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ABSTRACT: In this article, we introduce a new method,
Mie scattering, for investigating the dependence of the mor-
phology of polypropylene (PP)/polystyrene (PS) blends on
the composition and mixing time. The size and correspond-
ing distribution of the particles were also deduced on the
basis of the Mie scattering theory. To confirm the effective-
ness of this new method for morphology studies, scanning
electron microscopy (SEM) was employed to study the
morphology development as a function of the blend compo-
sition and mixing time; furthermore, the results by Mie
scattering were compared with those by SEM analysis. The

results by Mie scattering were similar to those by SEM, and
this indicated that Mie scattering is an effective method for
describing the morphology development of polymer blends.
The main purpose of this article is simply to report this new
method; in another article of this series, the application of
this method in investigations of the compatibilization of
PP/PS blends will be reported. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 1933-1939, 2010
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INTRODUCTION

Because the morphology development of polymer
blends has a significant influence on their mechani-
cal properties, the mechanism of morphology
development has attracted much interest from both
academic and commercial institutions. During the
past few decades, many research groups have car-
ried out corresponding studies to gain a better
understanding of morphology development, and
good results have been found."® Favis'' studied the
mixing process using an intermittent mixer and
found that the change in the phase morphology
occurred mainly within the first 2 min. Scott and
Macosko’ investigated the phase transformation in
the initial stage of the blending process using an
intermittent mixer, a single-screw extruder, and a
twin-screw extruder and obtained similar results. To
observe the phase formation and evolution with
time, Shih' opened a window on the mixer and
observed the macroscopic structural changes with a
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video, which cannot be used to study the
microscopic structure of the phase morphology. Zou
et al.”® examined the phase evolution of polystyrene
(PS)/poly(cis-butadiene) rubber by sampling during
melting and mixing and determined the changing
regulations of the dispersed phase.

It is well known that when two immiscible/
incompatible polymers are blended, one phase will
mechanically disperse into the other and form the
dispersed phase, whereas the other will become the
continuous phase. In general, the domain size of the
minor phase depends greatly on the composition,
the viscoelasticity of the constituent components, the
shear stress/rate, and the interfacial tension between
phases. Therefore, the phase morphology can be
controlled by the adjustments of processing condi-
tions (e.g., the mixing temperature and the rotor
speed) and the miscibility between phases by the
introduction of a suitably chosen copolymer.

In most past studies, scanning electron microscopy
(SEM) and related image analysis technology have
been widely employed for the following reasons. For
a multiphase polymer, the microimage of the phase
morphology represents the spatial distribution and
temporal evolution of parameters such as the con-
centration and tropism; furthermore, the formation
and selection of the pattern correspond to the phase
formation and evolution of polymer blends, respec-
tively. Therefore, the analysis of SEM images is an
effective way to study the phase formation and
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evolution during the mixing process. Unfortunately,
SEM is not a very convenient way because one must
spend much time processing the SEM images,
extracting effective information from the images,
and calculating the structural parameters. In this
case, many other technologies, such as small-angle
light scattering, have been developed and applied
with or without the combination of SEM. Because
very systematic and precise light-scattering theories
have been developed, it is effective to study blend
structures by means of small-angle light scattering.
In past studies, Rayleigh light scattering has been
used to investigate the morphology development of
various polymer blends, and better results have
been obtained. In comparison with the Rayleigh
theory, Mie scattering, which can also be used to
describe blend structures, has been rarely used.
Therefore, in this article, a new method, that is, Mie
scattering, is introduced and applied to the study of
the composition/mixing time dependence of the
phase morphology of polypropylene (PP)/PS blends
during mixing; we are aiming to provide a new
method for studying the morphology of polymer
blends.

EXPERIMENTAL
Materials

The basic materials used in this study were commer-
cial-grade PP (1300) with a density of 0.91 g/ cm®, a
weight-average molecular weight of 50 x
10° g/mol, and a melting temperature of 178°C and
a commercial-grade PS (666D) with a density of
1.05 g/ cm3, a weight-average molecular weight of
5.8 x 10° g/mol, and a glass-transition temperature
of 111°C. All these materials were supplied by
Beijing Yanshan Petrochemical (Beijing, China).

