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ABSTRACT: Dynamic mechanical analysis and differential
scanning calorimetry were used to investigate the relaxations
and crystallization of high-density polyethylene (HDPE) rein-
forced with calcium carbonate (CaCOs) particles and an elas-
tomer. Five series of blends were designed and manufac-
tured, including one series of binary blends composed of
HDPE and amino acid treated CaCO; and four series of ter-
nary blends composed of HDPE, treated or untreated CaCO;,
and a polyolefin elastomer [poly(ethylene-co-octene) (POE)]
grafted with maleic anhydride. The analysis of the tan & dia-
grams indicated that the ternary blends exhibited phase sepa-
ration. The modulus increased significantly with the CaCO;

content, and the glass-transition temperature of POE was the
leading parameter that controlled the mechanical properties
of the ternary blends. The dynamic mechanical properties
and crystallization of the blends were controlled by the syner-
gistic effect of CaCO; and maleic anhydride grafted POE,
which was favored by the core-shell structure of the inclu-
sions. The treatment of the CaCO; filler had little influence
on the mechanical properties and morphology. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 103: 3907-3914, 2007
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INTRODUCTION

Adding inorganic particles to polymers is an efficient and
cheap method of enhancing their mechanical properties
and making them suitable for engineering applications
such as structural materials.' For this reason, particle-
filled polymers have been the objects of sustained interest
in industrial and academic research. Among the most
used inorganic fillers, calcium carbonate (CaCOj;) is
widely used to reinforce polymers.”” However, to avoid
extensive damage on deformation, it is better to disperse
homogeneously the particles in the material and to
improve their bonding with the polymer matrix. One
method for fulfilling the latter condition is to introduce a
rubbery phase into the composite. Thus, polymer compo-
sites containing a soft elastomer and a rigid filler present
a morphology that corresponds either to core-shell inclu-
sions (with a rubber interphase between the inorganic
particles and the polymer matrix) or separately dispersed
filler particles and rubber nodules. Several authors have
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shown that, for such composites, better mechanical prop-
erties can be obtained both by the adjustment of the com-
position and by the tuning of the phase morphology by
all available means.* ' Premphet and Horanont® showed
that in polypropylene (PP)/elastomer/filler composites,
the phase structure was determined mainly by the chemi-
cal character of the components and, to a lesser degree,
by the mixing sequences of each component.

In this work, we focus our attention on compounds
based on high-density polyethylene (HDPE). Although
this commodity polymer exhibits modest performances
in its neat form, its properties can be substantially
improved when it is blended with other polymers or re-
inforced with mineral fillers. Also, because of their high
tear resistance, poly(ethylene-co-octene) (POE) copoly-
mers have attracted more research and are widely used
for modifying nonpolar polymers.'*"” In addition, they
can be functionalized or grafted with unsaturated mole-
cules containing polar functional groups such as maleic
anhydride. In previous studies, little work has been
done on HDPE/POEg/CaCO; compositions [where
POEg is poly(ethylene-co-octene) grafted with maleic
anhydride]. Here we investigated various composite
materials: (1) binary blends of HDPE with CaCO; par-
ticles and (2) ternary blends with CaCO; and POEg.

Dynamic mechanical analysis (DMA) and differential
scanning calorimetry (DSC) were systematically used
for determining the mechanical and thermal properties



3908

0
=0 Il
POE —CH—C_\ POE » —CH—C—NH~~~~CaC0,
| 0 +H,N~~~~CaC0,—= |
CH,—C N CH;—C—0OH
0 Il
0

Figure 1 Chemical reaction between POEg and treated
CaCOs.

of our materials. The data obtained from both tech-
niques gave access to microstructural features such as
the crystallinity, molecular relaxations, miscibility, and
morphology. Furthermore, the phase structure of the
HDPE composites was investigated with scanning elec-
tron microscopy (SEM). Through these approaches, we
explore the possible synergistic effects between the fill-
ing particles and the rubber phase on the composites.

EXPERIMENTAL
Materials

The HDPE used in this work was a commercial grade
(HDPE 5070EA) supplied by Panjin Petrochemical Co.
(Panjin City, Liaoning Province, People’s Republic of
China) (melt flow index = 23 g/10 min). POE (Engage
8445) was supplied by DuPont-Dow Co. (Plaquemine,
LA) with 9.5 wt % octene (melt flow index = 3.5 g/
10 min). It was subsequently grafted with 1 wt % maleic an-
hydride at the Institute of Chemistry of the Chinese Acad-
emy of Science. The grafted copolymer was called POEg.

