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Abstract

The effects of coupling agent, particle diameter (d), particle volume fraction (V,), particle size distribution and average matrix ligament
thickness (7)) on the impact strength of high density polyethylene (HDPE)/CaCO; composites have been investigated. A coupling agent is
required for dispersing the CaCO; particles (d ~ 0.6—5.6 pm) without agglomeration in the HDPE matrix. The optimum weight ratio of
coupling agent to CaCO; particles for achieving the highest toughening efficiency is about 0.05, which is independent of d, V. and size
distribution of CaCOj particles. HDPE/CaCO; composites undergo a brittle—ductile transition in the range V, = 0.1-0.3, and the maximum
impact strength achieved depends on d and size distribution. Above the transition, the impact strength of the composite decreases with
increasing V.. In general, a HDPE/CaCOj; composite with smaller d and broader size distribution has a higher toughness. A single brittle—
ductile transition curve is not obtained when the impact strength is plotted against 7. Shear yielding of the polymer matrix induced by
debonding at the interface between CaCO; and HDPE is shown to be the major toughening mechanism. © 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Polymer toughening is usually achieved by the incorpora-
tion of rubber particles in a polymer matrix [1-7]. The
fracture toughness of rubber-modified polymers is mainly
determined by morphological factors, including particle
size, particle volume fraction, particle size distribution
and particle spatial distribution [1-9]. Most of the previous
works show that the combined effects of various morpholo-
gical factors can be described by a single parameter, the
matrix ligament thickness T (surface-to-surface interparticle
distance), and a single brittle—ductile transition curve is
obtained when the impact strength is plotted against 7.
When T is smaller than a critical value T, matrix shear
yielding occurs and the material becomes very tough.
However, Liu et al. found that different brittle—ductile
transition curves were obtained for poly(vinyl chloride)
(PVC)/nitrile rubber (NBR) blends with different particle
spatial distributions [10]. They demonstrated that the tough-
ening efficiency in the blend with rubber particles dispersed
in pseudo-network form was higher than that in the blend
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with uniformly dispersed rubber particles. Although rubber-
modified polymers have very high fracture toughness, they
suffer from the drawback of having low stiffness. On the
other hand, the stiffness of a polymer can be enhanced
substantially by incorporating rigid particles [11]. However,
the toughness of the material usually decreases.

Recently, it has been found that simultaneous enhance-
ment of toughness and stiffness can be achieved in a poly-
mer/rigid particle system, e.g. PVC/CaCOj; [12] and high
density polyethylene (HDPE)/CaCOj; [13,14]. Fu et al. [13]
and Bartczak et al. [14] showed that the toughness of HDPE/
CaCOj; composites increased dramatically when the matrix
ligament thickness 7 was smaller than T.. They concluded
that debonding at the interface between CaCO; and HDPE
induced shear yielding in the matrix, hence a considerable
amount of impact energy was absorbed during the fracture
process. A single brittle—ductile transition curve was not
obtained for HDPE/CaCO; composites. The impact strength
of toughened HDPE/CaCO; composites depended not only
on 7, but also on the diameter of CaCO; particles. In
addition, the toughness of HDPE/CaCO; composites
decreased as T decreased below T, [14]. Bartczak et al.
[14] suggested that the decrease in toughness was caused
by the agglomeration of CaCO; particles. Similar behavior
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was observed in polypropylene/CaCO; composites by
Jancar et al. [15]. However, they attributed the decrease in
toughness to the decrease in matrix effective cross section
instead.

To incorporate a mineral filler into a polymer, coupling
agents are usually used in order to improve the dispersion of
the filler. Coupling agents at fixed weight ratios have been
used in previous works on HDPE/CaCO; composites
[13,14]. However, the effect of coupling agent at different
weight ratios has not been studied. In the present work, the
effect of coupling agent on the impact strength of HDPE/
CaCOj; composites has been investigated. The effects of
particle diameter, volume fraction and size distribution of
CaCO; particles have also been discussed.

2. Experimental
2.1. Sample preparation

The polymer used in this work was high-density poly-
ethylene (HDPE) Hi-zex® 7000F supplied by Mitsui Petro-
chemical Industrials, Ltd. Five types of CaCOj; particles of
various sizes were used as fillers; they were abbreviated as
Ql, Q2, Q3 (supplied by J.M. Huber Corporation) and S1
and S2 (supplied by Sichuan Hualian Medicine Industry Co.
Ltd, China). The coupling agent, isopropyltriisostearoyl
titanate, was supplied by Jiangshu Changzhou Lijing
Chemicals Ltd, China.

