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ABSTRACT: The main goal of this research is to investi-
gate the effect of nano-CaCO; coated with different content
of stearic acid on fracture toughness of HDPE/CaCOj;
nanocomposite. For this purpose, HDPE/10 vol % CaCOs;
nanocomposites were made using a twin-screw mixer—
single-screw extruder. Nanocomposite standard samples
were prepared via injection molding method. Three-point
bending tests and microscopic evaluations were performed.
The results of fracture toughness test showed that the addi-

tion of uncoated nano-CaCO; to HDPE causes to decrease
fracture toughness, but it can be increased slightly as stearic
acid content added. Also the results showed that the stress
whitening zone width depends strongly on both CaCO; and
stearic acid content. © 2007 Wiley Periodicals, Inc. ] Appl Polym
Sci 104: 3688-3694, 2007
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INTRODUCTION

The demand market of high-density polyethylene
(HDPE) is increasing because of its vast applications,
especially for automotive and industrial applications.
But its applications have been limited compared to
its potential, since its mechanical properties are not
high enough for some industrial applications.

To improve the physical and mechanical proper-
ties of HDPE, addition of filler, rigid particles, and
even elastomer to HDPE is very common. One of
the most important filler, which is added to PE, is
CaCQOs. It can be widely used as filler for almost all
polymers. It is inexpensive and can be used at high
loading. It is available in different grades: dry proc-
essed, wet, or water ground, and can be easily sur-
face treated. Precipitated calcium carbonate (PCC)
can be produced in all three crystal modification of
CaCO; and in a wide variety of particle sizes and
shapes, including plates and acicular forms. How-
ever, only the calcite form with a rhombohedric cell
and low aspect ratio has found much commercial
application in polymers.

According to author’s knowledge, there are some
approaches on HDPE composites." ™ The first
approach paid attention to dependency of mechani-
cal properties of composite on filler particle size."™?
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DISCOVER SOMETHING GREAT

The results showed that tensile behavior of filler-
reinforced polyethylene can be increased as the filler
size decreased."” Also it is reported that whenever
the secondary phase with nanosize is used, excellent
increasing in thermal and mechanical properties can
be observed.*'? The second approach focused on
role of filler size on rheological properties of HDPE/
CaCO; composites.'*'® The results of this approach
showed that carbonate calcium has a big significant
effect on rheological behavior of HDPE.'® Also it is
observed that decreasing particle size can act as a
barrier during processing of polymer.'”"* The third
approach concentrated on the effect of surface treat-
ment on tensile properties of HDPE/CaCO; nano-
composites.”” " To improve toughness, it is neces-
sary to obtain a sufficient particle matrix adhesion.
And so, using optimum amount of surfactant, such
as stearic acid (SA) or other fatty acid, can be a good
way to make an uniform dispersion with suitable
adhesion. Recently, a few papers have reported
toughening of polyethylene and polypropylene with
small CaCOs particles coated with SA.>>7'2% For
example, Lazzeri et al.'® studied the effect of SA on
the mechanical properties of HDPE/CaCO; nano-
composites. The results showed that the addition
of 10 vol % nanosized CaCO; to HDPE causes to
decrease both Young’s modulus and yield stress of
the composite, but does not change the tendency
of the material to neck and draw. The addition of
coated nanosized CaCOj; could compensate decreas-
ing of the tensile properties, compared to the
uncoated PCC.'
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Figure 1 XRD spectrum of CaCO;.

In spite of importance of fracture toughness of
polymer nanocomposites, there are a few papers
which are concentrated on nanocomposites fracture
toughness.” >* Nissel et al.?' studied the effect of
nanoparticles on interfacial fracture toughness and
dynamics. They showed that the addition of small
amount of nanoparticles can drastically reduce the
interfacial fracture toughness between polymers.

Dependency of fracture toughness of a commercial
epoxy on organoclay has been investigated by Weip-
ing et al.”* The results showed that fracture toughness
of the nanocomposite increased by 1.7 times as orga-
noclay content increased to 1 wt %. Investigation on
fracture mechanism of epoxy-silica nanocomposites
produced by dispersing silica-organosol particles
showed that the addition of silica nanoparticles up to
10 wt % brings about a considerable enhancement in
fracture toughness and an increase in the critical
crack length for the onset of crack propagation.®®

Since there is no evidence of any paper, which is
focused on role of surfactant on fracture toughness
of HDPE nanocomposite, it is decided to clarify the
subject which is still under debate. Thus, the main
goal of this research is to find out the effect of both
untreated and treated CaCO; with different content
of SA on fracture toughness of HDPE/CaCO; nano-
composites.