Two kinds of fillers were used in this work. The first
one was made of plain CaCOj; (untreated) supplied by
Heshan Chemical Industrial Co. (Liaoning, People’s
Republic of China). The mean size of the particles (by
number) was about 0.7 um. The second (treated CaCQOs)
was the same CaCQO;, but its surface was treated with
an amino acid to improve adhesion with the polymer
matrix. The amino acid (JL GD02) was provided by
Nanjing Chemical Industrial University. The acid treat-
ment was performed at 100°C in a high-speed mixing
machine for 15-30 min. The layer introduced by this
treatment on the surface of the CaCO; particles repre-
sented 2% of the filler weight.
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The reaction principle between POEg and treated
CaCQOs is based on the interfacial reaction illustrated in
Figure 1, in which it cam be seen that the maleic radicals
attached to the POE macromolecules react with the
NH,; radicals at the surface of the treated CaCOj; par-
ticles. Without this reaction between POEg and the
untreated particles, the interfacial strength of the
CaCO;/POEg interface is lower.

The materials investigated in this study were ob-
tained by the mixing of two or three of the ingredients
(HDPE, POEg, untreated CaCQOj, or treated CaCOs) in a
high-speed mixing machine for 20 min and then pel-
letized by means of a twin-screw extruder (diameter
= 30 mm) at about 210°C. Their formulations are sum-
marized in Table I. Specimens for DMA and DSC mea-
surement were injection-molded into the shapes of discs
2 mm thick and 100 mm in diameter. The samples for
testing were carefully cut from the discs with a milling
machine.

DMA

The viscoelastic properties of the materials were investi-
gated with a Netzsch DMA242C dynamical mechanical
analyzer (Selb, BaVain, Germany). The DMA tests were
run in a dual-cantilever bending mode with samples of
the following calibrated dimensions: 9 mm wide, 2 mm
thick, and 16 mm long. Temperature-time or stress—
strain scans were carried out at a frequency of 1 Hz. The
static force was zero, and the maximum dynamic
deflection was equal to 100 pm. The starting and ending
temperatures were fixed at —150 and +100°C, respec-
tively. A heating rate of 2°C/min was adopted for the
temperature/time scans.

DSC

The melting and crystallization behavior of the blends
was studied with DSC (DSC 7, PerkinElmer, Wellesley,
MA) with specimens whose mass was approximately
8 mg. The heating or cooling sequences were pro-
grammed at a rate of 10°C/min. All specimens were
first heated to 160°C and held at this temperature for
10 min to erase any thermal memory. Subsequently,
they were cooled to 20°C, held at that temperature for

TABLE I
Formulations of the Materials (Weight Fractions)

BP series (HDPE/

BP30 series (HDPE/

A series (HDPE/ AP series (HDPE/ POEg/untreated AP30 series (HDPE/ POEg/untreated

treated CaCOQOs) POEg/treated CaCO3) CaCOs) POEg/treated CaCO;) CaCOg)
No. Composition No. Composition No. Composition No. Composition No. Composition
A0 100/0 AP30-1 66.4/3.6/30 BP30-1 66.4/3.6/30
A10 90/10 AP10 85.5/4.5/10 BP10 85.5/4.5/10 AP30-2 62.8/7.2/30 BP30-2 62.8/7.2/30
A30 70/30 AP30 56.5/13.5/30 BP30 56.5/13.5/30 AP30-3 59.2/10.8/30 BP30-3 59.2/10.8/30
A40 60/40 AP40 42/18/40 BP40 42/18/40 AP30-4 55.6/14.4/30 BP30-4 55.6/14.4/30
A50 50/50 AP50 27.5/22.5/50 BP50 27.5/22.5/50 AP30-5 52/18/30 BP30-5 52/18/30

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Variation of the viscoelastic properties for neat
HDPE and the A series: (a) the storage modulus and (b) tan 6.

2 min, and then subjected to a second heating cycle
with conditions identical to those of the first one. Crys-
tallization was analyzed during the cooling part of the
thermal cycle and melting during the second heating.