The CaCOj; particles were first heated in an oven at
140 °C for 6 h to remove the moisture, and then mixed
with various amounts of the coupling agent immediately
in a high-speed mixer for 15 min. The weight ratio w, of
coupling agent to CaCO; particles ranged from O to 0.1. The
treated particles were finally blended with HDPE in a
Brabender mixer at 140 °C for 15 min. After blending, the
materials were compression-molded at 150 °C into flat
plates, from which impact test specimens of dimensions
70 mm X 12.4 mm X 4 mm were cut. A notch of depth
2.5 mm and angle 45° was made at the middle of each speci-
men. The radius of curvature at the apex of the notch was
0.25 mm. The volume fraction of CaCOs; particles V, was
calculated using the weight fraction of CaCO; particles and
the densities of HDPE (0.96 g/cm’) and CaCO; (2.7 g/cm”).

2.2. Property measurements

The Izod impact strength was measured on notched
specimens using a Ceast impact tester according to ASTM
D-256. The impact speed was 3.46 m/s. All the measure-
ments were performed at room temperature and five
specimens were tested for each composite.

Micrographs of the fracture surfaces of composite speci-
mens were taken by using a scanning electron microscope
(Leica Stereoscan 440). Generally, the CaCO; particles
have an irregular shape, so the equivalent diameter of the
particles was determined using commercial software,
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Fig. 1. Cumulative particle size distribution of the CaCO; particles in
composite specimens. O, [J, A, V and < denote the data for Q1, Q2, Q3,
S1 and S2, respectively.

Optimas® 5. For each composite specimen, the sizes of
about 400 particles on the fracture surface were measured.
From these data the average particle diameter d and particle
size distribution parameter o (to be defined) were
calculated.

3. Results and discussion
3.1. Size and size distributions of CaCOj; particles

The cumulative number (in %) of CaCOj; particles versus
the particle diameter is shown in Fig. 1. It is seen that the
size distributions of all the particles fit the log-normal distri-
bution. The corresponding average particle diameter d,
defined as the diameter at 50% cumulative number of
CaCOj; particles, and the size distribution parameter o,
defined as the ratio of the particle diameter at 84%
cumulative number of CaCO; particles to that at 50%, are
obtained from the graph [8]. The minimum value of o = 1
corresponds to a uniform size distribution; a larger o value
implies a broader distribution. As seen from Table 1, the
observed average diameters of Q1, Q2, Q3, S1 and S2 are
0.6, 0.8, 1.2, 3.0, and 5.6 wm, respectively, and the size
distribution of the particles is quite broad (o ~ 1.66-2.62).

Table 1
Average diameter (d) and size distribution parameters (o) of the CaCOs
particles used in this work

CaCO; particle d (pm) [od

Ql 0.6 1.99
Q2 0.8 2.51
Q3 1.2 2.62
S1 3.0 1.87
S2 5.6 1.66
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3.2. Effect of coupling agent

It is difficult to disperse the CaCO; particles uniformly in
a HDPE matrix without using the coupling agent, so results
for the composites without coupling agent will not be
presented in this work. A very small amount of the coupling
agent (weight ratio of coupling agent to CaCOj; particles
w, = 0.025) is sufficient for dispersing the CaCOj particles.
The spatial distribution of CaCOj particles on the fracture
surface of the HDPE/Q1 composite (d = 0.6 pm, V. = 0.19,
and w, = 0.025) is shown in Fig. 2. It is seen that the CaCO;
particles are quite uniformly dispersed in the composite and
no severe agglomeration is observed. Similar spatial distri-
bution has been observed in the other composites with
various V. and w, = 0.05. However, aggregates of CaCO;
particles, as verified by energy dispersive X-ray (EDX)
analysis in a scanning electron microscope, are found in
the composites with w, > 0.05. Fig. 3 shows, as an example,
the aggregates of CaCO; particles found on the fracture
surface of the HDPE/Q1 composite with w, = 0.075, and
the EDX spectrum of the aggregates is shown in Fig. 4.
The number of aggregates increases with increasing w,.
This is probably because if too much coupling agent is
used, the excess coupling agent will cause the CaCO;
particles to stick together to form aggregates during the
pre-mixing process.

