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ABSTRACT: This work was designed to study the effects
of inorganic calcite powder on structurally different copoly-
mer [poly(propylene-co-ethylene)] and terpolymer [poly
(propylene-co-ethylene-co-1-butene)] matrices and the pos-
sibility of making a suitable porous composite film. The
yield stress of the composites did not improve, but the
modulus increased gradually with the filler loading.
The theoretical and experimental modulus and yield stress
of the composites provided evidence of filler and polymer
adhesion behavior. The impact strength showed little
enhancement up to a 20 wt % loading for the poly(propyl-
ene-co-ethylene-co-1-butene) system. The number-average,
weight-average, and z-average air-hole diameters were

compared with respect to the draw ratio as well as the cal-
cite loading. The morphology of a micromechanically
deformed composite, studied with an image analyzer,
revealed that the aspect ratio and area of the air holes
increased linearly as a function of the draw ratio, but the
change in the aspect ratio upon filler loading was not re-
markable. A suitable loading of a filler up to 30 wt % was
good for controlling the porosity in the composite
films. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109: 1420–
1430, 2008
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INTRODUCTION

Inorganic particulate-filled polymers have been play-
ing a major role in the polymer processing indus-
tries. Inert inclusions are added intentionally to the
base polymer without sacrificing the processability
in an effort to impart various benefits. These materi-
als often replace more than half of the base resin,
making the final products cost-effective1–6 or suitable
for special applications.7–10 Although a recent trend
has been focused on inorganic-nanoparticle-filled
polymers because they provide better properties
with low loadings,1–14 conventional micrometer-size
particulate-filled polymers are still dominant in the
market because of their acceptability in many appli-
cations. Among the micrometer-size fillers, talc,
calcium carbonate, carbon black, and silica have
been widely used for a long time in their normal
form or surface-modified state.15–18 Commercially,
calcium carbonate is modified by stearic acid
(C17H35��COOH) and other organic surface modi-
fiers; thus, the hydrophilicity of the surface can be
greatly minimized.19–21 Because polyethylene (PE)
and polypropylenes (PPs) are nonpolar and inorganic
fillers are generally hydrophilic in nature, the com-

patibility between them is not favorable. Altering the
polarity of the interphase is a unique way of enhanc-
ing the properties of particulate-filled composites.
Lowering the surface energy is also another way of
reducing filler agglomeration in polymer matrices.

In this study, we attempted to make a porous thin
film from a polymeric substrate and inorganic cal-
cite. There are several methods available, including
the extraction of inorganic fillers from polymers,22

microphase separation,23 and mechanical deforma-
tion of filled polymers,24 to make porous structures
in polymers. Of the methods mentioned previously,
the mechanical deformation method is the cheapest
and easiest way. Extraction or solvent mediation for
introducing porosity into a film is not environmen-
tally viable at all. Therefore, our focus in this study
was the avoidance of any solvent for making compo-
sites and the application of micromechanical defor-
mation in the successive stages. These porous films
have a wide range of applications in sterile packag-
ing, diaper covers, household wraps, breathable
films, and so on. Nago et al.25 described a calcite-
filled porous PP sheet manufacturing process using
a simultaneous uniaxial and biaxial stretching tech-
nique. A range of calcite particles were selected in
their study by the fixing of the stretching ratio and
filler content to show the uniformity of the porous
structure of the film. A finer pore structure was
reported with smaller calcite particles. We elaborated
our study in terms of the mechanical properties,
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morphology of the filler/polymer interface, and
quantitative analysis of air holes by varying the cal-
cite content and stretching ratio. Lee et al.26 devel-
oped a nanoporous polymeric film by the mechani-
cal deformation process from PP/PE copolymer
blends. On the contrary, our objectives were to use
porous films in the field of breathable moisture per-
meation, and so we directed our study mainly to mi-
crometer-size pores rather than nanosize ones.

This study is the continuation of our series on inor-
ganic calcite and zeolite compounded polyolefins
derived by melt processing and subsequent stretching
for possible porous film applications.24 Two copoly-
mers of PP were chosen for their better deformability
over PP. Special attention was paid to the morphol-
ogy of the micromechanically deformed composite
films studied with the image analyzer software. The
correlation of the theoretical and experimental results
was verified by a search for suitable evidence of fil-
ler–polymer adhesion. The nature of the air holes in
terms of the porous areas, air-hole diameters, and as-
pect ratios of the composites were also investigated.