EXPERIMENTAL
Material

High-density polyethylene (HDPE) Eltex B4020 from
Solvay Polyolefins, Rosignano, Italy, was used. The
filler particles were SOCAL" PCC obtained from Sol-
vay SBU Advanced Functional Minerals, Salin de
Giraud, France. The purity of used powder was

determined using XRD method. Figure 1 shows the
spectrum of used nano-CaCO; with calcite structure.
Since the main goal of the current research was to
investigate role of surface treatment on performance
of CaCQO;, three kinds of CaCO; with different SA
content were employed. Figures 2 and 3 show the
scanning electron and transmission electron micro-
graphs taken from the nanoparticles used, respec-
tively. As it can be seen, the morphology of used
particles is irregular, and the average particle size is
about 70 nm. The specifications of materials used are
shown in Table I. Just for simplicity, the coated
nano-CaCQj; is coded as illustrated in Table 1.

Sample preparation

Before mixing, PCC powders were dried under vac-
uum for a minimum of 8 h. Oven-dried PCC powders

Figure 2 Scanning electron micrograph of the nano-
CaCOj; powder.
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Figure 3 Transmission electron micrographs of the nano-
CaCOs.

and HDPE pellets were first mechanically mixed to
achieve HDPE/10 vol % CaCO; nanocomposites. The
mixed HDPE and CaCO; were extruded at two stage
processing unit composed by a twin screw noninter-
meshing corotating mixture (Comac Plast, Milano) and
a MV45 single-screw extruder (Comac Plast, Milano).
The temperature in different zones of extruder was
kept constant from 160 to 200°C. The fracture tough-
ness standard specimens were made using injection
molding method. The nanocomposites are coded as
shown in Table II.

Three point bending test

Three point bending tests were carried out according
to ASTM 5045 standard. The dimensions of all sam-
ples including HDPE and its nanocomposites were
chosen 280 x 12 x 6 mm’. To produce a precrack, a
razor blade, which had been chilled at low tempera-
ture, was used. The chilled razor blade was used to
avoid plastic deformation during making a precrack.
Triple bending test were carried out with a Zwick
tensile machine at a strain rate of 0.4 min . Three
samples for each type of material were tested at
room temperature.

TABLE I
Specifications of PCC Powders
Nominal
SA/PCC MOT measured
weight ratio by gravimetry SA surface
(gram acid/ (gram acid/ concentration
Material ~ kilogram PCC)  kilogram PCC) (mg/m?)
PCC00 0 0 0
PCC20 20 23.7 1.48
PCC40 38 40.7 2.14
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TABLE II
Specification of the Nanocomposites

Nominal SA/PCC
weight ratio

PCC volume

Material content (%) (gram acid/kilogram PCC)
Pure HDPE - -
PCC100 10 0
PCC120 10 20
PCC140 10 40

Microscopic evaluation

Transmission electron microscope (TEM LEO 912AB
(120 kV) with line resolution of 3 A was performed
for observing the nanoparticles. Also to clarify the
role of uncoated and coated CaCOj particles on frac-
ture mechanism of HDPE nanocomposite, both opti-
cal and scanning electron microscopes were used.
The stress whiting zone (SWZ) in front of precrack
was measured directly by polarized light. An
LEO1450VP scanning electron microscope with tung-
sten filament and 20 V accelerating voltage was used
to study the fracture surface of selected samples.
The specimens were coated, via a sputter coater with
a thin layer of Pt, before microscopic evaluation to
avoid charge built up.

RESULTS AND DISCUSSION

A few words must be devoted to the fracture tough-
ness values presented in this work. Considering the
yield stress data measured for these materials, KC
on our materials including neat HDPE and its nano-
composites does not meet the size limitations for
plane strain fracture parameter given by test proto-
col (1990 testing protocol approved by European
Structural Integrity Society (ESIS)). As a matter of
fact, the thickness of the sample used is much lower
than the real thickness for determination of plane
fracture toughness. Thus, one may conclude that the
fracture toughness measurements for all the nano-
composites (including unfilled HDPE) cannot satisfy
the LEFM requirements. This is similar to what pro-
posed by Zebarjad et al.*® during determination of
fracture toughness of PP and its blend and what
reported by Hooley and Moore®® In fact, they
showed that plane strain fracture toughness of PE
can be achieved at room temperature if the sample
thickness is more than 255 mm.** The simple fact
that the injection machine necessary to mold such
thick samples does not yet exist, it means it would
be absurd to compare hypothetical fracture results
obtained on samples of such thickness.

