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Toughening of polypropylene with calcium carbonate particles
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Abstract

Polypropylene—CaCO; composites were prepared on a twin screw extruder with a particle content of 0—32 vol%. The influence of particle
size (0.07-1.9 wm) and surface treatment of the particles (with and without stearic acid) on the toughening properties were studied. The
matrix molecular weight of the polypropylene was also varied (MFI 0.3—24 dg/min). The experiments included tensile tests, notched Izod
impact tests, differential scanning calorimetry (DSC), scanning electron microscopy and rheology experiments. The modulus of the
composites increased, while the yield stress was lowered with filler content. This lowering of yield stress was connected to the debonding of
the particles from the polypropylene matrix. From DSC experiments it was shown that the particle content had no influence on the melting
temperature or crystallinity of the PP phase, also particle size showed no effect on the thermal properties. The impact resistance showed large
improvement with particle content. The brittle-to-ductile transition was lowered from 90 to 40 °C with the addition of CaCOj3 particles.
Notched Izod fracture energy was increased from 2 up to 40—50 kJ/m”. The stearic acid coating on the particle surface showed a large
positive effect on the impact strength. This was mainly due to the improved dispersion of the CaCOs particles. Aggregates of particles clearly
had a detrimental effect on the impact behaviour of the composites. The smaller particle sizes (<0.7 wm) showed coarse morphologies and
this lowered the toughening efficiency. The molecular weight of the polypropylene matrix had a profound effect on the toughening properties.
A higher molecular mass shifted the brittle-to-ductile transition towards lower temperatures. At the higher filler loads (>20 vol%), however,
still problems seem to occur with dispersion, lowering the toughening efficiency. Of all particle types used in this study the stearic acid
treated particles of 0.7 wm were found to give the best combination of properties. From the study of the micro-toughening mechanism it was
shown that at low strain the particles remain attached to the matrix polymer. At higher strain the particles debond and this leads to a change in
stress state at the particle size level. This prevents crazing of the matrix polymer and allows extensive plastic deformation, resulting in large
quantities of fracture energy.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction rigid particles report a significant loss of toughness
compared to the neat polymer.

A new concept is the usage of filler particles as
toughening agent [3]. The general idea behind this study
is to mimic the rubber toughening mechanism using rigid
filler particles. The rigid particles must debond and create
free volume in the blend on a sub-micron size level. This is
much like the cavitation mechanism in rubber toughened
systems. The micro-mechanistic model for this toughening
effect is shown in Fig. 1. The micro-mechanism consists of
three stages:

The purpose of adding mineral fillers to polymers was
primarily one of cost reduction. In recent years, however,
the fillers are more often used to fulfil a functional role, such
as increasing the stiffness or improve the dimension stability
of the polymer [1].

The mineral fillers used in semi-crystalline polymers are
usually talc and calcium carbonate and, to a lesser extend
mica and wollastonite [2]. Generally, the addition of
mineral fillers will have an embrittling effect on polymers
and decrease the impact energy [1]. In fact most of the I
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Fig. 1. Toughening mechanism with rigid particles [3].

leads to debonding at the particle—polymer interface.

Il  Shear yielding. The voids caused by debonding alter
the stress state in the host matrix polymer surrounding
the voids. This reduces the sensitivity towards crazing
since the volume strain is released. The shear yielding
mechanism becomes operative and the material is able
to absorb large quantities of energy upon fracture.

In order for rigid filler particles to act as toughners, they
must fulfil certain requirements.

e The particles should be of small size (less then 5 um)
otherwise the voids that are created would act as
initiation sites for the fracture process. The creation of
stable free volume is what is desired.

e The aspect ratio must be close to unity to avoid high
stress concentrations.

e The particles must debond prior to the yield strain of the
matrix polymer in order to change the stress state of the
matrix material.

e The particles must be dispersed homogeneously in the
matrix polymer, aggregation should be avoided.