EXPERIMENTAL

Materials

The two polymers used in this study were poly(pro-
pylene-co-ethylene) (CoPP) and poly(propylene-co-
ethylene-co-1-butene) (TerPP), which were supplied
by SK Corp. (Ulsan, Korea). The properties of the
two selected resins are summarized in Table I, which
also includes the physical data of the resins. Inor-
ganic calcite powder was procured from Dowa
Chemical Corp. (Tokyo, Japan), and the properties of
the calcite are also tabulated in Table II.

Calcite premixing and compounding

The calcite was oven-dried for 2 h at 1008C before
mixing, and the resin provided by the supplier was

used as received. To obtain a better mix of the calcite
and matrices of CoPP or TerPP, the resin/calcite
batch was prepared by thorough premixing before it
was fed into the hopper of a Brabender laboratory
twin-screw extruder (PL 2000, PA) with a length/di-
ameter ratio of 16 as a screw dimension. The mixed
compounds, extruded through a round die, were im-
mediately immersed in a cold water bath, and then
the solidified, long strands of the composite were
pelletized. A temperature gradient, maintained in
the twin-screw extruder, was 1908C in the feeding
zone, 2008C in the compression zone, 2108C in the
metering zone, and 2208C in the die zone for the
CoPP system; for the TerPP system, these variables
were 180, 190, 200, and 2108C, respectively. The rota-
tion speed of the screw was constantly maintained
at 60 rpm for all compositions.

Compression molding

The postcompounded CoPP and TerPP pellets and
their composites from the twin-screw extruder were
kept in an oven for moisture removal at 1058C for
3 h. All dried pellets were then placed on a Carver
laboratory hot press at a pressure of 5 3 104 Pa and
a temperature of 2008C for preparing impact bars
with dimensions of 3.64 3 12.7 3 3.17 mm3 accord-
ing to ASTM D 256. The hot mold was then allowed
to cool at room temperature.

Film preparation

The film specimens were prepared by the fixing of a
slit die of 100 3 0.5 mm2 at the end of the extruder
to measure the mechanical and morphological prop-
erties. The dimensions of the film were 15 3 0.4 3
165 mm3 according to ASTM D 882-97 for tensile
testing. The extruded film was uniaxially drawn
with a take-up device, the film thickness being kept
around 0.4 mm.

TABLE I
Characteristics of the Resins

Material (grade name) Code (comment) Density (g/cm3) MI (g/10 min) HDT (8C) Supplier

Copolypropylene (R930Y) CoPP (98 : 2 wt %
PP/ethylene)

0.90 4.5 90 SK Corp. (Ulsan, Korea)

Ternary polypropylene
(T131N)

TerPP (93 : 2 : 5 wt %
PP/ethylene/butylene)

0.90 5.0–5.5 60 SK Corp. (Ulsan, Korea)

HDT, heat distortion temperature; MI, melt index.

TABLE II
Properties of the Calcite

Form
Chemical

composition
Density
(g/cm3)

Particle
size (lm)

Brunauer–Emmett–Teller
area (m2/g) Modifier Supplier

Fine, white powder CaCO3 2.9 1.1 4.8 Stearic acid treated Dowa Chemical Co. (Japan)
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Characterization

The morphology study was done for the purpose of
visualizing the wetting status of the matrices by cal-
cite, and image analysis was performed on a drawn
film with special software. The dispersion of the cal-
cite in the matrix and the particle agglomeration
were visualized from a cryogenically fractured sur-
face, and the morphology of stretched film speci-
mens was analyzed with scanning electron micros-
copy (SEM; S-4300, Hitachi, Tokyo, Japan). All speci-
mens prepared for the SEM analysis were coated
with platinum with a sputter coater before the test.

The tensile properties of the film specimens were
measured with an Instron 4465 (MA) at 258C under
30% humidity. The Young’s modulus, yield stress,
elongation at break, and maximum stress were
enumerated from a stress–strain curve. In particular,
the Young’s modulus, which is a measure of the
stiffness, was compared with the theoretical model.
The initial grip distance of the specimens was main-
tained at 50 mm, and the deformation rate was 50mm/
min. A slow crosshead speed of 5 mm/min on a 2-mm
gripped sample was applied to all the composite
films for studying the porous morphology.

