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SYNOPSIS

The compounding of calcium carbonate filled polypropylene (PP) is discussed with reference
to a single-screw extruder and variants of mixing sections. The mixing section on the screw
is exchangeable, and two dispersive mixing elements, namely the Zorro and the Maddock
elements, were used. The calcium carbonate was surface treated with a liquid titanate
coupling agent (LICA12). The impact strength was measured by a notched Izod impact
tester with specimens having a U-shaped sharp notch. The fracture toughness for the PP
homopolymer and the filled composites was determined using fracture mechanics principles.
The results were correlated with the state of dispersion of the calcium carbonate filler. The
effects of filler concentration and surface treatment were examined as well. Correlation
between state of dispersion and impact properties for calcium carbonate filled PP was
obtained. We also investigated the effect of various mixing elements on the state of dis-
persion. The experimental results indicate that good dispersion would improve the impact
properties of the polymer matrix, but only at moderate filler loading. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

Single-screw extruders are commonly encountered
in polymer applications. A major task of these ma-
chines is polymer compounding, for example, the
melt blending of thermoplastics and the incorpo-
ration of fibrous and particulate additives to modify
physical properties. Even though twin-screw extru-
ders have dominated the compounding industries in
recent years, single-screw extruders still have a sig-
nificant market share due to their low cost and easy
maintenance.

It has been a widespread practice to incorporate
mineral fillers into thermoplastics to extend them
and to enhance certain properties. The degree of
improvement depends on the judicious choice of
filler origin, particle size and shape, fraction of
filler."” and surface treatment to modify interaction
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between the polymer matrix and filler.>'? To opti-
mize the properties of filled compounds, however,
effective mixing is also of paramount importance to
achieve adequate spatial distribution and dispersion
of filler particles.!®'5 The mixing efficiency is often
limited in a single-screw extruder because of the
nonuniform shear strain history and melt temper-
ature distribution generally occurring in such ma-
chines.!® A variety of mixing elements have been
produced for single-screw extruders in order to im-
prove different mixing tasks. The question then be-
comes, what mixing elements have the ability to
achieve a high degree of filler dispersion in a polymer
matrix? Thus characterization of dispersion be-
comes important in this respect.

Various techniques have been reported for the
determination of dispersion. The dispersion state of
small particle filled elastomers has been character-
ized by optical microscopy,!”?? electron micros-
copy,?®?! surface roughness,?? electrical conductiv-
ity,2%% and small angle light scattering.?* More re-
cently the microscopy method?® and small light
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Figure 1 Schematics of screw configuration and various
mixing elements.

scattering technique®® have been applied to partic-
ulate-filled thermoplastics. Recent advances in
computerized image analysis have promoted several
studies relating to the characterization of dispersion
in mineral-filled thermoplastics. Ess et al.!®> numer-
ically quantified agglomerate levels in polypropylene
(PP) compounds containing 40 wt % CaCOj; based
on the analysis of scanning electron microscopy
(SEM) images. Suetsugu et al.?’ applied a similar
technique to examine the effect of processing con-
ditions on PP systems containing 20 wt % CaCOs;.
To control and improve the mechanical prop-
erties of the particulate-filled polymeric materials,
it is desirable to understand the relations between
processing, structure, and properties. In the pres-
ent work, we characterized the structure of com-
posites in terms of the state of dispersion of the
filler through the use of SEM in conjunction with
a commercial image analysis system. Special at-
tention was paid to the investigation of large ag-
gregates and agglomerates existing in the mate-
rials. Two dispersive mixing elements, namely the
Zorro and the Maddock elements, were used for
compounding in a single-screw extruder. As a
comparison to these mixing elements, an ordinary
screw element was also used. The calcium carbon-
ate filled PP was used as a model compound. Dis-
persion degree represented by the area fraction of
agglomerates of filler was quantitatively deter-
mined. Notched Izod impact properties were an-
alyzed as a function of the dispersion degree using
fracture mechanics principles. The failure mech-
anism and the effects of filler concentration and
surface treatment were investigated as well.