The dependence of the notched Izod impact strength on
V. for HDPE/Q1 composites with various w, is shown in
Fig. 5. It can be seen that all the composites undergo a
brittle—ductile transition. The impact strength of the compo-
sites increases with increasing V. and reaches a maximum
value at V. =V, (~0.2). V, is defined as the optimum value
of V. for toughening, i.e. the V. value at which the impact
strength is maximum. As V, increases above V, the impact
strength decreases, and no toughening effect is observed at
V.>0.3. It is also seen that the toughening efficiency
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Fig. 2. SEM micrograph of the fracture surface of the HDPE/Q1 composite
(V.=0.19, w, = 0.025, and d = 0.6 um) showing the spatial distribution
of CaCO; particles.
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Fig. 3. SEM micrograph of the fracture surface of the HDPE/Q1 composite
(V.=0.19, w, = 0.075, and d = 0.6 wm) showing the agglomeration of
CaCOs; particles. (a) magnification = 300 X ; (b) magnification = 1200 X .

depends on w, A small amount of coupling agent
(w, = 0.025) can give rise to a good dispersion of CaCO;
particles and effective toughening of the composite. The
impact strength of the HDPE/Q1 composite (d = 0.6 pwm,
V.=0.19, and w, = 0.025) is more than twice as large as
that of HDPE. Probably due to better dispersion of the parti-
cles, the toughening efficiency increases as w, increases
from 0.025 to 0.05. The HDPE/Ql composite with
w,=0.05 has a notched Izod impact strength of about
600 J/m, about three times larger than that of HDPE.
However, at higher w,, the toughening efficiency decreases
with increasing w,. This may be caused by the agglomera-
tion of CaCO; particles (Fig. 3).

Unlike HDPE/Q1 composites, HDPE/Q3 composites
(d=1.2 pm) are toughened only in the range of V. from
0.2 to 0.4 (Fig. 6). The impact strength of the composites
first decreases and then increases with increasing V., and
reaches a maximum value at V., ~ 0.26 (V,). The effect of
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Fig. 4. EDX spectrum of an aggregate found on the fracture surface of the
HDPE/Q1 composite (V.= 0.19, w, = 0.075, and d = 0.6 pm) indicating
that the aggregate consists mainly of CaCO;.

w, on the toughness is similar for both HDPE/QI and
HDPE/Q3 composites. The impact strength of HDPE/Q3
composites also has the highest value at w, = 0.05. There-
fore, in the following section, we will concentrate on the
composites with w, = 0.05.

Extensive stress whitening has been observed near the
fracture surface of the toughened composites (V. = V).
As an example, the fracture surface of a toughened
HDPE/Q1 composite (d = 0.6 pm, V.=0.19, w,=0.05)
is shown in Fig. 7. It is seen that CaCOj; particles are
detached from the polymer matrix and the matrix exhibits
extensive plastic deformation. This is consistent with the
proposed mechanism that debonding of CaCOj; particles
from the HDPE matrix induce shear yielding of the matrix,
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Fig. 5. Notched Izod impact strength of the HDPE/Ql1 composites
(d=0.6 um) as a function of volume fraction of CaCOj; particles, V..
Data: O, w, = 0.025; O, w, = 0.05; A, w, = 0.075; O, w, = 0.1.
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Fig. 6. Notched Izod impact strength of the HDPE/Q3 composites
(d=12 pm) as a function of volume fraction of CaCOj particles, V..
Data: O, w, = 0.025; [J, w, = 0.05; A, w, = 0.075.

and hence give rise to extra dissipation of impact energy
[5,6,13]. At V. > V,, there is less matrix shear yielding, and
stress whitening only occurs on the fracture surface; the
surface-to-surface interparticle distance (matrix ligament
thickness) and the effective matrix cross-section are now
very small, and the local constrain in the polymer matrix
near the particles increases. As a result, cracks will propa-
gate faster and the matrix beneath the fracture surface will
be prohibited from deforming plastically. This leads to a
decrease in the impact strength (Fig. 5) [15].

3.3. Effect of morphological parameters on impact strength

Fig. 8 shows the dependence of the impact strength on V,
for composites containing CaCOj; particles of different

Sl =
EHT
18un

Fig. 7. SEM micrograph of the fracture surface of the HDPE/Q1 composite
(V.=0.19, w, = 0.05, and d = 0.6 wm) showing extensive plastic defor-
mation of the matrix.
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Fig. 8. Notched Izod impact strength of the HDPE/CaCO; composites as a
function of volume fraction of CaCO; particles, V.. Data: O, d = 0.6 pm;
0,d=08 pm; A, d=12pm; V,d=3.0 pm; &, d=5.6 pm.

diameters. It is seen that the impact strengths of HDPE/Q1
(d=0.6 pm) and HDPE/Q?2 (d = 0.8 pm) composites show
similar dependence on V.. The impact strengths of these two
composites are almost the same, and increase with increas-
ing V. when V, is smaller than 0.2. At V.=V, ~ 0.2, their
impact strengths reach a maximum value of about 600 J/m.
At V. > V,, their impact strengths decrease with increasing
V., and the impact strength of HDPE/Q1 is smaller than that
of HDPE/Q2. This may be due to the narrower size distribu-
tion of Q1 (Table 1).

