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ABSTRACT: The mixing cycle-dependent degree of dis-
persion and degree of mixing of a calcite (calcium carbonate)
agglomerate in high-density polyethylene (HDPE), low-den-
sity polyethylene (LDPE), and linear low-density polyethyl-
ene (LLDPE) matrices upon stretching was investigated us-
ing three different techniques: mechanical property, mor-
phological behavior, and image analyzer analyses. The
mechanical properties analyzed in terms of the tensile
strength and maximum elongation resulted in that the sec-
ond mixing was the best for giving a better property for all
systems except the LDPE system, which exhibited no signif-
icant difference between the second and third mixings. The
morphological behavior of the three compounds were dif-
ferent, but no distinctive difference was observed to differ-
entiate the degree of mixing from system to system. The
number-, weight-, and z + 1-average diameters of the air

hole and the aspect ratio upon the stretching and mixing
cycle were calculated to analyze the degree of mixing of the
calcite-filled composites. As a consequence, no difference in
the average diameter of the air hole was obtained among the
three systems, but the aspect ratios of the air hole varied
significantly. Thus, the degree of dispersion and the degree
of mixing may be influenced by the average calcite agglom-
erate size, the average diameter of the air hole, and the
aspect ratio upon stretching and mixing cycles. Those factors
would be formed by the difference in chemical characteris-
tics upon various microstructures of polyethylene and its
molecular weight and molecular weight distribution. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 87: 311-321, 2003

Key words: polyethylene (PE); composites; zeolite disper-
sions; microstructure

INTRODUCTION

Mineral particles treated with interfacial agents such
as stearic acids or silane tend to wet or lubricate par-
ticle surfaces, followed by yielding a lower viscosity
than that of untreated particles since the treated ones
more easily slide past each other than do the untreated
ones, resulting in reduced interparticle forces, reduced
viscosity, and less agglomeration.! Anisotropic parti-
cles such as fibers and flakes are easily oriented to the
flowing direction, yielding reduced particle—particle
interactions at high shear.” Some additives such as
sulfur-added silane coupling agents® and acrylamide®
bond the particles and the polymer, strongly yielding
an increase in viscosity.

The addition of mineral particles causes a significant
increase in the viscosity of a compound. Among them,
calcite is the most abundant mineral as a reinforcing
particle in the thermoplastic industry. Compounding
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calcite into the thermoplastic matrix was studied by
various researchers.*™'* A few studies were employed
on the stretching flow of these compounds*®” using
minerals such as carbon black, calcium carbonate, and
titanium dioxide and it was reported that similar be-
havior occurred at low strain rates.

Wetting between polymers was studied in terms of
the factors such as contact angle, surface tension, in-
terfacial tension, and polarity.'*'* When the contact
angle becomes zero or less than zero, it indicates wet-
ting of the particles, which is often expressed as the
critical surface tension. On the other hand, dewetting
occurs when the surface of a particle is covered with a
low surface tension material such as impurities or
adsorbed water layers.'” Since most engineering ther-
moplastics have a higher surface tension, their use in
combination with materials having a low surface ten-
sion may result in dewetting or crack formation.

Coating calcite with chemicals was studied by var-
ious researchers.>>”"® Stearic acid has been known to
improve the processability in calcite-filled thermoplas-
tics>>®; however, the disadvantage of using this is the
moisture absorption of calcite.”” A calcite surface
grafted by acrylamide was reported to improve the
mechanical property of the high density polyethylene
(HDPE) composite.” All those works were focused on
improving the processing property. The particle size
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TABLE 1
PEs Used in This Study
Tensile
Olefin Density MI HDT strength
(grade name) (g/cm®) (g/10 min) (°C) (kg/cm?) Code
High-density
polyethylene
(3300) 0.954 0.8 123 350 HDPE
Low-density
polyethylene
(FB300) 0.919 3.0 90 120 LDPE
Linear low-
density
polyethylene
(FT810) 0.918 21 98 350 LLDPE

