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ABSTRACT: Pressed films of blends of polystyrene (PS) with ethylene–propylene diene
monomer rubber (EPDM) or grafted copolymer of styrene (St) onto EPDM (EPDM-g-St)
rubber were examined by small-angle X-ray scattering (SAXS), and scanning electron
microscope (SEM). Small-angle X-ray scattering from the relation of phase was ana-
lyzed using Porod’s Law and led to value of interface layer on blends. The thickness of
interface layer (sb) had a maximum value at 50/50 (PS–EPDM-g-St) on blends. The
radius of gyration of dispersed phase (domain) and correlation distances ac in blends of
PS–EPDM-g-St were calculated using the data of SAXS. The morphology and structure
of blends were investigated by SEM. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70:
805–810, 1998
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INTRODUCTION

Immiscible blends are generally preferred over
miscible blends as one can take advantage of the
useful properties of each blend component. How-
ever, they quite often have poor mechanical prop-
erties, relative to their components, and unstable
morphology. Unfavorable interaction at the mo-
lecular level leads to large interfacial tension in
the melt and makes it difficult to disperse the
components during mixing. Two phases in the
blends of polystyrene (PS) with ethylene–pro-

pylene diene monomer rubber (EPDM) have been
incompatible.1 Unfavorable interaction also lead
to unstable morphology and poor interfacial ad-
hesion, which are the primary causes for the in-
ferior mechanical properties. These limitations
can be overcome by compatibilization using graft
copolymers that are postulated to act as interfa-
cial agents. Effective compatibilization is the key
to successful commercialization of blends of im-
miscible polymers. The graft copolymer can be
obtained by modification of macromolecules is
used. If one replaces EPDM with the graft co-
polymer EPDM-g-St on blends (PS–EPDM-g-St),
the compatible domain has been existed. The
properties of PS–EPDM-g-St blends have been
studied by Shaw et al.2–4 The compatibility of two
phases in blends of PS–EPDM-g-St has been
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studied by thermally stimulated current (TSC) in
our other article.1

In this article, the semicompatibility of two
phases in blends of PS–EPDM-g-St is examined
by small-angle X-ray scattering (SAXS), and the
interfacial layer thickness in blends is calculated
by Porod’s low; the radius of gyration (Rg) and the
correlation distance (ac) are calculated by SAXS
data in the blends.

EXPERIMENTAL

Materials

Polystyrene (PS) used in this work was an amor-
phous polymer with a molecular weight (Mn)
equal to 1.6 3 105 (density 5 1.05 g/cm3; a prod-
uct by Yanshan Petrochemical Company, Beijin,
China). EPDM rubber (Mooney viscosity, 45; (Mn)
5 2.0 3 105; density, 0.865 g/cm3; the ratio of
ethylene with propylene was 2 : 1; the content of
dicyclopentadiene is equal to 0.1%) was from Lan-
zhou Petrochemical Company, Lanzhou, China.

The synthesis of the graft copolymer of St onto
EPDM (EPDM-g-St) (grafting yields 32.6%) has
been fulfilled in our laboratory. The grafted prod-
uct is characterized by infrared (IR) spectroscopy,
nuclear magnetic resonance (NMR), and chemical
analysis in another article.5

Preparation of Blends

Binary PS–EPDM and PS–EPDM-g-St blends
have been prepared by melt mixing polymer in a
mixer apparatus (XXS-30 Mixer, China) at a tem-
perature of 180°C with a residence time of 10 min
at 30 rpm. The compositions of blends proposed
were 70/30, 60/40, 50/50, and 35/65 (v %/v %) PS
with either EPDM or EPDM-g-St for SEM tests.
For SALS tests, the composition of blends used
were 90/10, 70/30, 60/40, 50/50, and 40/60 PS with
EPDM-g-St and 90/10 PS with EPDM. The sam-
ple of blends contained only 70, 60, 50, and 40 v %
PS; 30, 40, 50, and 60 v % EPDM-g-St; 90 v % PS;
and 10 v% EPDM for SAXS tests.