EXPERIMENTAL

Materials

General purpose isotactic PP (i-PP) homopolymer
(Yungsox 1040) provided by the Yung-Chia Chem-
ical Co., Taiwan, was used in this study. The density
of the PP was 904 kg/m® measured with an electronic
densimeter. The calcium carbonate, trade name
Hydrocarb 900G, was supplied from Omya, Swit-
zerland. Its average particle size was 0.8 um and the
specific gravity was 2.7. Both quantities were re-
ported by the manufacturer. The surface treatment
was carried out by Taiwan Huntsman Co. with 0.3
wt % LICA12 (Kenrich Petrochemicals Inc., USA).
LICA12 is a liquid titanate coupling agent that is
well known for its effective modification of the in-
organic filler surface.”??° To all the compounds, 0.2
wt % heat stablizer (EVERNOX-10, Everspring
Chemical Co., Taiwan) was added to prevent deg-
radation of the polymer during compounding. PP
and the stabilizer were dry blended at room tem-
perature after dehumidifying.

Compounding Procedures

The polymer pellets and mineral additive were me-
tered independently in the required proportions us-
ing volumetric dosing units. The pellets were fed
into the throat of the extruder, and the mineral
powder was introduced separately through a down-
stream feeding port into the partially melted poly-
mer. It was found that if the pellets and the additive
were premixed and fed into the primary feed port
together, the final compounds were extremely in-
homogeneous. However, if the polymer was in pow-
der form, then the premix was an efficient way for
compounding.’® Compounding was carried out on a
single-screw extruder with a diameter of 35 mm and
an L/D ratio of 26 (Tungtai Machine Co., Taiwan)
over a modular mixing section and well-defined pro-
cessing conditions. The melt was extruded through
a 20-mm wide and 3-mm thick sheeting die, and was
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Figure 2 Dimension of specimen for Izod impact test.
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Figure 3 Scanning electron micrographs of composites filled with untreated CaCOj;: (a)
fracture surface of pure polypropylene, (b) fracture surface of the composite from the Mad-
dock element, (c¢) fracture surface of the composite from the Zorro element, and (d) fracture
surface of the composite from the screw element. Filler concentration is 12 vol %.

collected as an unsized strip with two sets of take-
up rolls. The temperature of the front roll was con-
trolled by the heating oil from a constant temper-
ature oil bath. The oil temperature was set at 30°C
for all experiments. Filler concentrations of 20, 12,
and 5 vol % (43, 29, and 14 wt %) were compounded.

Screw Configurations

The mixing section of the single screw has a pro-
vision for complete interchangeability. In this work
the effect on dispersive mixing of altering mixing
sections was considered. In the standard screw con-
figuration, the first stage of the machine delivers
polymer from the feed hopper through the heating
zone. This section is immediately followed by the
second feed port. The mixing section is next to the
second feed port. The remaining part of the screw,

which is the metering section, further mixes, con-
veys, and pressurizes material prior to passage
through the die adaptor and then the sheeting die.
An additional pin mixing element (distributive type)
was located at the screw head. Such arrangement is
standard in the dispersive mixing practice. The
schematics of the complete screw and the mixing
elements are shown in Figure 1.

Processing Variables

In addition to the screw configuration, the prin-
cipal process variables considered were screw
speed and barrel temperature profiles. After sev-
eral trials, the screw speed was set at 45 rpm, and
the barrel temperature profiles were set at 180°C
in the first zone (feed section), 180°C in the second
zone (mixing section), 185°C in the third zone
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Figure4 Scanning electron micrographs of composites filled with LICA12 treated CaCOs;:
(a) fracture surface of the composite from the Maddock element, (b) fracture surface of
the composite from the Zorro element, and (c) fracture surface of the composite from the
screw element. Filler concentration is 12 vol %.