MI, melt index; HDT, heat-distortion temperature.

of the filler after mixing depends mainly on the pro-
cessing conditions. There were experimental studies of
fiber breakage and its relationship upon processing
conditions.®™*° Shon and White compared the particle-
size reduction in various types of a continuous
mixer.*

In the previous report,” we first investigated the
tensile and rheological properties using HDPE/
CaCOQO;, low-density polyethylene (LDPE)/CaCO,, and
linear low-density polyethylene (LLDPE)/CaCO; com-
posites and found that each system exhibited a rein-
forcing effect due to the incorporation of calcite into
pure polyethylene (PE). The composite systems exhib-
ited dewetting and a formation of an air hole as well as
factors controlling the air-hole size and shape. We also
studied the morphology through SEM to investigate
air-hole formation and its mechanism using stretched
film specimens.

In the present article, the objective was to investi-
gate the degree of dispersion and the degree of mixing
of calcite particles in various PE systems using HDPE/
CaCO;, LDPE/CaCQO;, and LLDPE/CaCO; upon the
mixing cycles. The analysis used three different tech-
niques: mechanical tests, morphological observation,
and image-analyzer analysis using scanning electron
microscopy (SEM) photographs. In particular, the de-
gree of mixing is quantitatively rationalized by com-
paring the experimental results and the theoretical
equations.

t,21

EXPERIMENTAL
Materials

Three different olefins and a calcite were used. The
olefins used in this study were HDPE, LDPE, and
LLDPE supplied by the SK Corp. (Ulsan, South Ko-
rea). The calcite used in this study was stearic acid-
coated SST-40 supplied by the DOWA Corp. (Tokyo,
Japan) and its average particle size and BET surface
area were 1.1 um and 4.8 m*/g. The PE composite
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with calcite had a 50:50 wt % ratio. Information of the
materials used in this study is listed in Tables I and II.

Mixing

A Brabender PL 2000 twin-screw extruder (TSE) was
used for compounding the calcite particles and HDPE,
LDPE, and LLDPE with a 50:50 wt % ratio. Premixed
calcite and polyolefins were fed into the extruder hop-
per and the compounded samples extruded through
extruder die were pelletized (first mix); they were
remixed in the same TSE (second mix), and the re-
mixed pellets were again processed using the same
TSE (third mix). A temperature gradient was main-
tained in the barrel of the extruder: 190°C at the feed-
ing zone, 210°C at the compression zone, 220°C at the
metering zone, and 230°C at die end for the HDPE
system. The extruded materials were pelletized after
passing through a water bath at 25°C. The operation
temperature of the extruder was ambient from sample
to sample (HDPE at 230°C, LDPE at 210°C, and
LLDPE at 220°C) at 70 rpm.

Dumbbell bar and film preparation

The specimens with a dumbbell bar shape were pre-
pared using a Carver laboratory hot press at 2 X 10*
Pa and 200°C. Film specimens were also prepared
using sheet extrusion at 200°C installed with a slit die
(100 X 0.5 mm), which was attached at the end of the
extruder. An extruded sheet was pulled out using a
take-up device and the film thickness was maintained
at 0.4 mm. The film specimen was prepared following
ASTM D882-97, which had a dimension of 15 X 0.4
mm. The dimension of the dumbbell bar specimen
was 13 X 3 X 165 mm following ASTM D638, which
had a dimension of 13 X 3 mm.