Specimen Preparation

The premixed material is compression-molded to
get a slab of a definite thickness (1, 0.2, and 0.15
mm) at 180°C with a residence time of 5 min in a
common heated press (24.5 Mpa), and the slab is
quickly moved to a cool press with the residence
time of 10 min at room temperature and at 24.5

Mpa. A 1-mm thick slab is cut by a cutter in a 5
3 10 mm specimen on which the SAXS test was
run. The same slab, broken in liquid nitrogen,
was the one on which SEM tests are carried out.

Characterization

The compatibility of 2 phases in the blends was
studied by SAXS on a Rigaku D/max-rA and dy-
namic mechanical analysis (DMA) was studied on
a Rheovibron DDV-II. The morphology of fracture
surface on blends was observed by a HITACHI
X-650 scanning electron microscope (SEM).

RESULTS AND DISCUSSION

Small-Angle X-ray Scattering Studies

The variation in relative SAXS intensity with 2u
is shown in Figure 1 for blends of PS–EPDM
(90/10) and PS–EPDM-g-St. According to Porod’s
Law,6,7 the intensity in the tail of a diffraction
curve from a two-phase structure with interface
layer (compatible domain) in a four-slit system is
given by8

I~s! >
K
S3 exp@ 2 38~sbS!1.81# (1)

where I(s) is the intensity of scattering, S 5 2
sin u, and sb is interface layer thickness. A plot of
Ln[I(s) z S3] versus S1.81 is used, and these

Figure 1 The relation of SAXS intensity (I) with 2u
for blends of PS–EPDM (90/10) and PS–EPDM-g-St: (1)
PS–EPDM (90/10); (2) PS–EPDM-g-St (90/10); (3) PS–
EPDM-g-St (70/30); (4) PS–EPDM-g-St (60/40); (5) PS–
EPDM-g-St (50/50); (6) PS–EPDM-g-St (40/60).
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results are shown in Figure 2. The curve is flat-
tened when S increased because a sharp phase
boundary exists on the PS–EPDM blend. In other
curves, the tail of the curve leads to a reduction
when S increased and sb may be calculated by the
slope of the tail of curve; these results are listed in
Table I. The value of sb depends on the composi-
tion of blends, and it is maximum for PS(50)–
EPDM-g-St(50) blends. This result is of the same
as previous experimental results.8–10 In this sys-
tem of PS–EPDM-g-St, the branch chains of St on
the main chains of EPDM have been joined; as
such, the grafted points of St onto EPDM can be
regarded as compatible domain (interface layer)
in blends of PS–EPDM-g-St (Fig. 3).

We use a modification of the Debye–Bueche6,7

description of scattering from random heteroge-
neous media, which gives, for spherical symmet-
rical systems,

Is~u! 5 Kh2 E
0

`

r~r!
sin~hr!

hr r2 dr (2)

where h 5
4p

l
sin

u

2. If we regard the blend of

polymer as a solid solution, the size of dispersed
phase (domain) in the blend can be expressed
using the radius of gyration (Rg). The Rg of the
whole particles (dispersed phase) is given by8

Rg
2 5

E
0

`

r~r!r4 dr

2 E
0

`

r~r!r2 dr

(3)

Sin(hr) may be expanded as a power series in
equation (2), so we have

Is~u! 5 c E
0

`

r~r!
sin~hr!

hr r2 dr

5 cFE
0

`

r~r!r2 dr 2
h2

3! E
0

`

r~r!r4 dr 1 · · ·G

5 Is~0!31 2
h2

3!

E
0

`

r~r!r4 dr

E
0

`

r~r!r2 dr

1 · · ·4 (4)

Where equation (3) is substituted into equation
(4), one obtains

P~u! 5
Is~u!