For mechanical and morphological characteriza-
tions, at least 10 specimens were tested, and the
most probable results were averaged. The SEM
images were used for quantitative analysis of the
air-hole diameters, aspect ratio, and area with a spe-
cial image analyzer and Scion image analyzer soft-
ware (Scion Corp., Frederick, MD). To avoid compli-
cations, the average diameter of the air holes was
measured by the conversion of all elliptical air holes
to the corresponding spherical diameters. The air-
hole diameter was enumerated in terms of the num-
ber-average (dn), weight-average (dw), and z-average
(dz) diameters according to the following equations
(these so-called averages of the air-hole diameter
analysis are found elsewhere27):

dn ¼
P

Nid
1
iP

Ni
(1a)

dw ¼
P

Nid
2
iP

Nid
1
i

(1b)

dz ¼
P

Nid
3
iP

Nid
2
i

(1c)

where Ni is the number of air holes measured arbi-
trarily from an equal unit of area in the drawn film
and di is the diameter of the ith particle.

RESULTS AND DISCUSSION

Calcite particles and their dispersions
in both matrices

Figure 1(a) presents SEM microphotographs of ste-
aric acid coated calcite particles at 20003 magnifica-

tion. The size and shape of the calcite particles were
irregular in the matrix. The surface of the calcite par-
ticle was modified to minimize the agglomeration,
but some aggregates were still observed.

To confirm the uniform dispersion and wetting
behavior of the calcite particles in all compositions,
SEM microphotographs of calcite-incorporated CoPP
and TerPP systems were taken with a cryogenically
fractured surface. Figures 1(b–g) and 2(a–f) are rep-
resentations of the cryogenically fractured surfaces
of 5, 10, 20, 30, 40, and 50 wt % calcite-filled CoPP
and TerPP composites, respectively. Calcite particles
were well wetted in the matrices with minimum
lumps because a good distributive mixing was
achieved during the compounding by means of a
twin-screw extruder. With the action of mechanical
friction inside the extruder barrel, the initially aggre-
gated particles were reduced to an almost discrete
form in CoPP matrices. This was also visible for the

Figure 1 SEM microphotographs (20003) of (a) stearic
acid coated calcite and (b–g) cryofractured surfaces of cal-
cite-filled CoPP composites [(b) 5, (c) 10, (d) 20, (e) 30, (f)
40, and (g) 50 wt %].
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TerPP matrix and seemed to result in fair adhesion,
good wetting being exhibited without remarkable
agglomeration.

Mechanical properties

Figure 3 presents the stress–strain curves of pure
and calcite-filled CoPP and TerPP film specimens
deformed at 50 mm/min [Fig. 3(a,b)]. The yielding
behavior was observed for pure and all calcite-filled
CoPP and TerPP systems. In general, the yielding
phenomenon occurs very close to zero strain for cer-
tain polymers, and the initial peak is separately pre-
sented in the inset of Figure 3 to avoid confusion.
Nonyielding polymers such as elastomers and brittle
polymers do not show this type of initial peak. The
yield stress was reduced with successive filler load-
ings for both CoPP and TerPP composites. In addi-
tion, 0–20 wt % calcite-filled CoPP and 0–30 wt %
calcite-filled TerPP composites showed the elonga-
tion at break exceeding 1000% (machine limit; this
means that the machine can elongate the sample up
to 500 mm) and then declining with further filler
loading [Fig. 3(a,b)].

The Young’s modulus, which is a characteristic of
a material’s rigidity, was calculated with the stress–
strain curve presented in Figure 4 for CoPP and
TerPP, respectively. The experimental moduli of the

pure CoPP and TerPP were also plotted with respect
to the filler contents, and they were 1084 and 508
MPa, respectively. As the calcite loading increased
from 5 to 50 wt % in the CoPP system, the succes-
sive increment of the modulus from 1155 to 2018
MPa was observed. On the other hand, the Young’s
modulus of the TerPP system increased from 571 to
1150 MPa for identical calcite incorporation. It is
well known that the inclusion of a rigid particulate
filler induces an increase in the stiffness and Young’s
modulus of composites.2,6

Several theories have been presented for evaluat-
ing composite properties that depend on the modu-
lus of the filler and filler volume fraction. One of the
physical properties, such as the modulus, of the
filled materials could be derived from a simple rule
of mixtures, which is given here for a binary
mixture:28

Ec ¼ Ep/p þ Ef/f (2)

Figure 2 SEM microphotographs (20003) of cryofractured
surfaces of calcite-filled TerPP composites: (a0) 5, (b0) 10,
(c0) 20, (d0) 30, (e0) 40, and (f0) 50 wt %.