Morphological study

The morphology of the composites was examined with
an environmental scanning electron microscope (Quanta
200F, Fei Co., Hillsboro, OR). Nondeformed specimens
were first cryofractured. Then, the cryofractured sur-
faces were etched in normal heptane to remove POE.
Subsequently, the surfaces of the composites (etched
and nonetched) were examined under the environ-
mental scanning electron microscope to study the
morphology. No more treatment was applied to the
surfaces before the observation.

RESULTS AND DISCUSSION
Dynamical mechanical analysis

The influence of temperature on the viscoelastic proper-
ties of neat HDPE and the A series materials is dis-
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played in Figure 2. The tan 6 curve for neat HDPE con-
firms that the glass-transition temperature (T,) of the
amorphous phase occurs at a very low temperature: T,
is —114.5°C at a frequency of 1 Hz [Fig. 2(b)]. Further-
more, the plateau in the tan & curve between —90 and
5°C indicates that no further mobility is activated in that
temperature range. Above 5°C, tan § increases gradu-
ally because of the progressive activation of crystalline
movements (e.g., the migration of Renecker defects)
and ultimately the melting of the polymer. As for the
effect of CaCO; addition, Figure 2(a) shows that the
storage modulus increases significantly with increasing
particle content. At room temperature, for example, the
modulus of the blends increases from 1.54 GPa for neat
HDPE up to 3.13 GPa for the material with 50 wt %
CaCO;. In contrast, Figure 2(b) shows that the addition
of CaCO; has very little influence on tan 6.

The corresponding viscoelastic curves of the AP se-
ries, in which the matrix is filled with treated CaCQOj;
particles and POEg, are displayed in Figure 3. The
blends were formulated in such a way that the POEg/
treated CaCO; weight ratio was constantly equal to
0.45. This condition was fixed because the addition of
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Figure 3 Variation of the viscoelastic properties for neat
HDPE and the AP series: (a) the storage modulus and (b)
tan 6.
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Figure 4 Variation of the viscoelastic properties for neat
HDPE and the AP30 series: (a) the storage modulus and
(b) tan 6.

POEg to the blends was designed to compatibilize
somehow the particle with the polymeric matrix. Figure
3(b) shows that a new peak in tan § occurs at about
—15°C and that the height of this peak increases with
the amount of POEg; this indicates that the amount of
POEg has a noticeable influence on tan 6. This peak was
ascribed to T, of the polyolefin elastomer. As such, the
existence of a well-defined peak is the proof that in the
ternary blends distinct phase separation exists. Quite
logically, the glass-transition peak of HDPE decreases at
the same time as the POEg peak increases. As for the
modulus [Fig. 3(a)], the variation with the CaCO; con-
tent is complex. At a low temperature (when POEg is
glassy), the modulus increases with the CaCO; content
because of the higher stiffness of the particles. In con-
trast, in the temperature range in which POEg is rub-
bery, the modulus decreases as POEg increases,
although the CaCO; content also increases. One excep-
tion is AP10, whose modulus is always higher than that
of neat HDPE because the POEg content is low and the
CaCQO; particles play the preponderant role in this
blend. Obviously, the modulus evolution depends on

Journal of Applied Polymer Science DOI 10.1002/app
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the relative proportion of flexible POEg and rigid
CaCO;.

The influence of POEg on the behavior of the materi-
als, for which the CaCO; amount is constant, is better
illustrated by the graphs in Figure 4. In Figure 4(a),
below T, of POEg (ie.,, —15°C), the blends exhibit a
higher elastic modulus than the neat HDPE. This effect
is certainly due to the combined contribution of rigid
CaCO; and glassy POEg. In contrast, above that temper-
ature, the blends are generally more flexible than the
neat HDPE, and the modulus decreases with the POEg
content. As for the tan 6 peak [Fig. 4(b)], its height
increases with the amount of POEg. As such, the results
shown in Figures 3 and 4 reveal the major role played
by POEg, whose glass transition controls the behavior
of the blends.

