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ABSTRACT: A 30 wt % high-density polyethylene (HDPE)/70 wt % polystyrene (PS) blends and 5 wt % HDPE/95 wt % PS blends
were prepared via polymer vane plasticating extruder, which can generate elongational force field, in different rotation speeds. The
fracture surface of the HDPE/PS blends was observed by a scanning electron microscope, and the dispersion of the HDPE in the PS
matrix was evaluated by multifractal programs. The multifractal spectrum width A«, and the dimension difference of maximum and
minimum probability subset Af (o) were defined to discuss the homogeneity and the diameter of the HDPE particles. The results
showed that the multifractal method was an effective tool to quantitatively describe the special distribution and diameter of the dis-

persed particles. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 2328-2335, 2013
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INTRODUCTION

High-density polyethylene and polystyrene are on the list of the
most general plastics. HDPE performs well in tenacity, solvent
resistance, and low temperature resistance, but has bad rigidity,"
while PS is just on the contrary.” For the purpose of combining
their advantages together, i.e., forming better blends and com-
posites, plentiful scientific investigations have been made.
According to the thermodynamic criterion, HDPE and PS were
thermodynamic immiscible.” Whereas, the mechanical compati-
bility can be improved through varieties of methods.* Melt
blending is a commonly used method among them.

Referring to the melt blending devices, researchers always use
screw extruder, which is mainly dominated by shearing flow
field, to process polymer materials. In this experiment, a poly-
mer vane plasticating extruder (PVPE) which developed by Qu
is used, the processing principle of which is mainly based on
the elongational flow field.> Figure 1 indicates the structure of
the device. The profile A—A represents the cross section of the
PVPE. Nineteen groups of vane plasticating and conveying units
(VPCU) constitute the main structure of the PVPE device,
which can generate elongational flow field to a certain degree.
In VPCU, a space with certain geometric shape is made up by
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rotors, stators, certain number of vanes and material-proof
plates. As the rotor is eccentric to the inter cavity of stators, the
volume of which would vary successively according to the order
of first ascending then descending. Materials enter into the
space while the volume is swelling. Furthermore, materials are
grinded, compacted, exhausted by forces of elongation, and
compression.>” It can also be seen as a periodical dynamic plas-
ticating conveying procedure.

Dispersion is an important feature of the polymer blends or
composites, which has close relationship with polymeric proper-
ties, such as compatibility,” mechanical properties, and physical
properties.” Researchers have done many studies on it. It has
been demonstrated that the investigation on the microstructure
is an effective way to judge the dispersion of the polymer mate-
rials.'>"! However, it is hard to distinguish from the photos
when the ratio of the components is the same or even close,
while other parameter changes, such as rotation speed, tempera-
ture, pressure, and so on. In this case, a quantitative method is
needed to determine the quantity of the dispersion.

Fractal theory is used extensively in many scopes after it has
been created. Some researchers focus on distinguishing which
one has the best homogeneity among several microstructure
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Figure 1. Structure schematic diagram of polymer vane plasticating extruder.’

photos by using a fractal method.'? Other researchers have been
investigated the relationship between the dispersion and the me-
chanical properties of nano-inorganic particles in polymer ma-
trix.'>™'> Actually, a few researchers have paid attention to
distinguishing dispersion of immiscible blends.'®'”

In the research, in order to quantitatively measure the influence
that the rotation speed of the PVPE imposed on the dispersion
of the same ratio immiscible HDPE/PS blends, matlab programs
of multifractal were composed to deal with the SEM images.
Related data and figures could be acquired with them. A brief
description of the multifractal spectrum program could be
explained as follow: The SEM images were imported into the
program, implemented with binary treatment, covered by grids
with  different & Pii(e)=n;;/ Z 1j,
Zq(s)=z PZ(s),lS_ZO and P;; were calculated, which was used
to calculate ,(¢), According to Iny,(¢) ~ Ine curves, the slope

a=dr d
7(q) was calculated. Based on { (9)/dq i

According  to

o, f(or) could
fa)=aq—1(q) 1

be obtained. The curves f(a) ~ g, o ~ q were used to indicate

the value selection rationality of Agq. The curves f(o) ~ o were

the multifractal spectrums.”’ The curves of Ax, Af(x) with dif-

ferent rotation speeds represented the homogeneity, the particle

diameters, separately.