Characterization
Tensile test at constant strain rate

The stress—strain experiments using the dumbbell bar
and film specimen were performed using an Instron
4301 at 20°C and 30% humidity. Both ends of the
specimen were firmly tightened by an upper and a
lower grip. The initial gap separation was 10 mm and
the rate of elongation (the strain rate) was fixed at 5
mm/min for both the dumbbell bar and the film spec-

TABLE 1II
Calcite Used in This Study
Particle BET area
Calcite Density  size  calculated Code
(grade name) (g/cm®)  (um) (m?/g) (comment)
SST-40 29 1.1 48 Treated calcite
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(d) HDPE-third

(h) LDPE-third

(i) LLDPE-third

Figure 1 SEM photograph of the calcite-filled HDPE, LDPE, and LLDPE composites upon mixing cycles.

imens. The dumbbell specimen was slowly stretched
from 25 to 50%, then from 50 to 100, 150, 200, 300, and
400% from sample to sample to study the morpholog-
ical differences at various strain ratios. Thus, each
stretched specimen was used for SEM observation and
for further analysis of the image analyzer (IA).

Morphology and analysis using an IA

The prepared specimen was fractured in liquid nitro-
gen and coated with silver using a sputter coater. The
morphology of the side surface of film and dumbbell
bar was also studied after stretching the specimen at

ambient strain ratios and the SEM photographs of
each image were taken at 2000 magnification. A Hita-
chi 5-4300 SEM was used to obtain the image of the
fractured surface, the stretched specimen surface, and
the particle agglomerate.

The dispersion of the calcite particle after stretching
the specimens was investigated using a Hitachi S-4300
SEM photograph, and the size and the number of air
holes were analyzed using an IA system, Leica
LQ500MC. The air-hole diameter was calculated in
terms of the number average (d,,), weight average (d,),
and z + 1 average (d, , ;) using to the following
equations®*:
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2N, d}

dn = EN (1a)
2N d}

1= Sy ¢ (1b)
2N d}

d,.1= W (1)

where N; is the number of air holes of the air-hole
diameter and d;, the diameter of the i-th particle.

RESULTS AND DISCUSSION

Figure 1 presents SEM photographs of the fractured
parts of the calcite-filled HDPE, LDPE, and LLDPE
composites upon mixing cycles from the first to third
mixing. Although the SEM photograph is not clear,
calcite seems to be wetted more in the PE matrix in the
second and third mixings regardless of the systems.
For the three systems, the face morphology of the
HDPE, LDPE, and LLDPE systems showed a network-
type matrix.

Figure 2 exhibits the analyzed number- and weight-
average calcite diameter in the fractured dumbbell bar
of the HDPE, LDPE, and LLDPE matrix as a function
of the mixing cycles without stretching. Figure 2(a)
exhibits that the number-average calcite diameter dra-
matically decreases with the mixing cycles in HDPE,
but no significant difference between the first and the
third mixings was observed in the LDPE and LLDPE
systems. For the HDPE system, the number-average
diameter of the calcite agglomerate disintegrates
from 1.2 to 0.9 um for the first to the third mixing;
on the other hand, for the LDPE and LLDPE systems,
it is 0.45-0.5 wm regardless of mixing cycle. In Figure
2(b), the weight-average calcite diameter decreases
abruptly from 5 to 2 um with the mixing cycles in
HDPE, but that for the LDPE and LLDPE systems
varied in a different way: The weight-average calcite
agglomerate disintegrated from 1.2 to 0.9 um and
from 1.4 to 1.0 um between the first and third mixing
of LDPE and LLDPE, respectively. This may be due to
the further breakup of calcite agglomerates in the TSE
at high shear stress upon mixing. The breakdown of
the calcite agglomerate was significant in HDPE com-
pounds and the overall average calcite particle size in
the HDPE system is two to three times larger than that
of LLDPE and LDPE. In addition, in Figure 2(a), the
number average of LDPE is slightly larger than that of
LLDPE, but in Figure 2(b), the trend is reversed due to
the presence of big particles in the LLDPE system. This
sort of reversion is often observed when the particle-
size distribution is wide; in particular, big particles
affect the z + 1-average diameter.

KIM ET AL.