As shown in Fig. 8, the toughening efficiency in compo-
sites containing larger CaCO; particles (HDPE/Q3,
d=1.2 pm; HDPE/S1, d = 3.0 pm) is significantly lower,
and no toughening effect is observed for composites with
very large particles (HDPE/S2, d = 5.6 wm). It is interesting
to note that HDPE/Q3 and HDPE/S1 composites exhibit
similar variations of impact strength with V, although Q3
is about three times smaller than S1. They have a maximum
impact strength of about 380J/m at V.=V, ~ 0.26.
Probably due to the narrower size distribution of S1, the
toughening efficiency in HDPE/S1 is lower at V., > V,. It
can be seen that the impact strength of HDPE/CaCOj;
composites depends not only on the diameter and volume
fraction of CaCO; particles, but also on the size distribution
of the particles.

3.4. Brittle—ductile transition

Previous studies [1-4] have shown that the effects of
particle size and volume fraction of rubber particles on the
impact strength of rubber-modified polymers can be
described by a single brittle—ductile transition curve in
which the impact strength is plotted against the matrix
ligament thickness 7. However, in the calculation of 7, it
is assumed that the particles have the same diameter and are

arranged in a cubic lattice. As mentioned in the previous
section, the CaCOj; particles used in this work have very
broad size distribution (o ~ 1.66-2.62) (Fig. 2), which
has a great influence on 7. To account for the size distribu-
tion of CaCOj particles, an average ligament thickness 7 is
used [16]:

1
7= d(( 6": )3 exp(1.5In0) — exp(O.Slnza')) (1)

where d is the average particle diameter, o is the size distri-
bution parameter for log-normal size distribution, and V. is
the volume fraction of particles. Fig. 9 shows the variation
of the impact strength of HPDE/CaCOj; composites with T.
Unlike rubber-modified polymers, a single brittle—ductile
transition curve is not observed for HPDE/CaCO; compo-
sites. At high T, the impact strengths of HDPE/Q2, HDPE/
Q3 and HDPE/S1 composites are almost the same; they
increase with decreasing T, reaching different maximum
values at different 7, and then decrease. As discussed in
Section (3.2), when the matrix ligament thickness is very
small, the matrix beneath the fracture surface will be prohib-
ited from deforming plastically, thereby resulting in a
decrease in the impact strength [15]. It is interesting to
note that the impact strength of HDPE/Q1 has a similar T
dependence as the other composites but the maximum
occurs at a much lower T value. The separation of the
transition curves may be due to the non-spherical shape of
the CaCO; particles, thus making Eq. (1) invalid. In
addition, the deviation of the spatial distribution of CaCO;
particles from a cubic lattice may also lead to uncertainty in
determining T [17].
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Fig. 9. Notched Izod impact strength of the HDPE/CaCOj; composites as a
function of average matrix ligament thickness, T.Data: O, d=0.6 wm; O,
d=08pm; A, d=12pm; V,d=3.0 pm.
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4. Conclusions

This study reveals that the notched Izod impact strength
of HDPE can be improved significantly by the incorporation
of rigid CaCOj; particles. A coupling agent is needed for
dispersing fine CaCO; particles (d ~ 0.6—5.6 pm) without
agglomeration in the HDPE matrix, and the content of the
coupling agent affects the toughening efficiency. The
optimum weight ratio of coupling agent to CaCOj; particles
for achieving the highest toughening efficiency is found to
be about 0.05, which is independent of the particle diameter
(d), volume fraction (V,) and size distribution of CaCQO;
particles. On the other hand, the toughening efficiency in
HDPE/CaCO; composites depends on d, V. and size distri-
bution. For HDPE/CaCO3; composites with d = 5.6 pm, a
brittle—ductile transition occurs as V, increases to V, (~0.2—
0.3), and the maximum impact strength achieved depends
on d and size distribution. In general, a composite with
smaller d and broader size distribution is tougher. Shear
yielding of the polymer matrix induced by debonding at
the interface between CaCO; and HDPE is shown to be
the major energy absorption mechanism. At V., > V,, the
impact strength of the composites decreases considerably.
The polymer matrix is prohibited from shear yielding due to
the increase of the local constraint in the polymer matrix
near the particles. The combined effects of d, V, and size
distribution on the toughness of HDPE/CaCO; composites
cannot be described by a single brittle—ductile transition
curve of the impact strength versus the average matrix
ligament thickness.
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