(metering section), 190°C in the die adapter, and
195°C in the sheeting die. The speed and the tem-
peratures were fixed for all experiments. A further
variable, generally encountered in a metered-fed
extruder, is the feed rate. For each formulation,
throughput was maximized to an upper limit such
that flooding from the secondary port could be
avoided. The feed rate was within the range of
1.7-2.5 kg/h.

Characterization of Dispersion

The microscopy work was done with SEM on a
TOPCON ABT-1508 using a secondary detector.
The fracture surfaces of specimens from impact
testing used for fractographic analysis were gold
coated in a sputtering chamber prior to SEM

studies. The acceleration voltage used was 15 kV.
The SEM micrographs were then digitized by an
electronic scanner (TG400 National CCD camera).
The digitized grey level images represent a reso-
lution of 480 X 640 pixels. The images were quan-
tified using a 386-based personal computer
equipped with an Optimas 4.0 image processing
system from Bioscan USA. Optimal delineation
between the polymer matrix and the dispersed
phase particles and agglomerates was determined
empirically by adjusting the grey level of the image.
This was set at 240 on a 0 (black) to 256 (white)
scale and was held constant throughout. Particle
domains were characterized by counting the num-
ber of pixels, with brightness levels falling within
the designated grey scale range of 240-256. Equiv-
alent spherical diameters were computed based on
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Figure 5 Scanning electron micrographs of composites
from the Maddock element: (a) fracture surface of the
composite filled with untreated CaCO; and (b) fracture
surface of the composite filled with LICA12 treated CaCO;.
Filler concentration is 5 vol %.

the illuminated pixel regions. Size and area data
was then inventoried and classified.

Notched l1zod Impact Test

Test pieces for impact testing were compression
molded from the extruded sheets under pressure at
200°C for 30 min before slow cooling. The notched
Izod test specimens followed the ASTM D256
norms; detailed dimensions of the specimen and the
notch are shown in Figure 2. All test pieces were
given a U-shaped sharp notch with a tip radius of
about 0.085 mm using a diamond cutter. The initial
crack depth varied from a = 1 to 3 mm. The notched
samples were used for studying the impact properties
with an Izod impact tester at a room temperature
of around 18°C. At least six specimens were tested
for each compound. Fracture surfaces were also
studied with the aid of SEM to understand the
mechanism of failure.

RESULTS AND DISCUSSION

Fractography

The SEM micrographs of the fractured surfaces of
the neat polymer and the i-PP/CaCO; composites
from impact testing are presented in Figure 3(a-d).
The brittle behavior of the matrices at room tem-
perature was confirmed by the observed morphology
of the fracture surface of the virgin PP [Fig. 3(a)]
similar to published reports.?”*%3! The fracture sur-
faces of the untreated CaCO; filled composites com-
pounded from the Zorro element, the Maddock ele-
ment, and the screw element are presented in Figure
3(b—d). The filler concentrations are 12% by volume.
The presence of particles several microns in size
could be observed in these composites. Although it
seems that more large particles and agglomerates
are present in the composites compounded from the
screw element, these specimens generally show poor
dispersion in the iPP matrix, regardless of the type

(b)

Figure 6 Scanning electron micrographs of composites
from the Maddock element: (a) fracture surface of the
composite filled with untreated CaCO; and (b) fracture
surface of the composite filled with LICA12 treated CaCO,.
Filler concentration is 20 vol %.
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of mixing elements used in compounding. Such poor
dispersion may be ascribed to the crystalline nature
of the polymer and the agglomeration tendency of
the fine CaCOj particles.??32 The filler particles ag-
glomerate to larger shapes and only a limited quan-
tity of polymer residue adheres to the filler surface.
Similar to the virgin PP, the fracture surfaces appear
to be nonuniform with random fracture and uneven
voids, which may indicate a low degree of defor-
mation and a large amount of voids in the specimens.
The observed crack spread mainly through the
weakest track in the composite. Hence, the fracture
proceeded along the PP-CaCQ; interface so that
abundent CaCO; particles can be observed on the
fracture surfaces. It seems that some of the CaCOs,
particles popped out of the polymer matrix, even
though the dewetting stress is usually high around
the untreated CaCO; particles.®