EXPERIMENTAL

Materials

The PS in this study was a granular resin with trade mark of
GPPS-525, supplied by Zhanjiang Xinzhongmei Chemical Co.,
in China. The melt flow index was 8.0 g/10 min (ASTM D-
1283). The HDPE used in this study was a granular resin with
trade mark of TR144, supplied by Sinopec Maoming Company
in China. The melt flow index was 15 g/10 min (ASTM D-
1238).

Samples Preparation

The experiments were divided into two groups. In the first
group, without any treatment, 30 wt % HDPE resin and 70 wt
% PS resin were mixed and extruded via the polymer vane plas-
ticating extruder in different rotation speeds, which were sepa-
rately 30, 45, 60, 75, and 90 r/min. The processing temperatures
of four sections in the polymer vane plasticating extruder were
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separately 170, 220, 220, and 210°C. In the second group, other
parameters were still the same except the ratio of the HDPE/PS
blends changed into 5 wt %/95 wt %.

Morphological Test

Scanning electron microscopy (SEM) tests revealed the fracture
surfaces of the HDPE/PS blends, which were taken by a Hitachi
Scanning Electronic Microscope (SEM, model S-3700N, Japan),
the samples were submerged in liquid nitrogen for about 10
min, and fractured to expose the internal structure for SEM
investigations. Prior to the morphological test, all surfaces were
sputtered with gold twice to provide enhanced conductivity.

RESULTS AND DISCUSSION

Fracture Morphology

Figures 2 and 3 are the SEM images of the fracture surface mor-
phology, of which “A” represents group of 30 wt % HDPE/70
wt % PS blends, “B” represents group of 5 wt % HDPE/95 wt
% PS blends; “1,” “2,” “3,” “4,” and “5” represent rotation
speeds of 30, 45, 60, 75, and 90 r/min, respectively. The HDPE/
PS blends were mixed well, which made it hard to define which
one had the best dispersion. Multifractal program was carried
out to select the figure with the best dispersion.

Multifractal Analysis Based on SEM Fracture Morphology
Figures 4 and 5 are the Ine ~Iny,(e) curves of 30 wt %
HDPE/70 wt % PS blends and 5 wt % HDPE/95 wt % PS
blends at different rotation speeds, respectively. It could be
counted from each figure that there were 25 lines from top to
bottom. It indicated that different values of g had different
curves of Ing ~ Iny,(¢) to correspond. The curves were marked
with different value of g in A; and B;. A,—As and B,—Bs were
the same. All the curves could be divided into linear section
and nonlinear section. Every nonlinear section fluctuated in dif-
ferent degree. Take A; of Figure 4 for example.

The Ine ~ In y,(¢) curves varied linearly when g was in [0, 6],
which changed nonlinearly when g was in [—6, 0], especially
when In ¢ was in [—4.852, —2.773]. The linear section indicated
that Iny,(¢) had fine scale invariance in all ¢ ranges.”” The
existing of the nonlinear section revealed that it would not suit-
able for the requirement of the scale invariance in all ¢ ranges,
the larger absolute value of the slope lead to bigger ¢ and vice
versa. The odd phenomenon had close relationship with the
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Figure 2. Morphology of 30 wt % HDPE/70 wt % PS blends at different rotation speeds.

exceptional swing of the small probability. As graphic fragments
with a few pixels would occur in box-counting processing,
therefore, P(¢) might decrease excessively with the reduction of
the &, which lead to y, increase exceptionally. As ¢ continue to
decline, P(¢) with one pixel would grow in number, for the
pixel would not be subdivided infinitely. In the equation
Pi(e)=ny/ Z nj, when Pj(e) became the smallest, the
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numerator n; would be 1, and the total pixels Z n;j in the de-
nominator would be a constant value, which made the value of
the smallest Pj(e) would not decline with the decreasing of the
& Afterwards, the corresponding y,(q € (=6, 1)) would decline
rather slowly (the number of the smallest Pjj(¢) would increase
with the reducing of the ¢, but would have little effect in ),
which caused the y,(q € (—6,0)) value less than normal.*>**
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Figure 3. Morphology of 5 wt % HDPE/95 wt % PS blends at different rotation speeds.