(a)
12+

08¢}

041} M v, |

Number-Average Diameter (um)

0.0 . : :
0 1 2 3 4
Mixing Cycle
g . ‘ .
= 6 (b)
| 'Y
g5 O
£
S 4
a
[}]
o 3¢
8 O
S 2
< O
)
£ g
o 1
s § 8
; 0 1 1
0 1 2 3 4

Mixing Cycle

Figure 2 Number- and weight-average calcite diameter
(um) in the (O) HDPE, (V) LDPE, and () LLDPE matrices
as a function of mixing numbers without stretching.

Figure 3 represents the stress—strain curves of the
calcite-filled HDPE dumbbell bar upon mixing cycle
(the bar indicates the experimental error range). The
maximum elongation at break for the first, second,
and third mixing is 34, 60, and 37%, respectively. In
addition, the average yield stress is 13.5, 14.5, and 14
MPa, respectively. In this figure, we used the maxi-
mum elongation rather than the tensile stress as the
preference for the degree of dispersion and the degree
of mixing of the calcite particles because we believe
that the higher the elongation the better is the mixing
between the filler and the matrix. Another factor
counted for affecting the degree of mixing is the ex-
perimental error range. Thus, twice mixing of the
HDPE/ calcite composite was chosen to exhibit better
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Figure 3 Stress-strain curve of calcite-filled HDPE dumb-
bell bar upon mixing (the bar indicates the experimental
error range): (a) first mixing; (b) second mixing; (c) third
mixing.

dispersion of the calcite in the HDPE matrix due to
higher elongation among the three systems. This phe-
nomenon may be related to the suitable calcite ag-
glomerate size and its distribution in the matrix.

Figure 4 represents stress—strain curves of the cal-
cite-filled LDPE dumbbell bar upon the mixing cycle.
The maximum elongation at break upon the first, sec-
ond, and third mixing cycles is 12.5, 18.2, and 18.2%
and the yield stress is 8, 8.5, and 8.5 MPa, respectively.
Thus, the second and the third mixing cycles exhibited
the best tensile property. Concerning the experimental
error bar, no difference between the second and third
mixing gave a similar degree of mixing due to an
uncountable error margin.

Stress—strain curves of the calcite-filled LLDPE
dumbbell bar upon the mixing cycle are presented in
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Figure 5. Compared with the HDPE and LDPE sys-
tems, the LLDPE system seems to be strong in tearing
strength. The maximum elongation at break for the
first, second, and third mixing was 15, 55, and 40%,
respectively, and the yield stress was 9-10 MPa re-
gardless of the mixing cycle. Thus, the second mixing
exhibited better tensile properties in the LLDPE sys-
tem. From Figures 3-5, the second mixing seems to
give a better degree of mixing and degree of disper-
sion of the calcite in the HDPE, LDPE, and LLDPE
matrices.

The average diameter of the air hole was measured
by converting the diameter of the elliptical air hole to
the corresponding sphere as a function of the strain
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Figure 4 Stress—strain curve of calcite-filled LDPE dumb-
bell bar upon mixing (the bar indicates the experimental
error range): (a) first mixing; (b) second mixing; (c) third
mixing.
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Figure 5 Stress—strain curve of calcite-filled LLDPE dumb-
bell bar upon mixing (the bar indicates the experimental
error range): (a) first mixing; (b) second mixing; (c) third
mixing.

ratio. According to eq. (1), the air-hole diameter was
calculated in terms of the number-average, weight-
average, and z + l-average diameter. In Figure 6(a),
we observed that the number average of the air-hole
diameter increased from 0.5 to 1.2 um with the strain
ratio for HDPE, from 0.4 to 1.0 um for LDPE, and from
0.4 to 1.3 um for LLDPE upon stretching. On the other
hand, the weight-average of the air-hole diameter in
Figure 6(b) was from 0.6 to 1.5 um for HDPE, from 0.7
to 1.3 wm for LDPE, and from 0.5 to 1.5 um for LLDPE,
which means that the weight average of the air-hole
diameter gradually increased with the strain ratio. For
the z + l-average diameter, the air-hole sizes in-
creased from 1.0 to 2.3 um upon stretching for all three
systems. From 0 to 50% of strain, the air hole was

KIM ET AL.

formed due to dewetting or slippage between the
calcite and the PE matrix, but, thereafter, the air hole
was enlarged due to breakage of the fibril structure of
the matrix upon further stretching. The breakup of the
calcite particles or agglomerates would be one of the
factors forming enlarged air holes and dispersion of
the calcite particles.