The fracture surfaces of the specimens filled with
LICA12 treated CaCQO; compounded from the Zorro
element, the Maddock element, and the screw ele-
ment are presented in Figure 4(a—c). The filler con-
centrations are also 12% by volume. It can be clearly
seen that there are fewer large particles or agglom-
erates in these composites when compared with the
micrographs of untreated CaCO; shown in Figure
3(b-d). As expected, there are also more large par-
ticles and agglomerates in the composites com-
pounded from the screw element. In general, better
dispersion with a low degree of agglomeration of the
filler was observed with surface treated CaCO; filled
compounds. Phase separation between the filler
particles and the matrix seems less distinct due to
effective modification of the filler surface with
LICA12, resulting in fewer agglomerated particles
present on the fracture surface.

The fracture surfaces of the specimens com-
pounded from the Maddock element with untreated
and surface treated CaCQ; at 5 vol % are presented
in Figure 5(a,b). While it seems that fewer particles
are seen on the fracture surfaces than that at 12 vol
%, the number of agglomerates and large particles
is not reduced much. Unlike the case at 12 vol %,
the surface treatment seems to not affect the filler
dispersion very much at such low filler concentration
when comparing Figure 5(a) with 5(b).

The fracture surfaces of the specimens com-
pounded from the Maddock element with untreated
and surface treated CaCOQj; at 20 vol % are presented
in Figure 6(a,b), respectively. A large amount of the
agglomerated particles and structural inhomogene-
ities can be seen in both SEM micrographs. We
think such inefficient mixing observed at 20 vol %
is because the size of the lab screw used in these

experiments may be so small that the adjustable op-
eration factors such as feed rate or screw speed are
too limited to effectively incorporate fillers of such
high concentration into the polymer matrix. How-
ever, with a large diameter screw and wider operation
range, the compounding at high filler concentration
should be improved.

Determination of Dispersion Degree

Dispersion degree was characterized by measuring
the size and the number of agglomerates. Agglom-
erates may act as defects in the composites because
of their large size and relatively weak structure
formed by interparticle forces. Dispersion degree
may be defined as a function of area fraction, ®,, of
agglomerates.

&, = 3 wd?n;/4A 1)

where A is the area of observation, d; is the diameter
of the agglomerates, and n; is the number of ag-
glomerates. Large value of &, indicates poor disper-
sion of fillers. Other higher order averages may also
be considered. However, it has been found that the
mechanical properties correlated well with the area
fraction of the agglomerates.?"3*

The particle size distributions of untreated CaCOj4
at 12 vol % from the Zorro, the Maddock, and the
screw elements are shown in Figure 7(a). While there
is not much difference in the shape of these curves,
the peak around 0.6 pm, which is about the size of
a unit particle or aggregate, is much lower for the
screw element; and the peak heights do not differ
much for the two dispersive elements. Furthermore,
the long tail in each curve indicates the existence
of agglomerates and large particles. The calculated
mean particle sizes are listed in Table I. The mean
size is also the largest in the composites from the
screw element; and it is even bigger than the original
size before compounding. Moreover, the mean sizes
for the two dispersive elements are only slightly
smaller than the original size.

The particle size distributions of treated CaCQOj,
at 12 vol % from the Zorro, the Maddock, and the
screw elements are shown in Figure 7(b). Similarly,
a peak around 0.6 um is shown in all three curves
and a long tail can also be seen. The peak height is
also the lowest for the screw element. The calculated
mean particle sizes are listed in Table 1. That the
mean sizes of treated CaCQj; are all smaller than
their untreated counterparts demonstrates LICA12’s
ability as an effective coupling agent. The mean size
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Figure 7 Particle size distribution of CaCQs filled composites from various mixing ele-
ments at 12 vol %: (a) without surface treatment and (b) with surface treatment.

is still the largest in the composites from the screw
element. The differences between the mean sizes for
the two dispersive elements and the original size,
however, become more significant than the un-
treated fillers.