Figure 4 shows the load-displacement curves of
HDPE and its nanocomposites. The values of fracture
toughness can be achieved by using the maximum
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Figure 4 Load-displacement curves of HDPE and its
nanocomposites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

load, shown in the Figure 4. As it can be seen, the load-
displacement diagram for neat HDPE does not seem lin-
ear. Although its deviation is not so much and can be
attributed to the accuracy of used equipments but just
for checking for neat HDPE, J-testing was performed
according to the ESIS protocol, ((European Structural In-
tegrity Society), Recommendation for Determining the
Fracture Resistance of Ductile materials, 1991)% and Jic
at room temperature was measured. The corresponding
Kic value was calculated by using the following for-
mula: Kic = (E x Jic)/? where E is the Young’s modu-
lus. The result showed that there is no any significant
difference between J-integral method and stress inten-
sity factor method and the fracture toughness achieved
for neat HDPE from load-displacement-diagram is
valid.

SA content and fracture toughness

Figure 5 illustrates variation of fracture toughness of
pure HDPE and its nanocomposites versus SA con-
tent. As seen, the addition of 10 vol % CaCO; to
HDPE make a decrease in its fracture toughness of
about 37%. The true reason of this drop can be
attributed to the fact that the tendency of uncoated
CaCO; to agglomeration is so much. In fact, agglom-
eration is a well-known phenomenon and its proba-
bility increases with decreasing particle size. The
occurrence and extent of agglomeration are deter-
mined by the relative magnitude of the forces, which
either bind together the particles or try to separate
them. Hornsby”® listed mechanical interlocking, elec-
trostatic forces, van der Waals forces, liquid and
solid bridging as the principle adhesive forces
between particles. Among these forces, the effect of
mechanical interlocking and electrostatic forces are
greater than that of the others.
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Since during processing of HDPE nanocomposite,
there is no any agent to prevent agglomeration of
uncoated nano-CaCOj;, thus the nanoparticles aggre-
gate and act like a big particle. Besides, the nanopar-
ticles tend to decrease their surface contact with ma-
trix by agglomeration. These are why the uncoated
PCC particles tend to aggregate.

Although the agglomerated particles can play as
stress concentrator points, but in this system, the num-
ber of stress concentrators is very low. Therefore, there
is a little consumed energy for crack initiation. In sum-
mary, the role of agglomerated particle on stress con-
centrator can be divided into two parts. The first is
decreasing of stress concentrator points and the second
is increasing the value of stress concentration, i.e., the
debonding around a big particle can happen at lower
stress rather than the smaller particles. In addition,
since there is no any chemical bond between particles
and matrix, debonding can occur easily.

Similar to what proposed for crack initiation, crack
propagation can be influenced by both particle size
and chemical bonding between particles and matrix.
Because of lack of chemical bonding between matrix—
filler and high stress in front of agglomerated particles,
crack propagates easily. This is why fracture toughness
of pure HDPE is higher than that of PCC100.

Comparison of fracture toughness of uncoated
and coated HDPE/10 vol % CaCOj; nanocomposite
shows that the value of the property depends
strongly on SA content. As a matter of fact, the addi-
tion of about 4 wt % SA causes to promote fracture
toughness of about 20%. The reason can be referred
to the effect of SA on preventing the agglomeration
of particles and reduce driving force for initiation
and propagation of crack due to decreasing agglom-
erated particle. The experimental results showed that
the number of agglomerated particles bigger than 1
um /250 mm? decreases from 9 For PCC100 to 4 For
PCC104 (Fig. 6).
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Figure 5 Dependency of fracture toughness of HDPE/10
vol % CaCOj on stearic acid content. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 6 Number of agglomerated particles bigger than
1 um/250 mm? as a function of stearic acid content.

It is clear that the interface area between polymer
and filler increases as the number of agglomerated
particles decreases. All particles behave like stress
concentrator points and crack initiation will happen
in the polymerfiller interface. Since the consumed
energy due to crack initiation increases as the SA con-
tent increases, it can be concluded that the debonding
and deformation stress need for PCC140 is higher
than those of other materials. Besides, lack of chemi-
cal bonding between matrix, SA, and CaCOj; results
in decreasing of interfacial adhesion between HDPE
and uncoated PCC, so interfaces are much weaker
than those of coated PCC. In fact SA layer can act as
a barrier against crack propagation and increases the
consumed energy due to crack propagation (Fig. 5).

The fracture toughness versus average particle
size of HDPE nanocomposites are shown in Figure 7
It can be observed that an increase in particle size
corresponds with the decreasing fracture toughness.

Debonding stress and fracture toughness

In heterogeneous polymer systems, and especially in
composites, basic deformation mechanism is
debonding. Debonding is especially important in
polyethylene (PE) composites, because of low polar-
ity and low free energy of polymer. Interfacial adhe-
sion is weak and separation of matrix—filler interface
can be happened rapidly.