Blend preparation

PP and PS were blended in a batch internal
mixer with a rotor diameter of 35 mm (XXS-300
torque rheometer, KeChuang Machinery, Shanghai,
China). Before processing, all materials were dried
for 8-10 h in wvacuo at 70°C. To investigate the
composition dependence of the domain size of the
dispersed phase, PP and PS were blended in dif-
ferent weight ratios at 190°C and at a rotor speed
of 32 rpm. The compositions of the PP/PS blends
used in this study ranged from 10/90 to 90/10.
Furthermore, the effect of the mixing time on the
morphology was also studied, and for this
purpose, samples were taken out of the mixer at
different mixing times and were immediately
quenched in liquid nitrogen to freeze the original
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structure for observation in a scanning electron
microscope.

Morphological characterization

A scanning electron microscope (XL30, Philips, Am-
sterdam, Netherland) operated at an accelerating
voltage of 20 kV was used to examine the fracture
surface morphology of the blends. The preblended
samples were broken in liquid nitrogen, and the
fracture surface was covered with gold for observa-
tion in the microscope. To make sure that the origi-
nal structure of the blends was intact, the surface
was not etched.

The morphology was quantified with special soft-
ware. On each SEM image, the contour and mass
center of each domain were detected; each domain
was scanned by straight lines going through the
mass center from different directions; and the span
from one side of a domain to the other, which is
defined as diameter d, in this article, was noted by a
computer. Consequently, the average size of the
domains could be calculated by the averaging of
these d, values with eq. (1):

>0 midy);
>0

where (dg),, is the average diameter, with m being
“mean”, and n; is the number of particles with diam-
eter (d);).

To obtain more reliable data, about 500 domains
were considered to calculate these structural pa-
rameters for each sample. Because the quality and
resolution of SEM images are strongly affected by
the thickness of the plated gold, the sputter time
was strictly controlled to be the same for each
sample.

(dg)m = (1)

Small angle light back scattering (SALBS) analysis

The whole mixing process was also investigated
with a backscattering apparatus constructed at Tian-
jin University (Tianjin, China). Figure 1 presents a
schematic representation of the apparatus. The
SALBS apparatus consisted of eight parts. A He-Ne
laser was used as an incident light source [wave
length (Ap) = 6328 A]. The parallel beam was fil-
tered by a filter to change the intensity of the inci-
dent light. The polarization direction of the laser
beam could be varied by the rotation of a polarizer.
The incident beam was reflected by a half-reflecting
and half-transmitting mirror and irradiated the sam-
ple. The backscattered light from the sample was
passed through the mirror, optical system, and
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Figure 1 Schematic representation of the light-scattering
system (L = He-Ne laser; P; = polarizer; M = half-
reflecting and half-transmitting mirror; O = optical
system; CCD = charged coupling device).

polarization analyzer and was detected by a charged
coupling device connected to a computer. The opti-
cal system was specially designed not to broaden
the laser beam. Thus, the reflected element
depended only on the diameter of the laser beam,
which covered a small angle (<0.5°).

Mie scattering theory

According to the Mie scattering theory,”! when an
incident beam of wavelength A reaches a spherical
domain with diameter D, the scattering of radiation
by the spherical domain is related to the incident
beam as follows:

A2 A\ i+ o
= 71 ] ] = —_— I
8n2r? (i1 +12) (2717) 072

where [ is the intensity of the scattering beam and k
is the wave number (k = 2rn/}), Iy is the intensity of
the incident beam, and r is the scattering distance
between the domain and a receiver on which the
scattering image is displayed. i; and i, are the inten-
sities of the beams that vibrate perpendicularly and
parallel to the plane determined by the scattering
and incident beams, respectively:

i+
2k

Iy (2)

i = [S1(0)]%, 12 = |S2(0)[? 3)
$1(0) = 0_01 éﬁi) (85 (c08 0) + buta(cos 0)] - (4a)
S2(0) = i 2( i 1) [bTts(cos 8) + a,u(cos 0)]  (4b)

where S;, S, are the scattering vectors which are per-
pendicular and parallel to the plane determined by
the scattering and incident beams, respectively; 0 is
the angle between the direction of the incident and
scattered radiation (scattering angle). Coefficients a,,
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b,, m, and 71, can be theoretically obtained as
follows:

"= /(< AR ﬂﬁiié“ff o
- .

where
0@ = () 1 (62)
6@ = (Z)H2e) (6b)

Jns14(z) and H(,lzil/z(z) are the first Bessel function and
second Hanker function, respectively, and {/,(z) and
{'.(z) are the first derivatives of \,(z) and {,(z),
respectively. In eq. (4), m, and 7, are determined
only by the scattering angle as follows:

dp, 0
. (cos 0) = 51%13;( cos ) = % (7a)
T,(cos 0) = iP’ (cos 0) (7b)

ae "

where 1, and 1, are the Riccati and Bessel functions,
respectively; P',, is the first derivative of the Legen-
dre function P',; and x = ka and y = mka (m is the
refraction index, and a is the radius of the scattering
domains).

If we define & as cos 0, eq. (7) can be transformed
into the following:

= 25 P4(0) ©)

Because

1 1

Ple) = (1- az)id%ma) —(1-&)r,  (10)

dae

de = —(1— )7 de

"~ sin 6

we can obtain

Ty = &my — (1 - éz)nn (11)

The recurrence relationship of the Legendre
function is*
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Paa(®) = 2RO - P a®) (122)
P:1+1 (é) - P;—l(é) = (27’1 + 1)P11(E:3) (12b)

(€% = 1P, (E) = nEPu() —nPya(8)  (12¢)

nPy (&) = EP, () — P4 (&) (12d)

Combining egs. (8) and (9) and eq. (12), we can
obtain

2n—1 n o =0
Ty = n_1 E_;Ttnfl - mn(n—2) =1 (13&)
Ty = nEMy — (1’1 + 1)7'5(1171) (13b)

From eq. (5), as long as the recurrence functions of
V,(z) and (,(z) are obtained, a, and b, can be easily
obtained. Generally, both the Bessel and Hanker
functions comply with the following recurrence
relationship:**

Yuir(2) = 2,(2) ~ Yar(2) (142)

qu (Z) = [Ynfl (Z) — Y (Z)] (14b)

N —

Substituting eq. (14) into eq. (6), we can obtain the
following group of functions:

\|In(z) = 2n;1 \|!n71 (Z) - \IJVHZ(Z)
Z) = %Cn—l(z) - Cn—Z(Z)
\|/n Z) = \Ijnfl (Z) - g\lln(z)
C;(Z) = anl (Z) - gCn(z)

Vp(z) = sinz

Yy (z) = ;sinz — cosz

Co(z) =sinz +icosz

Gy (z) =1(sinz +icosz) — (cosz —isinz)
= (z) +i(“2=2 + sinz)

gx
=
—~

and

(15)

—

With the aforementioned function group, \,(a),
(), Vr,(ma), (,(a), and ',(a) can be calculated, and
a, and b, can be further obtained.

Determination of the domain size and distribution

For scattering units with a periodic structure, spino-
dal rings always can be observed on the scattering
image, and the relationship between the periodic
structure and the scattering vector always complies
with the following:

A (t) = 21thgy,(t) (16)

where A, (t) is the periodic dimension and hg,(t) is
the scattering vector at which the peak of the scatter-
ing intensity (the spinodal ring) appears. If there are

Journal of Applied Polymer Science DOI 10.1002/app

LI ET AL.

several periodic structures, the same number of
spinodal rings appears on the scattering image; that
is, the spinodal ring has a one-by-one relationship
with the periodic structure. From the scattering
image, hgy(t) can be easily obtained, and then A,,(f)
or domain diameter d; can be calculated with egs.
(17) and (18), in which ¢, is the domain number
with diameter d;:

Aw(t) = 2mhg,, (1) (17)
3Mulb)
R TrEr Yy 1o

For a system in which the minor phase is dis-
persed in the form of domains of different sizes, the
Mie scattering theory can be applied to determine
the polydispersity of the phase dimension. If we
take into account that the scattering intensities by
different domains are not correlated, the total
scattering intensity at scattering angle 0y is

1(00) = Y _ Nil(d;, 0) (19)

where I(d;0;) is the scattering intensity by a single
domain of d; and N; is the corresponding number
of domain i. Similarly, the relative domain number
with specific size d; can be calculated by the reso-
lution of a linear function group as long as the
domain size and scattering intensity at 6, are
determined.

RESULTS AND DISCUSSION

SEM images of PP/PS with different compositions at
10 min are shown in Figure 2. Because of the poor
cohesion between PP and PS, domains of the dis-
persed phase were completely pooled out, leaving
cavities or balloons dispersed in the matrix when
broken. For a lower concentration of the dispersed
phase, the typical domain dispersion morphology
could be observed; that is, PP or PS was distributed
in the matrix in the form of spherical domains, one
forming the dispersed phase and the other forming
the continuous phase. Qualitatively, the phase
dimension became large with the concentration of
the dispersed phase and formed a special cocontinu-
ous structure, which is described in detail by digital
image analysis (DIA) and Mie scattering theory
later.

Furthermore, we can observe that, when PP was
the dispersed phase, a cocontinuous structure
appeared early even in blends in which the concen-
tration of PP was only 30 wt %. However, the occur-
rence of a cocontinuous structure was prolonged



MIE LIGHT SCATTERING AND PP/PS BLENDS. I

1937

(7) PP/PS=80/20
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Figure 2 SEM images of PP/PS with different compositions at 10 min.

until the concentration of the dispersed phase was
50% when PS acted as the dispersed phase. This
interesting result might have resulted from the dif-
ferences in the physical properties of PP and PS,
especially the melt viscosity.

To study the relationship between the blend com-
position and the corresponding morphology quanti-
tatively, DIA and Mie scattering were used in this
study. In Figure 3, the domain diameters for differ-
ent compositions are shown. The domain size of the
dispersed phase increased with the concentration of
the dispersed phase, and furthermore, more attention
should be paid to the fact that the increase in the do-
main size was not very apparent when the volume
fraction of PS was lower than 20%; only when the
fraction of PS was higher than 20% did the domain
size increase rapidly because of the dynamic coales-
cence between different domains. In this study, simi-
lar results were obtained for different blends, and
these results could be ascribed to the adequate space
that could be used to accommodate new domains
resulting from the addition of a concentration of the
dispersed phase. However, the further addition of
the dispersed phase fully took up all the space and
led to coalescence between domains, leading to a
rapid increase in the domain size.

As mentioned previously, between 30% and 50%
PP, the PP/PS blends showed a continuous struc-

ture, and this can also be supported by the results
from DIA. Unfortunately, the results of Mie scatter-
ing tell us that the PP/PS blends still had a domain-
dispersion morphology and corresponding structural
parameter; for example, the domain diameter could
be easily obtained, and this is not the truth. There-
fore, it is not appropriate to apply the Mie scattering
theory to determine the cocontinuous region. Fur-
thermore, as we can observe, there is much
difference between the results from SEM digital
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Figure 3 Domain diameters for different compositions.
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Figure 4 Bar diagrams of the size distributions for differ-
ent blend compositions by (a) SEM and (b) Mie scattering.

analysis and Mie scattering: the values by SEM were
larger than those by Mie scattering. We believe that
this difference mainly resulted from unavoidable
coalescence when the mixer window was opened
after the machine was stopped; that is, there was a
longer time between the stopping of the machine
and the quench hardening of the samples in liquid
nitrogen, during which the dispersed domain had a
higher coalescence efficiency resulting from the
smaller domain size and higher interfacial tension.
Consequently, adjacent smaller domains coalesced
with one another to form larger ones. For this rea-
son, the domain size from SEM was larger than that
from Mie scattering. Furthermore, there might be
other reasons for this difference, such as the limita-
tions of the Mie theory and calculation variations.
Detailed research has recently been carried out by
our group to provide a better explanation, but
unfortunately, no further information has been
obtained yet.