The particle size distributions of untreated and
LICA12 treated CaCOs filled composites at 5 vol %
from the three elements are shown in Figure 8(a,b).
The shapes of these distribution curves are similar
to that shown in Figure 7(a,b) at 12 vol %. One single
peak around 0.6 um and a long tail can be clearly
seen for each curve. However, the peak heights are
much lower than in Figure 7(a,b). This was expected
because the fraction of the unit particles and aggre-

Table I Calculated Mean Particle Size
from Specimens Compounded from Various
Mixing Elements

Surface
Treatment Maddock Zorro Screw Element
Without

5 vol % 0.7248 0.7485 0.7839

12 vol % 0.7384 0.7537 0.8465

20 vol % 0.9151
With

5 vol % 0.6847 0.7135 0.7467

12 vol % 0.6943 0.7264 0.8227

20 vol % 0.9094

Values in microns.

gates in the composites will be less when the filler
concentration becomes lower. The calculated mean
particle sizes at 5 vol % are also listed in Table I.
These mean sizes are all smaller than their coun-
terparts at 12 vol % due to less agglomeration of
particles at low filler concentrations. The mean par-
ticle sizes at 20 vol % from the Maddock element
are also included for comparison. They are the larg-
est among all the samples under consideration.

The distribution curves of the area fraction of
untreated CaCO; filled composites from various
mixing elements with filler concentration at 12 vol
% are shown in Figure 9(a). The distributions are
clearly bimodal or multimodal. The leftmost branch
at about 1.8 um and smaller may correspond to the
unit particles and aggregates in the composites. The
right part, where the distribution is greater than
about 1.8 um, may correspond to the agglomerates.
It can be seen that the area fraction of the dispersed
phase greater than 1.8 um is smaller for the two
dispersive elements indicating the efficient break-
down of the agglomerates while passing through the
mixing section. The overall area fraction of the ag-
glomerates &, for d; greater than 1.8 um were cal-
culated and listed in Table II for composites from
various mixing elements. As expected, ®, from the
two dispersive elements are smaller than that from
the screw element.

The distribution curves of the area fraction of
treated CaCQ; filled composites from various mixing
elements with filler concentration at 12 vol % are
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Figure 8 Particle size distribution of CaCO, filled composites from various mixing ele-
ments at 5 vol %: (a) without surface treatment and (b) with surface treatment.

shown in Figure 9(b). The distributions are also
clearly bimodal or multimodal. The calculated &,
are listed in Table II. Apparently, the magnitudes
of &, of treated CaCO; are smaller than that of un-
treated particulates.

The distribution curves of the area fraction of the
untreated and LICA12 treated CaCO; filled com-
posites at 5 vol % from the three elements are shown
in Figure 10(a,b). The shapes of these distribution
curves are similar to that shown in Figure 9(a,b).
They are all bimodal or multimodal distributions.
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Distribution greater than 1.8 um corresponds to ag-
glomerates; distribution smaller than 1.8 um cor-
responds to unit particles and aggregates. The cal-
culated &, are listed in Table II. It can be seen that
the magnitudes of &, at 5 vol % are all smaller than
their counterparts at 12 vol %, although the differ-
ences are not very great. The &, at 20 vol % from
the Maddock element are included for comparison.
Once more they are the largest among all the samples
under consideration. The effect of mixing at high
filler concentration may be limited by the screw size
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Figure 9 Area fraction distribution of CaCOj; filled composites from various mixing ele-
ments at 12 vol %: (a) without surface treatment and (b) with surface treatment.
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Table II Calculated ¢, for Specimens
Compounded from Various Mixing Elements

Surface
Treatment Maddock Zorro Screw Element
Without

5 vol % 0.00754 0.00970 0.01010

12 vol % 0.00953 0.01066 0.01543

20 vol % 0.04948
With

5 vol % 0.00511 0.00650 0.00845

12 vol % 0.00653 0.00834 0.0127

20 vol % 0.03815

and the operation range of the laboratory scale ex-
truder.

