlori-
nated polyether/poly(vinyl acetate) blends.28 The
elongation at break reflects, to some extent, the
mobility of macromolecular chains. The extremely
large elongation at break of the 80/20 PVC/ACS
blend, which is even larger than that of both pure
components, perhaps indicates the high mobility
of macromolecular chains in this blend.

Morphology

Scanning electron microscopy (SEM) studies
were carried out to support the results obtained
by studying the mechanical properties of PVC/Figure 8 Composition dependence of elongation at
ACS blends. The specimens were fractured underbreak at room temperature (207C) for PVC/ACS

blends. cryogenic conditions with liquid nitrogen. The
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