Is~0!
5 1 2

Rg
2

3 h2 1 · · · (5)

A plot of P(u ) versus h2 is used, and the curve
leads to a straight line for small values of h. The

slope of line is equal to S2
Rg

2

3 D, and these results

Table I Interface Layer Thickness (sb)

Composition
(v %)

PS–EPDM
(90/10)

PS–EPDM-g-St

70/30 60/40 50/50 40/60

sb (nm) 0 2.68 4.73 4.78 3.35

Figure 2 Plot of ln[I(s) z S3] against S1.81 for
blends: (a) PS–EPDM (90/10); (b) PS–EPDM-g-St (70/
30); (c) PS–EPDM-g-St (60/40); (d) PS–EPDM-g-St (50/
50).
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are shown in Figure 4. Clearly, there is a mini-
mum of Rg for intermediate concentration of
blends of PS–EPDM-g-St (50/50), and a corre-
sponding value of sb is maximum. But the value
of Rg of PS–EPDM-g-St (60/40) is bigger, and this
result may be in close relationship with double
phases (Figure 6).

The r(r) in equation (2) is the correlation func-
tion. The r(r) is found by the inverse Fourier
transform of I(h). For systems not having a
clearly defined structure, r(r) often decreases
monotonically with r and may be represented by
empirical equation, such as

r~r! 5 exp~ 2 r/ac! (6)

where the parameter ac is known as the correla-
tion distance and defines the size of heterogene-
ity. It may be considered as an average wave-
length of the h( x) fluctuations where ^h2& is the
mean-square amplitude.8 If equation (6) is substi-
tuted into equation (2), one obtains

I~h! 5 K2^h2&avac
3@1 1 h2ac

2# 2 2 (7)

Upon rearrangement, this gives

I~h! 2 1/2 5 @K2^h2&avac
3# 2 1/2@1 1 h2ac

2# (8)

Consequently, a plot of I(h) 2 1/ 2 against h2

should lead to a straight line having a ratio of
slope to intercept of ac. Figure 5 shows that the
value of ac is calculated and it is related to com-
position of blends. The variation of ac is the same
as Rg. The dimensions of variation for ^h2& are a
bigger near the phase inversion region.

Scanning Electron Microscopy Studies

The overall morphology of blends is investigated
on surface of specimens broken in liquid nitrogen,
and the rubber (EPDM) phase in the fractured
surface has been etched in n-heptane. SEM mi-
crographs of cryogenically fractured surfaces of
PS–EPDM and PS–EPDM-g-St blends are shown
in Figure 6. As can be seen, such the blend exhib-
its a hole-like morphology, distributed unevenly
throughout the whole sample for blends PS–
EPDM; the hole is bigger, and the size of each
phases is great. This is a homogeneous distrib-
uted for two-phase in blends of PS–EPDM-g-St,
and the size of each phases is a smaller. The
characterization of near-double phases has been
shown in blends from compositions of 60/40 (PS–
EPDM-g-St) to 50/50. PS is dispersed phase at a

Figure 3 The model of the phase structure in the
blends.

Figure 4 The relation of Rg with composition in
blends of PS–EPDM-g-St.

Figure 5 The relation of ac with composition in the
blends of PS–EPDM-g-St.
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Figure 6 SEM micrographs of blends.
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composition of 35/65, then it is a spherical for the
PS phase. The phase inversion may be occurred at
50/50 to 35/65 (PS–EPDM-g-St). The results are
shown because of the existence of the interface
layer on PS–EPDM-g-St, but the interface layer
on PS–EPDM does not exist.

CONCLUSION

The immiscibility of the polymer blends of PS
with EPDM is proved by SAXS. The semi-misci-
bility of blends of PS with EPDM-g-St is shown by
SAXS and the interface layer thickness (sb) is
calculated, which depends upon the concentration
of blends.

The Rg of dispersed phase in blends of PS–
EPDM-g-St is calculated by SALS, which depends
upon the concentration of blends. A minimum
value of Rg corresponds to the value of sb maxi-
mum. The fluctuations of Rg after the concentra-
tion of PS–EPDM-g-St (60/40) occurred, which
may be near the phase inversion region in blends.

The variation of ac is the same as Rg, and the
variation of dimension for ^h2& is a bigger as the
near-phase inversion region in blends.

The homogeneity of system for PS–EPDM-g-St
blend has been proved by SEM. The size of phase
in PS–EPDM-g-St is smaller than it is on blends
of PS–EPDM.
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