In the multifractal program, g was set in the range of [—6, 6],
and the absolute value of Ag was set as 0.5. In Figure 6, o var-
ied fiercely when q was in the range of [—4, 1], and fluctuated
small when g was in the range of [—6, —4] and [1, 6]. It could
be observed from Figure 7 that f(a) varied fiercely when g was
in the range of [—4, 0], and fluctuated small when g was in the
range of [—6, —4] and [0, 6]. It meant that the value selection
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of q and Agq was reasonable. Namely the multifractal spectrum
f(a) achieved the probability distribution requirement. The
absolute value of g should be set larger than 6 if o and f(«) still
varied fiercely at the end of the g range.

In Figure 8, foax(®) in different rotation speeds had minimal

difference, all concentrated at o=2, and around, which
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Figure 4. In £ ~In y4(e) curves of 30 wt % HDPE/70 wt % PS blends at different rotation speeds. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

indicated that the dispersed phase particles occupied the similar ~ Pjj(e) ~ &* would be larger if oy, were smaller. And the
region in each group.”>** As the ratio of A(B) series was identi-  larger value of o, made the smallest distribution probability
cal, The area of the HDPE in the PS zone would not change  P;(¢) ~ ¢ value smaller.”® The homogeneity of the probabil-
significantly with the variation of the rotation speed.

ity distribution could be expressed by multifractal spectrum
width Aa:
From Figure 8, because the scale of the box was less than

1(¢ < 1), the value of the largest probability of the distribution Aot=lmax — Omin =IN(Prax/ Pmin) /In(1/¢)

B:

lnxq(a:)
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Figure 5. In € ~In y4(€) curves of 5 wt % HDPE/95 wt % PS blends at different rotation speeds. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 6. q ~ o curves at different rotation speeds. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The equation above demonstrated that the smaller Ao value
indicated the better homogeneity. Under the ideal condition, it
was the most homogeneous when Ax=0.2® Combining with Ta-
ble I, the dispersion homogeneity could be arranged from the
best to the worst: A,, As, Ay, A, As; And B,, By, Bs, Bs, By
Though the orders of two groups were different, Figure 9 and
Table I reflected the same tendency. Both A and B groups had
the best homogeneity when the rotation speed was 45 r/min,
and the homogeneity was better when the rotation speed was in
the range of 30-60 r/min. Furthermore, the homogeneity of
both A and B groups were worse when the rotation speed was
over 60 r/min.

Af (o) =f (otmin ) —f (0tmax ) =In (Np,,,, /Np,,. ) /Ine

The equation above represented the dimension difference
between maximum probability subset and minimum probability
subset, f(tmin) and f(otmax ) represented the maximum proba-
bility and the minimum probability. In the research, the positive
and negative of the Af(a) value could be understood as the ra-
tio between the large diameter particle number and the small

diameter particle number. The number of the large diameter
particle was more than that of the small diameter particle when
Af(e) > 0, and vice versa.”>** Figure 10 shows that the Af()
values of both two groups of blends are positive with the
growth of the rotation speed, which suggests that the number
of the large diameter particles is more than that of the small di-
ameter particles in the fracture surface.

Besides, for the two groups of blends, with the growth of the
rotation speed, the number of the large diameter particles both
decreased and then increased, both the minimum numbers
occurred at the rotation speed of 60 r/min. Due to the premise
of the multifractal statistics in the research was the scale invari-
ance, which meant that both two groups of blends possessed
the minimum size of dispersed particles when the rotation
speed was 60 r/min.