Figure 3 Stress–strain curves of film specimens for pure
and calcite-filled (a) CoPP and (b) TerPP composites at
crosshead speeds of 50 mm/min: ( ) pure, ( ) 5% cal-
cite, ( ) 10% calcite, ( ) 20% calcite, ( ) 30% calcite,
( ) 40% calcite, and ( ) 50% calcite.
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where Ec is the modulus of the composites; Ep and Ef

are the moduli of the polymer matrix and filler,
respectively; and /p and /f are the volume fractions of
the polymer and filler, respectively. Also, the inverse
rule of mixtures,28 another way of expressing moduli
found in the literature, has the following form:

Ec ¼
EpEf

Ep/f þ Ef/p

(3)

Equation (2) is appropriate when strong adhesion
exists between the filler and polymer and the filler
has a higher aspect ratio, whereas eq. (3) is applica-
ble to rigid spherical particles.

Two more models deriving the modulus of partic-
ulate-filled composites were also applied here for
experimental data comparison. The simplest one,
introduced by Einstein, has the following form:9

Mc ¼ Mpð1þ 2:5/Þ (4)

where Mc, Mp, and / are the moduli of the elasticity
of the composite and unfilled polymer and the vol-
ume fraction of the filler, respectively. This equation

is valid for low filler loadings, assuming perfect ad-
hesion between the filler and polymer matrix. Ein-
stein’s equation implies that the stiffening action of
the filler is independent of the particle size of the fil-
ler. It follows only the volume occupied by the filler
and neglects the filler weight. On the other hand,
moduli of composites described by eqs. (2) and (3)
depend on individual moduli of the filler and pure
matrices and the volume fractions of both compo-
nents (the modulus of calcite particles was taken to
be 50 GPa).

An extension of Einstein’s theory for enumerating
the composite modulus was derived by Guth and
Smallwood:11

Mc ¼ Mpð1þ 2:5/þ 14:1/2Þ (5)

where all notations are the same as those in the pre-
vious equation.

The calculation of the filler volume and resin
concentration is based on the solid densities of the
constituents. The relationship between the volume
fraction (/) and weight fraction (f) of the filler in the
composite is represented by

/ ¼ u

uþ ð1� uÞhf

hp

(6)

where hf and hp are the densities of the filler and
pure polymer, respectively.

We calculated the moduli, using eqs. (2)–(4), and
plotted them in Figure 4. Figure 4(a) presents the
CoPP/calcite system; the experimental data are
found in the middle between the theoretical values
of the Einstein9 and Guth11 equations, but they are
higher than the values calculated by the inverse rule
of mixtures. Because the surface of the calcite par-
ticles was coated with stearic acid, the wetting
between the calcite and CoPP matrix seemed better
than what we found in our previous study on
zeolite-filled CoPP.29 On the contrary, for the TerPP/
calcite system [Fig. 4(b)], the experimental data devi-
ated more positively from all three theoretical equa-
tions. This positive deviation may have been the
result of stronger adhesion with calcite than with
CoPP/calcite systems. The higher experimental mod-
ulus of the TerPP/calcite systems is obviously due
to the presence of a butylene comonomer as well as
the low surface energy of the treated filler. It is not
easy to directly measure the adhesion parameter
between the calcite and polymer under this experi-
mental condition. Many other factors may have an
indirect influence on it. Some other researchers also
found an anomalous result when they verified the
modulus of filled systems by a theoretical model.30

Figure 5(a) shows the yield stress of pure CoPP
and TerPP and their composites as a function of the