Notched Izod Impact Toughness

The plots of the notched Izod impact strength versus
filler concentration of iPP/CaCO; composites with
and without surface treatment from various mixing
elements for a notch depth of 1 mm are shown in
Figure 11(a,b). It can be seen that the impact
strengths of the composites compounded from the
Maddock and the Zorro elements are always higher
than that from the screw element at the same filler
concentration because of the low ®, of the compos-
ites from these dispersive elements. It can also be
seen that the impact strengths are always higher for
treated CaCO; filled composites whose &, are also
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smaller than the untreated counterparts. It was
shown that the extent of stress concentration around
the inclusion in a matrix is proportional to the in-
clusion size. Large agglomerates of untreated CaCO,
particles thus may initiate sample failure and lower
the impact energy. Furthermore, failure initiation
and propagation depends on the structure and prop-
erties of the composites. Structural inhomogeneities
(aggregation, voids, etc.) favor initiation, while ri-
gidity of the matrix promotes propagation. Very
strong interactions between the untreated CaCOj
particles and the matrix lead to a rigid interphase,
resulting in decreased fracture resistance. However,
weak interactions between the treated CaCO; par-
ticles and the matrix lead to dewetting and microvoid
formation and enhance the impact toughness.?3%

The impact strengths of the composites also ap-
pear as functions of filler concentration. The
strength increases with CaCOj; content up to a max-
imum around 12 vol %; then it decreases. Such re-
lation was also reported elsewhere.?®* The increase
in toughness at low concentrations of the filler may
be due to the local microplastic deformation arising
from the microscopic cavities around the poorly
bonded particles. The reduction in toughness at high
filler concentrations is due to limited plastic flow of
the PP matrix because the more ductile matrix is
replaced by the more rigid dispersed particulates.
The impact strength at 20 vol % is even lower than
the virgin PP because of the inefficient compounding
in the laboratory scale extruder at such high filler
concentration.
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Figure 10 Area fraction distribution of CaCO; filled composites from various mixing
elements at 5 vol %: (a) without surface treatment and (b) with surface treatment.
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The notched impact strength was also measured
for different notch depth, and therefore we were able
to determine the fracture toughness G, (Table III).
The method proposed by Plati and Williams* was
used to determine G, by assuming linear elastic frac-
ture behavior. The impact energy is related to the
notch depth through the parameter ¢, which is a
function of the notch depth and the test geometry

where J is the measured impact energy, J, is the
energy dissipated during impact as kinetic energy,
and is determined by the intercept from the plot of
J vs. BD¢. ¢ is a geometrical factor defined as

¢ = C/[dC/d(a/D)] (3)

and C is the compliance of the notched sample. ¢
was tabulated for Izod samples.?® The values of ¢
were in the range 0.53-1.27 for our specimens.
The slope of the straight line of eq. (2) is G.. How-
ever, this analysis assumes that the material under
test shows linear elastic behavior and undergoes
brittle fracture. Such brittle behavior may be con-
firmed from the SEM micrographs in Figures 3-6.
Figure 12(a,b) show plots of J against BD¢ for
CaCOs-filled composites with and without surface
treatment. The filler concentrations are 12 vol %.
We then plot relative G, vs. filler concentration for
composites from various mixing elements. Figure
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Table III Fracture Toughness of G,
for Specimens Compounded from Various
Mixing Elements

Surface
Treatment Maddock Zorro Screw Element
Without

5 vol % 1.69 1.71 1.65

12 vol % 1.82 1.81 1.67

20 vol % 0.78 0.76 0.63
With

5 vol % 1.80 1.83 1.72

12 vol % 2.13 2.0 1.82

20 vol % 0.91 0.83 0.72

Values in kilojoules per square meter.