Pukanszky and Voros® developed a debonding
stress model using the following equation:

o = —Ci67 4 [(Co W) /R]*? 1)

where o and o' are debonding and thermal stress,
respectively, C;, C,, and R are constants containing
component properties, geometrical parameter, and
radius of particle size. Wy is the reversible work of
adhesion. As it can be predicted using eq. (1),
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Figure 7 The effect of average particle size on fracture
toughness.

debonding stress relates on particle size inversely
and debonding stress will be raised as particle size
decreases. On the other hand, good adhesive
between particle and matrix results in decreasing of
debonding points and increasing of fracture tough-
ness. With this regard, addition of SA causes an
increase in adhesion interface between particles and
matrix, so that the higher fracture toughness of
PCC140 can be expected.

Some investigators believed that debonding hap-
pened because of thermal stress.””>* Indeed, thermal
stress appears during deformation and cooling or
heating the polymer.”’ Sahebian et al.*> showed that
thermal expansion of HDPE and its nanocomposites
depends strongly on both coated and uncoated
CaCO;z;, SA content, and even heating rate. The
details of mentioned study illustrated that thermal
expansion coefficient of HDPE/10 vol % CaCO;

fracture toughnes erPam"' 5}
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Figure 8 Variation of fracture toughness versus stress
whitening zone. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 9 Optical micrographs under cross polarized light,
taken from the polished surface of (a) HDPE, (b) PCC100,
(c) PCC120, and (d) PCC140.

decreased as SA content increased.”” With regard to
what proposed by Sahebian et al®* and eq. (2), it
may be concluded that the debonding stress
increases as the SA content increases because of its
role on bulk thermal expansion. This is because ther-
mal expansion of composite depends on interfacial
bonding between particles and matrix and it can be
influenced by SA.

Stress whitening zone and fracture toughness

Investigators believed that the fracture energy con-
sumes for many processes such as shear yielding or
crazing of matrix, debonding of particles and matrix
and stress whitening zone.”*>" Since the scientists
who studied fracture behavior of the materials
believe that the main part of fracture energy is due
to making plastic zone or stress whitening zone in
front of precrack, the current research has been con-
centrated on this subject.

Figure 8 points out the effect of SWZ on fracture
toughness for the materials. As it is seen, the addi-
tion of 10 vol % uncoated nanosized CaCOj3 causes
to decrease the area of plastic zone in front of pre-
crack of HDPE drastically. The experimental data
indicated that, for compensation this variation, the

Figure 10 Scanning electron micrographs taken from the
fracture surface after three-point bending test of (a) pure
HDPE, (b) PCC100, (c) PCC120, and (d) PCC140 at differ-
ent magnifications (In all micrographs [2 pm]).
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addition of coated CaCO3; to HDPE can be useful. It
can be observed that the SWZ area increased gradu-
ally as the SA content increased from 2 to 4 wt %.

Figures 9(a—d) show optical micrographs in front
of precrack taken from the polished surface of
HDPE, PCC100, PCC 120, and PCC 140, respectively.
It is worth noting to observe plastic zone in front of
precrack crosspolarized light was used. Looking at
in more details on Figure 9 shows that the SWZ in
front of precrack depends strongly on SA content.
Since almost all fracture energy consumes inside of
SWZ, it may be concluded that the consumed energy
increased as the SA increased.

Fracture surface and fracture toughness

For further clarification of the fracture mechanism of
HDPE nanocomposites, scanning electron microscopy
was employed. Figures 10(a—d) show the fracture sur-
face of HDPE, PCC100, PCC120, and PCC140 nano-
composites, respectively. In PCC100 nanocomposites,
some big agglomerated particles can be observed
because of the high surface energy of the particles.
Plus it can be seen that distribution of particles are
not uniform. Also there are some voids induced by
different elastic parameters between filler and matrix.
Unlike PCC100 the fracture surface of coated nano-
composite is similar to dimple structure. Thus, the
higher consumed energy rather than uncoated nano-
composite can be referred to dimple structure.

CONCLUSIONS

To investigate the role of SA content on fracture
toughness, a series of HDPE/10 vol % PCC nano-
composites with different SA content were prepared.
Three-point bending test and microscopic evaluation
were carried out. The results of current study may
be summarized as follows:

1. Addition of 10 vol % CaCOs; to HDPE caused a
reduction in fracture toughness of its nanocom-
posites.

2. The number of agglomerated particles reduced
as the SA content increased.

3. At constant volume percent of CaCO;, increas-
ing SA promoted fracture toughness of nano-
composite.

4. The variation of stress whitening zone in front
of precrack in HDPE depended on both coated
and uncoated PCC.
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