Figure 4 Verification of the experimental and theoretical
moduli of pure and calcite-filled systems: (a) CoPP and (b)
TerPP (Einstein’s equation, Guth’s equation, inverse mix-
ing rule, and experimental data).
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filler content. The initial yield stresses of the neat
samples were 31 and 21.5 MPa, which decreased to
22 and 15 MPa by the successive loading of calcite in
CoPP and TerPP, respectively. The yielding phenom-
ena of filled polymers have been reported by several
authors with the same view.30–32 Between the two
systems, the yield stress of the TerPP/calcite system
was lower than that of the CoPP system. This behav-
ior may have arisen from the 1-butene in the TerPP
system, which lowered the stress upon the incorpora-
tion of the rubber-type component. Thus, the differ-
ence in the yield stress between the two systems
clearly resulted from the structural dissimilarity of
the matrices upon the addition of a comonomer.

Also in Figure 5(a), the experimental yield stresses
of both systems are compared with theoretical values
and plotted against the volume fraction of the filler.
One of the yield stress models of the composite,

which was proposed by Nicolais and Narkis,34 is
represented as follows:

ryf ¼ rypð1� b/2=3Þ (7)

where syf and syp are the yield stresses of the com-
posite and unfilled polymer, respectively, with the
volume fraction of filler (/) being the same as in the
previous equations. The factor b accounts for the ad-
hesion quality between the matrices and the inclu-
sions. We calculated the yield stress of each compos-
ite at b 5 1.21, which is the extreme case of poor ad-
hesion for spherical inclusions. In general, the lower
the value of b was below 1.21, the stronger the adhe-
sion was.25 The theoretical values were lower than
our experimental values for both the CoPP and
TerPP composites. The higher experimental yield
stress indicated better adhesion than we predicted,
and the tendency was similar for both the CoPP and
TerPP systems. Lyu et al.30 reported on the yielding
behavior of composites in terms of their experimen-
tal slope. The lower the slope, the better the adhe-
sion will be. The observed slope in our experimental
curve is lower than the theoretical one. In addition,
TerPP composites yielded a slightly lower slope than
the CoPP system, and this presumably indicates bet-
ter adhesion of calcite with TerPP than with CoPP.

The elongation at break, drawn in Figure 5(b), was
more than 1000% for up to a 20% calcite loading and
875, 670, and 635% for 30, 40, and 50 wt % calcite-
filled CoPP systems, respectively. In addition, it was
more than 1000% for up to 30 wt % calcite and 867
and 780% for 40 and 50 wt % calcite-filled TerPP
systems, respectively. The elongation values were
similar up to a 20 wt % loading, and beyond this,
the TerPP system showed slightly higher elongation.
The structural variation of the terpolymer, which
had an additional rubbery microstructure of 1-
butene, played a vital role in the ultimate elongation
of the film. The discontinuity and stress concentra-
tions, due to the rigid inclusions in the matrices,
were generally responsible for the reduced elonga-
tion at higher filler loadings.

Impact properties

Figure 6 presents a graphical representation of the
impact strength of both CoPP and TerPP systems,
with experimental deviations shown by an error bar.
The impact strength of the CoPP composites did not
improve with the addition of calcite, but the TerPP
systems showed a higher impact strength than the
corresponding unfilled system with up to a 20 wt %
calcite loading. In addition, the impact strength of
the TerPP system was higher than that of the CoPP
system, and this implied that the incorporation of 1-
butene was responsible for this behavior, which was

Figure 5 (a) Yield stress comparison according to the Nic-
olais–Narkis model for pure and calcite-filled (n,&) CoPP
and (l,*) TerPP systems (solid symbols represent theoret-
ical values; open symbols represent experimental values)
and (b) elongation at break for pure and calcite-filled (l)
CoPP and (*).
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consistent with the mechanical properties. In general,
the impact property has no positive effect when part
of the rubbery phase is substituted from matrices
with a rigid inert filler or inclusions. The impact
strength of the TerPP/calcite composite was differ-
ent from that of the TerPP/zeolite composite, but
reduced impact strength for calcite- or zeolite-filled
CoPP composites was observed.29

Quantitative analysis of air holes by
image analysis

The comparative drawn morphology of 30 wt % cal-
cite-filled CoPP with draw ratios of 0.5, 2.0, 3.0, and
4.0 is shown in Figure 7(a–d), respectively, and Fig-
ure 7(a0–d0) presents the TerPP system with the same
draw ratio. At the lowest draw ratio of 0.5, the dew-
etting was just initiated between the calcite particles
and the matrices [Fig. 7(a,a0)]. However, as the
applied draw ratio increased, the size of the previ-
ously formed air holes continued to grow in the
machine direction, regardless of the systems. In
addition, the initially formed air holes were continu-
ously enlarged along the machine direction upon
uniaxial stretching.