Figure 7 represents the stretched surface of the cal-
cite-filled HDPE, LDPE, and LLDPE composites. Al-
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Figure 6 Air-hole diameter (um) of calcite-filled (O) HDPE,
(V) LDPE, and (d) LLDPE composites due to strain: (a)
number-average, (b) weight-average; (c) z + 1 average.
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(a) LLDPE 50%

(¢) LLDPE 150%

n
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Figure 7 Stretched surfaces of the calcite-filled HDPE, LDPE, and LLDPE composites.

though it seems to show much larger air-hole sizes
upon further stretching as seen in Figure 7, the aver-
age size of the air hole is more or less the same as seen
in Figure 6; this may have arisen from the formation of
a small air hole upon further stretching. The HDPE
compound exhibited a further increase of the average
air hole up to 400% of strain, then decreased at 500%.
At 500% strain, many small air holes were formed
between the HDPE fibrils. This may come from a
combination of low molecular weight characteristics
(short chain) of HDPE with a mid molecular weight
distribution (MWD) or with a narrow MWD. A similar
trend of small air-hole formation was observed for the
LDPE and LLDPE systems. For the LDPE and LLDPE

systems, the elongation was not enough compared to
that of the HDPE system.

The air hole was quantitatively analyzed by the
aspect ratio. Figure 8 represents the aspect ratio (the
ratio of the longest length to the shortest length of the
air hole) as a function of the strain ratio. Two different
phenomena were obtained: The first was that the as-
pect ratio of the HDPE, LDPE, and LLDPE systems
varied from 1.3 to 2.0, which is more or less the same
up to 150% stretching. Then, that of the HDPE com-
posite was abruptly increased from 2.5 to 7.5 upon
straining from 200 to 400%. But as the strain ratio
increased further to 500%, the aspect ratio decreased,
presumably due to merging of the air hole. The aspect
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ratio of the LDPE and LLDPE systems was increased
from 1.8 to 3 and from 3 to 6.1, respectively, which
means that the air hole on further stretching was en-
larged not only due to the breaking of the air hole, but
also to the formation of the fibril structure of the
HDPE matrix. In the previous report,*" we suggested
that the air-hole formation arose from the dewetting
between the calcite particles and the matrix in the
initial stretching (100-150% strain). However, in the
later stage of stretching, the breaking fibril structure
and the emerging effect influenced the formation of air
holes. Thus, our present result agrees well with the
previous report, because, in the beginning of the
stretching up to 150%, there was no significant differ-
ence in the aspect ratio regardless the systems. Thus,
various aspect ratios depending on the system would
be affected by various factors such as the polymer
characteristics, polymer chain orientation upon elon-
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MIXING-CYCLE INFLUENCE ON DEGREE OF MIXING

gation, or different molecular weight and MWD of
each constituent.

The number- and weight-average of the air-hole
diameter upon second and third mixing cycles is
drawn in Figure 9(a) as a function of strain ratio of
HDPE. The same number- and weight-average diam-
eter of the LDPE and LLDPE composites are also
drawn in Figure 9(b,c), respectively. This may relate to
the calcite size reduction (narrow distribution) be-
tween the first and the third mixing cycle as seen in
Figure 2. As the mixing cycle increases, the average
calcite size decreases (especially between the first and
second mixing) due to high mechanical shear stress in
the TSE. The appearance of a small air hole without
the presence of the air-hole initiator (calcite) lowered
the average air hole size at the third mixing. This may
due to the mechanical degradation of PE in the TSE as
shown by the tensile curves shown in Figures 3 and 5.
Overall, the second mixing of the three PE systems
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Figure 10 Air-hole aspect ratio of the calcite-filled (a)
HDPE, (b) LDPE, and (c) LLDPE systems upon the (solid)
second and (open) third mixing as a function of strain.

seems to show a better degree of mixing and degree of
dispersion than those of the third mixing cycle.