We now check the influence of the particle treatment
by comparing the graphs in Figures 3 and 4 for treated
CaCO; with those in Figures 5 and 6 obtained for homo-
logous materials with untreated CaCOjs. For example,
Figure 7 shows the storage modulus of five series of
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Figure 5 Variation of the viscoelastic properties for neat
HDPE and the BP series: (a) the storage modulus and (b)
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Figure 6 Variation of the viscoelastic properties for neat
HDPE and the BP30 series: (a) the storage modulus and
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blends at room temperature. The tendency shown in
the curves agrees with the previous analysis. The parti-
cle treatment does not influence significantly the visco-
elastic behavior of the blends. This result is in line with
the results presented in our previous study devoted to
the stress—strain response and volume dilatation of the
same materials under uniaxial tension at a constant true
strain rate.'® That investigation showed that neither the
Young’s modulus nor the cavitation kinetics were sig-
nificantly influenced by the particle treatment. Only the
yield stress was moderately higher for the materials
with treated particles because of the higher interfacial
adhesion.

DSC

To study the influence of the mineral particles and rub-
ber phase on the melting and crystallization of the
HDPE matrix in the blends, DSC studies of the noniso-
thermal melting and crystallization behavior were per-
formed with the thermal cycle described before.
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Figure 7 Influence of the CaCO; and POEg content on
the storage modulus at room temperature.

The DSC data for neat HDPE and the A, AP, and BP
series and the influence of the CaCOs content on the
crystallization behavior are presented in Figure 8. The
incorporation of CaCOj particles into HDPE (A series)
has some influence on the nucleation of polyethylene
crystallites by increasing the crystallization temperature
(T¢). This indicates that CaCO; particles act as nucleat-
ing agents, promoting the crystallization of HDPE at the
surface and hence leading to a slightly higher T,. Also,
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Figure 8 Influence of the CaCO; content on T, and T, of
the A, AP, and BP series.
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for all blends of the A series, the melting temperature
(T,,) decreases slightly as the CaCOj; content increases.
On the basis of the classical thermodynamic model for
crystallite free energy, this decrease in T, indicates that
the HDPE lamellae in the vicinity of the CaCO; particles
are thinner than those in neat HDPE. These results con-
firm those in a previous work by Bartczak et al.,”> who
used an HDPE grade with similarly coarse CaCO; par-
ticles.

The influence of the rubber phase and particle treat-
ment on the melting point and crystallization of the
blends is also systematically examined in Figure 8. The
DSC data for the AP and BP series in Figure 8 show that
T,, is lower than that of A series and decreases gradu-
ally before the CaCO; content increases to 30% and
remarkably after that. The rapid decrease in T, of the
last two samples in the AP and BP series may be related
to the much thinner HDPE lamellae in these blends. In
these blends, the HDPE content is much lower (42 and
27.5%, respectively). CaCO; and POEg inhabit most of
the blends and penetrate the HDPE matrix, and this
means that the crystal is not perfect and that the thick-
ness of the HDPE lamellae is much thinner. Thus, it
melts at a lower temperature. On the other hand, T is
also slightly lower than that of the A series. It has been
found that in HDPE/POE binary blends, the incorpora-
tion of POE into HDPE has little influence on T,, or T..">
Because the AP and BP series blends are characterized
by a fixed POEg/CaCOj; weight ratio, it seems that the
role of POEg is more important than that of CaCOj; par-
ticles as the filler content increases. The DSC results for
the ternary blends in Figure 8 should be related not
only to the components but also to the composite mor-
phology. The DSC technique has been successfully used
to characterize the morphology of PP/POEg/CaCO;
ternary blends by the analysis of the influence of the
composition on T, and T,,.5'2 However, because of the
separate weak influence of the CaCO; particle and rub-
ber phase on the crystallization behavior of HDPE, in

Journal of Applied Polymer Science DOI 10.1002/app
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light of the synergistic effects of the fillers on T, in Fig-
ure 8, it is not capable of revealing the morphology in
the HDPE/POEg/CaCO; blends (with a fixed POEg/
CaCO; ratio), which is revealed in the section on SEM
analysis.

The detailed influence of POEg on the crystallization
behavior of blends with a fixed concentration of CaCOs
particles (30 wt %) is displayed in Figure 9, which was
obtained with samples of the AP30 and BP30 series.
Both T,, and T, decrease before the POEg content
increases to 10.8% and somehow reach stability after
that; this indicates that POEg plays an important role
in the crystallization behavior. In comparison with a
binary blend, a separate dispersion of CaCOj; parti-
cles and POEg in the polymers has no influence on the
crystallization behavior of the matrix.'> Therefore, it
seems that the result shown in Figure 9 indicates that a
core-shell structure is formed in the ternary blends.
Although T, of the HDPE matrix is raised by mineral
particles, the introduction of a POEg interphase that
covers the surface of the CaCO; particles presumably
shields the nucleating effect of the mineral phase, so
that the overall crystallization is hindered. When the
POEg content is high enough, all the particles are cov-
ered, and the crystallization is stabilized.