In an article published by Nago et al.25 on
stretched PP/CaCO3 composite sheets made with a
biaxial stretching technique, they investigated the
microstructure in relation to the CaCO3 particle size
in the range of 0.08–3.0 lm. It was emphasized that
the effective porosity increased and the tortuosity
factor and equivalent size of the pore became
smaller with the decreasing mean particle size of the
filler. In another investigation, Mizutani et al.33 also
reported that the pore size and porosity were con-
trollable by the adjustment of the filler content, parti-
cle size of the filler, and degree of stretching. Some
of their results can be presented as follows: with

decreasing particle size, fine particles are apt to ag-
gregate much more and result in a wider particle
size distribution and broader pore size distribution
of the microporous PP sheet. Evidently, the use of a
filler with a smaller particle size makes it possible
to prepare a microporous sheet with a finer pore
structure. Our results with respect to air holes in
composite films were also thoroughly analyzed and
are presented in the next section.

The image analyzer software was used for quanti-
tative measurements of SEM images. The average as-
pect ratio of air holes, total area of the air holes, and
diameter of the air holes upon stretching were calcu-
lated with a 30 wt % content loading and various
draw ratios. To analyze the morphological properties
of the CoPP and TerPP composites, the comparativeFigure 6 Impact properties of pure and calcite-filled sys-

tems at room temperature: (l) CoPP and (*) TerPP.

Figure 7 SEM photographs of 30 wt % calcite-filled (a–d)
CoPP and (a0–d0) TerPP composite films stretched at differ-
ent draw ratios (0.5, 2, 3, and 4).
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values of the aspect ratio and total area of the air
holes are plotted in Figure 8(a,b), respectively, for
30 wt % calcite-filled systems with various draw
ratios. In Figure 8(a), the values of the air-hole aspect
ratio (the ratio of the major axis to the minor axis of
the air hole) linearly increase with the draw ratio.
The observed average aspect ratio increases from
1.22 to 5.25 for the CoPP system and from 1.2 to 4.7
for the TerPP system. The result is analogous to that
of our previous report on zeolite-filled CoPP and
TerPP systems.29 The lower aspect ratio of the TerPP
system versus that of the CoPP system can be
explained by its microstructural differences. The rub-
bery and glassy behavior of the polymer matrix may
be influencing the aspect ratio of the air holes. At
equal drawings, the stiff matrix yielded a higher as-
pect ratio than the soft matrix.

In Figure 8(b), the total area of the air holes in
both the CoPP and TerPP systems according to the
draw ratio shows successive increments up to
the maximum draw ratio of 4. The air-hole area of
the CoPP system was slightly larger than that of the
TerPP system. The total area of the air holes was

calculated to be 2700 lm2, as analyzed from the
image area for every composition.

The image-analyzed number-average, weight-
average, and z-average air-hole diameters were meas-
ured quantitatively according to eq. (1) and are plotted
in Figure 9. The number-average air-hole diameter, as
shown in Figure 9(a), increased from 1.07 to 2.5 lm
and from 0.98 to 2.16 lm for the calcite-filled CoPP
and TerPP, respectively, within the draw ratio range
of 0.5–4.0. Our previous report showed a similar out-
come.9 In Figure 9(b,c), similar trends for the
weight-average and z-average diameters of the air
holes for both systems can be observed. The weight-
average air-hole diameter increased from 1.2 to 4.41
for the CoPP system and from 1.15 to 4.18 lm for
the TerPP system between the draw ratios of 0.5–4.0.
On the other hand, the z-average air-hole diameter
increased from 1.65 to 8.01 lm and from 1.53 to

Figure 8 (a) Aspect ratio and (b) total area of the air
holes of 30 wt % calcite-filled (l) CoPP and (*) TerPP
composite films as a function of the draw ratio.