13(a) is the plot of untreated CaCOQ;-filled compos-
ites and figure 13(b) is the plot of LICA12 treated
CaCOj;. The fracture toughness of the composites
also appear as functions of filler concentration.
Similarly, a maximum around 12 vol % can be seen
in each curve in Figure 13(a,b). The toughness at
20 vol % is again lower than the virgin PP. It was
suggested that the filler loading should be less than
20 vol % in order to increase the tensile and impact
properties of CaCO;-filled PP.* It can also be seen
that the surface treatment improves the fracture
toughness of the composites when comparing G,
values in Figure 13(b) with that in Figure 13(a).
Furthermore, the G, values for composites from the
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Figure 11 The notched impact strengths of the composites from various mixing elements:
(a) without surface treatment and (b) with surface treatment. The notch depth is 1 mm.
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Figure 12 The impact energy J against BD¢ for composites from various mixing elements:
(a) without surface treatment and (b) with surface treatment. The filler loadings are 12

vol %.

screw element are generally lower than that from
the Maddock and the Zorro mixing elements.
When G, are plotted against &, at different con-
centrations (Fig. 14), it can be clearly seen that for
each concentration the G, decreases as &, increases.
Note that the inclusions greater than about 1.8 um
were counted for calculating ®,. The samples with
the same filler loading exhibit a pronounced decrease

16

AT '
1.0 ¢

~——- Maddock
0.8 — — Zorro
'''''' screw element

Ge/Ge.m

0.6

0.4 T " T
0 5 10
concentration (a)

in toughness with the increasing value of &,. It is
worthy of note that the values of ®, for 12 and 5 vol
% do not differ much. However, the fracture tough-
ness has a significant increase in composites at the
filler loading of 12 vol %. While large particles and
agglomerates are detrimental to impact resistance
of composites, the reinforcement of composites
mainly arises from the incorporation of fine filler

1.6

Ge/Ge.m

— Maddock
08 —=--~— Zorro
----- screw element

06

0.4 . ; ‘ ,

concentration (b)

Figure 13 Fracture toughness vs. filler concentration for composites from various mixing
elements: (a) without surface treatment and (b) with surface treatment.
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16

5 vol%

------- 12 vol%

Ge/Ge,m

0.00 0.01 0.02

Figure 14 Fracture toughness vs. ®, at various filler
concentrations.

particles. Thus it is expected that the marked in-
crease in G, at 12 vol % is due to the high concen-
tration of fine particles. We used the composites
filled with treated CaCO; compounded from the
Maddock element as examples. We calculated the
overall area fraction of unit particles and aggregates
with particle size less than 1.8 um. It was found that
the calculated values were 0.057 and 0.028 for filler
loadings of 12 and 5 vol %, respectively. Therefore,
to attain the increased composite toughness with
regard to the parent matrix, it was necessary to use
filler with fine particles of about 1 um to ensure its
good dispersion. However, the sensitivity toward
agglomerates and large particles of the filler may
vary with different polymer matrix and filler con-
centration.

CONCLUSION

It follows from the presented results that in the
composites with the same filler loading the mea-
surement of content of inhomogeneities greater than
about 1.8 um represents a reliable and sensitive
method for the correlation of fracture toughness in
the system of PP—calcium carbonate.

The area fraction of agglomerates is much lower
for composites compounded from the dispersive
mixing elements, i.e., the Maddock and the Zorro
elements. Both the impact strength and the fracture
toughness increases as the overall area fraction of

agglomerates and large particles decreases. This may
be ascribed to a large amount of uneven voids and
defects around the interfaces between agglomerates
(or large particles) and the matrix. On the other
hand, the effective dispersion of fine filler particles
is responsible for the reinforcement of the compos-
ites.

This study clearly demonstrates that incorpora-
tion of treated CaCOj fillers greatly modifies the im-
pact strength of PP, but only at a moderate loading
of filler. SEM micrographs with image analysis re-
veal better dispersion and decreased agglomeration
of filler particles upon treatment of LICA12, which
is well known as an effective coupling agent. Fur-
thermore, proper choice of a mixing device plus ef-
fective surface treatment would give rise to the
maximum improvement.
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