In Figure 4, bar diagrams of the size distributions
for different blend compositions are shown. As the
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concentration of the dispersed phase increased, the
domain size distribution became poor, and this was
accompanied by an increase in the domain size,
which agreed with the SEM images. Actually, with
an increase in the concentration of the minor phase,
the number of smaller domains and the collision
probability increased, and this led to coalescence
between smaller domains. According to the dynamic
equilibrium between breaking and coalescence, the
domains should have had a regular spherical shape
even when the concentration of the dispersed phase
was higher; however, an apparent percolation struc-
ture appeared for 30% PP (see Fig. 2). This might be
due to the extra domain number. If we suppose that
under dynamic equilibrium most domains have a
regular shape, a temporary percolation structure will
form when two domains collide with each other;
unfortunately, this percolation will be quickly bro-
ken by the strong shear stress into two smaller
domains, and so these two new domains will collide
again with others because of the extra domain num-
ber and the consequently high collision probability.
This interesting circulation will be continuous
throughout the whole mixing process, and conse-
quently, the percolation structure will exist all the
time. Furthermore, the size distribution by Mie scat-
tering was similar to that by SEM, and this indicates
that Mie scattering is effective for describing the size
and distribution of polymer bends; for this reason,
we studied the relationship between the mixing time
and blend structure to confirm the validity of Mie
scattering in studies related to polymer structure.
Variations of the domain size as a function of the
mixing time are shown in Figure 5. As expected, the
domain size decreased in the initial stage. This indi-
cates that the breakup of the dispersed domains was
predominant initially. In the late stage, with an
increase in coalescence arising from forced collisions

* PPIPS=10/80
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Figure 5 Variation of the domain size by the Mie theory
as a function of the mixing time.
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Figure 6 Bar diagram of the diameter distribution at dif-
ferent mixing times by Mie scattering.

of the dispersed domains during mixing, the domain
size leveled off, and the segregation of domains pro-
duced a mixture of domains of different sizes. The
dynamic equilibrium of the breakup and coalescence
finally led to a relatively steady-state domain size
and distribution. In comparison with the situation in
the initial stage, the domain size was relatively
uniform as the mixing proceeded. In Figure 6, a bar
diagram of the size distribution is shown. It is
obvious that the distribution width decreased rap-
idly initially and then leveled off. This variation was
similar to that of size, and this means that the
breakup of the dispersed domains led to not only a
small domain size but also a more uniform distribu-
tion of sizes. On the whole, this result is similar to
the results of our previous study;” therefore, Mie
scattering is completely valid for describing the mor-
phology development of polymer blends, and fur-
ther investigations regarding the compatibilization
of polymer blends will be discussed with Mie scat-
tering in another article of this series later.

CONCLUSIONS

In this study, the relationship between the phase
structure and the blend composition and mixing
time was studied by means of SEM and Mie scatter-
ing. The results showed that the domain size
increased with the concentration of the dispersed
phase, and a cocontinuous structure was formed
when the PP concentration was between 30 and
50%; this indicated that, in comparison with PS, it
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was easy to make PP the continuous phase. The
results also showed that the initial stage was the
main stage of the evolution. In this stage, larger
domains of the dispersed phase rapidly broke into
smaller ones; accordingly, the size of the domains
decreased. The distribution of sizes was also exam-
ined; the results showed that the distribution width
of sizes decreased initially and leveled off in the late
stage of the mixing. Furthermore, results by Mie
scattering were similar to those by SEM, confirming
the validity of Mie scattering in studies of polymer
structure; for this reason, the compatibilization of
polymer blends will be discussed with Mie scatter-
ing in another article. The main purpose of this
article is simply to report this new method.
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