Figure 9 (a) Number-average (Dn), (b) weight-average
(Dw), and (c) z-average (Dz) diameters of air holes of 30 wt %
calcite-filled (l) CoPP and (*) TerPP porous films versus
the draw ratio.
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7.73 lm for the CoPP and the TerPP systems, respec-
tively, within the same drawing limit.

Figure 10 presents the comparative drawn mor-
phology of the CoPP and TerPP systems with vari-
ous calcite contents at a constant draw ratio of 4.0.
The SEM photographs in Figure 10(a–d,a0–d0) repre-
sent a few compositions of the drawn films of CoPP
and TerPP containing 10, 20, 30, or 40 wt % calcite,
respectively.

The aspect ratio and total area of the air holes are
also plotted in Figure 11(a,b), respectively, as a func-
tion of the calcite content at a fixed draw ratio of 4.0.
The average air-hole aspect ratio lay between 4.58
and 5.65 for all compositions, and this indicated that
the filler content did not remarkably influence the
aspect ratio. In Figure 11(b), the total area of the air

holes in both the CoPP and TerPP systems is plotted
as a function of the calcite content at a fixed draw
ratio of 4.0. The total area of the air holes in both
systems gradually increased with the calcite loading
and was maximized at a 50 wt % loading.

The number-average, weight-average, and z-aver-
age air-hole diameters are also presented in Figure 12
with respect to the calcite content at a fixed draw ra-
tio of 4.0. The number-average air-hole diameter, as
shown in Figure 12(a), lay between 2.37 and 3.3 lm
and 2.16 and 3.1 lm for calcite-filled CoPP and
TerPP, respectively. As shown in Figure 12(b), the
weight-average air-hole diameter fluctuated between
4.17 and 5.4 lm and 4.01 and 4.75 lm for the CoPP
and TerPP systems, respectively. Finally, the z-aver-
age air-hole diameter [Fig. 12(c)] varied from 7.52 to
8.78 lm and from 7.42 to 8.22 lm for the CoPP and
TerPP systems, respectively.

Overall, the image-analyzed results show that 40
and 50 wt % filled films produced higher air-hole
areas, but the elongation was more influenced by
these concentrations. Moreover, the changes in the
average air-hole diameters and aspect ratios were
almost invariable with the filler content. Therefore, a

Figure 10 SEM morphology of 10, 20, 30, and 40 wt %
filled films stretched at a fixed draw ratio of 4.0: (a–d)
CoPP and (a0–d0) TerPP.

Figure 11 (a) Aspect ratio and (b) total area of the air
holes of (l) CoPP and (*) TerPP composite films as a
function of the filler content at a fixed draw ratio of 4.0.
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loading up to 30 wt % would be suitable for control-
ling the porosity in the composite films.

CONCLUSIONS

Inorganic-calcite-filled CoPP and TerPP composites
were prepared by melt extrusion, by which their
films were micromechanically deformed, and this
resulted in the microporosity of the films. As this
method avoids all sorts of solvents, it will be cost-
effective, nontoxic, and environmentally sustainable
for manufacturing porous films for sterile packaging,
diaper covers, household wraps, breathable films,
and so forth. An improved Young’s modulus was
observed with successive increments of the filler in
both systems. The yield stress of the CoPP and
TerPP films gradually decreased with successive cal-
cite loadings, but it showed little positive deviation
in comparison with the theoretical model. Better

adhesion with the polymer and filler were reported
from the yield stress and study of the experimental
and theoretical moduli. The elongation at break was
almost constant up to a certain loading but was
reduced at higher filler concentrations in both sys-
tems. The impact strength of the composites did not
show any improvement over that of the pure compo-
nents, although it increased for TerPP composites up
to a 20 wt % filling. The aspect ratio and the area of
the air holes increased almost linearly with the draw
ratio. Number-average, weight-average, and z-aver-
age quantitative air-hole diameters linearly increased
with the draw ratio but were almost invariable as a
function of the loading. The changes in the average
air-hole diameters and aspect ratios were almost in-
variable with the filler content, and so a loading up
to 30 wt % would be suitable for controlling the po-
rosity in the composite films. Our experimental
results, based on the use of calcite, a widely used
and low-cost filler, will be good guidelines for man-
ufacturing breathable, microporous films and select-
ing appropriate matrices.

This work is financially supported by Inha University.
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