The symmetry of o ~ f(a) curves was also considered as one of
the important characteristics. Multifractal spectrums are hook-
like or bell-like curves.”” Figure 8 showed that all o ~ f(a)
curves presented as left hook, though in different curve degree.
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Figure 7. q ~ f curves at different rotation speeds. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. o ~ fla) curves at different rotation speeds. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

It revealed that the number of the big probability subsets was
larger than that of the small probability subsets. There were two
possible explanations. The number of the high density particle
aggregation zone was more than that of low density particles
aggregation zone; the number of large size particles was larger
than that of small size particles in dispersed phase.”®** Accord-
ing to Figures 2 and 3, the last explanation would be more
reasonable.

Zhang et al.” set pressure sensor in the PVPE, and recorded the
pressures at different rotation speeds. The result showed that
the pressure that imposed on the LDPE increased during mixing
processing with the rotation speed increasing, which indicated
that the elongational force field component that generated by
the PVPE had relationship with the inherent structural parame-
ters and the intrinsic characteristics of the materials, and also
connected with the processing parameters. It seemed that the
higher rotation speed caused the better mixing effect. In other
words, the dispersion would be better with the higher rotation

0.95 -

0.90

Ao

0.85

0.80 4

0.75 T v T T T T T J T T T T T
30 40 50 60 70 80 90

rotation speed (r/min)

Figure 9. A curves at different rotation speeds.
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speed. However, the experimental result of the multifractal anal-
ysis was not in accordance with the theoretical value.

Yang, et al.® reported the relationship between the unit yield of
the LDPE and the rotation speed, an approximate linear relation
was obtained between them. It implied that the residence time
of the materials in the PVPE became less with the higher rota-
tion speed. The less mixing time that imposed on the materials
would cause the worse dispersion of the blends.

As the elongational force field and the residence time existed
simultaneously, it could be speculated that in order to obtain
the best dispersion, an optimal rotation speed range should be
existed when other processing parameters were fixed, which
made the elongational force field strength large enough, and the
material residence time long enough. The optimal speed range
was 45-60 r/min in the discussion. Furthermore, for both two
ratios of HDPE/PS blends, the same optimal rotation speed
range and the similar dispersion tendency could be obtained
from the multifractal program, which made the result reliable
to a certain degree.

CONCLUSION

The dispersion of 30 wt % HDPE/70 wt % PS and 5 wt %
HDPE/95 wt % PS blends had been quantitatively estimated by
multifractal method. The results indicated that both two ratios
of HDPE/PS blends had the same variation tendency of the ho-
mogeneity and the diameter. With the rotation speed increasing,
the homogeneity increased first and then decreased, the

Table I. Multifractal Spectrum Width A« with Different Rotation Speeds

Rotation

Speed (r/min) 30 45 60 75 90

AO((A) Aj_ A2 A3 A4 A5
0.9318 0.7759 0.7925 0.8903 0.9288

Ax(B) B4 Bo Bs Bs Bs

0.8567 0.7713 0.8943 0.9542 0.9532
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Figure 10. Af(a)curves at different rotation speeds.

dispersed phase diameter decreased first and then increased,
and the best dispersion both occurred in the rotation speed
range of 45-60 r/min. this conclusion implied us that if a fine
dispersion of immiscible blends that proceed via the polymer
vane plasticating extruder were needed, the rotation speed
which around 45-60 r/min should be considered preferentially.

NOMENCLATURE
& Measurement scale.
P; Distributions of probability measurement of

pixels.

The largest probability of distribution.
Amount of pixels in each box.

Total amount of pixels boxes.

sz(g) ~ glmin

nj;
E n,-j

q Weight factor.

Ginit Initial value.

Aq Step length.

2q(e) Distribution functions.

Iny, ~Ine¢ Slopes of the double logarithmic coordinates.

o Singularity index.

Ao Spectrum width.

7(q) Weight index.

f(a) Multifractal spectrum.

fmax () Maximum value of multifractal spectrum.

f (0tmin ) Dimension of maximum probability subset.

f (otmax ) Dimension of minimum probability subset.

Af () Dimension difference between maximum and
minimum probability subset.

Np,.. Particle number of minimum probability subset.

Np,.. Particle number of maximum probability subset.
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