The air-hole aspect ratio of the calcite-filled HDPE,
LDPE, and LLDPE composites upon stretching was
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Figure 11 Schematic presentation of particle agglomerate variation for better degree of mixing (a) interface slippage;

(b) particle breakup; (c) agglomerate breakup.

compared as a function of the mixing cycles (second
and third mixings in this study) and is drawn in
Figure 10(a—c), respectively. As seen in this figure, the
air-hole aspect ratio of the specimen prepared be-
tween the second and third mixings was almost the
same up to 150% of strain; However, it increased after
200% of strain. In particular, the aspect ratio of the
specimen prepared in the second mixing dramatically
increased up to 7.5 times at 500% stretching, which
implies that the fibril structure and the breaking up of
the HDPE matrix are the predominant behaviors at
this range of stretching. On the other hand, for the
LDPE system, the air-hole aspect ratio is gradually
increased up to 300% elongation, but no significant
difference between the second and the third mixings
was observed upon further stretching. This may be
caused by the change of the molecular weight and its
distribution of the LDPE compound during TSE pro-
cessing under high shear stress. However, the LLDPE
system was unique. The aspect ratio of the LLDPE
system prepared after the second and third mixings is
about the same as that of LDPE up to 100% stretching,
but after 150%, the trend of the variance of the aspect
ratio is similar to that of HDPE after 200% stretching.

As we have seen from the previous figures, the
dispersion and the degree of mixing of the calcite
particles in the HDPE, LDPE, and LLDPE systems
varied depending on not only the calcite agglomerate
and its distribution, but also on the average air-hole
diameter and the aspect ratio formed during mixing.
Thus, we can propose a way of breaking up the calcite
agglomerate for a better degree of mixing, as seen in
Figure 11. The first is the interfacial slippage between
the calcite particles and the PE matrix. The second will
be the calcite particle breakup. The third may be the

breakup of the calcite agglomerate into smaller parti-
cles. Similar phenomena were observed by others.”>>*

CONCLUSIONS

The dependence of mixing cycles on the degree of
dispersion and the degree of mixing of calcites in the
HDPE, LDPE, and LLDPE matrices upon stretching
was investigated using three different techniques: me-
chanical property, morphological behavior, and image
analyzer analyses. The mechanical properties based
on the tensile strength and maximum elongation ex-
hibited that the second mixing would be the best for
giving better properties in all systems. However, no
significant difference between the second and third
mixings was observed in the LDPE system. This seems
to be related to the variation of the calcite agglomerate
upon the mixing cycles. The morphological behavior
of the three compounds were different, but it was hard
to quantitatively differentiate the degree of mixing for
various systems. The degree of mixing of the calcite-
filled composites was analyzed by calculating the air-
hole diameter in terms of the number-average, weight-
average, and z + l-average diameter upon various
strain ratios. The overall average diameter of the air
hole was almost the same regardless of the system, but
the aspect ratio of the air hole varied significantly
upon strain ratios and mixing cycles. In addition, a
split of the calcite agglomerate or calcite particle
breakup accelerated the air-hole propagation. Thus,
the degree of dispersion and the degree of mixing
seem to be influenced by the average calcite agglom-
erate size, the average diameter of the air hole, and the
aspect ratio upon mixing cycles. Those factors would
be originated by the difference in the chemical char-
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acteristics upon various microstructures of PE, its mo-
lecular weight, and MWD. The shear stress imposed
on the calcite compounds at high shear using a twin-
screw extruder may also affect the different degrees of
mixing.
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