The results obtained from the materials reinforced
with treated CaCO; particles versus those with un-
treated particles are also compared (Figs. 8 and 9). The
discrepancy between the blends containing treated
CaCO; particles and those containing untreated par-
ticles is very small, mostly less than 0.5°C. As detailed
in Figure 1, the treatment layer at the surface of CaCO;
reacts with POEg. Its main influence is to improve the
adhesion between the CaCOs; filler and rubber phase.
Thus, it is considered that the treatment of the CaCO;
particle has a negligible influence on the kinetics of crys-
tallization of polyethylene.

SEM analysis

SEM micrographs of the cryofractured surfaces of bi-
nary and ternary blends (nonetched and etched) con-
taining 10 wt % CaCOjs particles are shown in Figure 10.
The nonetched fractured surface of blend AP10 has a
better interface near the CaCO; particle than that of A10
[Fig. 10(a,b)]. Compared with Figure 10(b), the surface
etched by normal heptane [Fig. 10(c)] shows a thin void
layer at the surface of the CaCO; particles, which con-
firms that a core—shell structure is formed in the ternary
blends. Also, at a higher magnification, Figure 11(b)
shows in the BP30-1 blend a narrow void layer at the
surface of the particle in the etched specimen. This void
layer is definitely absent in the micrograph obtained
without etching [Fig. 11(a)]. This observation proves
again that a POEg shell is formed at the interface
between the CaCO; particles and the HDPE matrix in
the ternary blends.
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The micrographs in Figure 12 present the microstruc-
tures of etched cryofractured surfaces from the A40 and
AP40 blends, in which the mineral fraction is high
(40 wt % CaCOs). In the binary blend [Fig. 12(a)], the
particles show significant interfacial debonding; no
void layer appears in the ternary blend [Fig. 12(b)] even
though it was etched. Because cryofractured surfaces
are exposed via a brittle fracture process, this unex-
pected feature should be ascribed to the specific rupture
behavior of the AP40 blend. In the work of Xie et al.,*
also devoted to HDPE/POEg/CaCO; blends with a
fixed POEg/CaCO; ratio, the authors found a brittle—
tough transition when the CaCOj; content became larger
than 20 wt %. Actually, in this series, the significant pa-
rameter is not the CaCOj; concentration itself but rather
is the related POEg fraction. As such, in light of the cri-
terion introduced by Wu,?® blends with high volume
fractions of a core-shell structure exhibit high tough-
ness, and the fracture propagates entirely within the

E B
by 1:

24000X

24000X =

Figure 11 Cryofractured surfaces of the BP30-1 blend: (a)
nonetched and (b) etched.
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Figure 12 Cryofractured surfaces of blends containing
40 wt % CaCOjs particles: (a) A40 and (b) AP40 (etched).

matrix, without exposing rubber particles. Conse-
quently, in the micrograph of Figure 12(b), the cryofrac-
tured surface of the AP40 blend lies in the HDPE ma-
trix, which protected the POEg interphase from the
attack of the etching agent.

As stated, this effect of the particle treatment on the
morphology is not noticeable in the SEM observations,
which reveal almost no effect of the CaCOj3 treatment
on the morphology of the ternary blends. Actually, the
main influence of the CaCO; treatment is to improve
the adhesion between the CaCO; filler and POEg and
consequently to increase the yield stress and the impact

Journal of Applied Polymer Science DOI 10.1002/app
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strength.'®'® Besides that, the filler treatment has very
little influence on the morphology of the blends.

CONCLUSIONS

In this work, the dynamic mechanical properties, the
crystallization behavior, and the morphology of five se-
ries of HDPE/CaCOj blends with and without POEg
have been investigated. The storage modulus of the
blends significantly increases with increasing CaCOj
content, whereas the influence of POEg on the modulus
is mainly determined by T, of POEg. The crystallization
behavior of the ternary blends depends on not only the
composition but also the morphology, which is a core—
shell structure in the ternary blends. The treatment of
CaCO; particles with an amino acid has limited influ-
ence on the viscoelastic behavior of the blends or the
morphology.
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