There are a few cases, which report an increase in impact
resistance upon addition of a rigid filler. For polyethylene
Wang et al. [5], Hoffmann et al. [6], Badran et al. [7],
Bartzack et al. [1] and Liu et al. [8] showed an impressive
impact improvement with the addition of rigid particles.

For polypropylene, it was already known that a moderate
impact improvement with rigid particles was possible, as
found by Pukanszky et al. [2] and Baker et al. [4] and
recently this was confirmed by Thio and Argon [9]. The
fracture mode, however, still was in a brittle fashion in these
studies no full plastic deformation was found; the fracture
energies were limited to 2—8 kJ/m?. Complete toughened
systems of polypropylene with CaCO3 with notched fracture
energies rising to 40—50 kJ/m? were reported by our group
previously [10]. Polyketone polymers toughened with

CaCO; were also reported previously with complete
ductility at room temperature and notched impact strength
of 80 kJ/m” [11].

A mineral filler can profoundly change the characteristics
of a polymer system. The properties of the particles
themselves (size, shape and modulus) can have a significant
effect, especially on the deformation behaviour. The
heterogeneous phase can also change the structure of the
matrix polymer. The particle can act as a nucleating agent
for crystallisation or decrease the crystallinity by introdu-
cing kinetic hindrance [12]. Reduced mobility of polymer
chains by kinetic hindrance leads to the development of
small and imperfect crystallites, forming a crystalline phase
of low heat of fusion [13,14]. Transcrystallinity can be
introduced in polymers by crystallisation from the particle
surface [15]. The transcrystalline layer has other properties
compared to the spherulitic form, in the case of PP the
transcrystalline layer possesses higher rigidity and lower
deformability, which leads to earlier crack initiation and
crack propagation [16,17].

Introduction of fillers into a polymer matrix results in a
heterogeneous system. Under effect of external load these
heterogeneities induce stress concentration, the magnitude
of which depends on the geometry of the particles [18,19].
With anisotropic particles the stress concentration that
develops can be significantly large at the edges or the end of
the particles. Stress concentration increases with increasing
aspect ratio [20].

The CaCOj; particles are generally supplied as agglom-
erates and during processing these aggregates have to be
broken up and dispersed in to the primary particles. Large
particle—particle interactions result in inhomogeneous
distribution of the filler, processing problems, poor
appearance and inferior properties. The two major factors,
which determine the particle—particle interactions, are
particle size and surface free energy [2]. The effects of
aggregates on the properties of composites are clearly
detrimental. Many authors emphasise this fact together with
the importance of best possible homogeneity [20-23].
Increasing amounts of aggregates lead to a drastic decrease
of impact resistance of polymer composites [28,29].

Adsorption of polymer molecules on the filler surface
leads to the development of an interphase layer, which has
properties different from those of the matrix polymer
[25-28]. Changes in interfacial interactions between
particles and matrix polymer can modify the debonding
mechanism, failure behaviour and thus, the overall per-
formance of composites. The most used technique to change
the particle—particle and polymer—particle interactions is
the coverage of filler surface with a low molecular weight
organic compound [13,24,25,29]. For CaCOj often stearic
acid is used [21,29,30]. The surfactant molecules are
coupled with ionic bonds to the filler surface and the stearic
acid molecules are oriented in directions normal to the
surface [31]. As a result of the surface coating the surface
free energy of the filler decreases dramatically [30,32].
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Approximately 210 mJ/m? surface tension of a CaCOj filler
can be reduced to 40—50 mJ/m? by stearic acid treatment
[2]. Filler treatment with a stearic acid reduces the particle—
particle interaction and this will lead to a better dispersion of
the particles in the host matrix polymer. Also the polymer—
particle adhesion is lowered when a surfactant is used, and
this has consequences for the debonding properties of the
composite. When the adhesion is low debonding can occur
and as a result crazing is suppressed and the yield
mechanism becomes operative [30]. Plastic deformation of
the matrix polymer is the main energy absorbing process in
impact and this increases when the interaction between
particles and polymer is lowered [19,33,34].

A commonly accepted view on the role of filler particles
is that debonding alters the stress state in the material
around the particles and induce extensive plastic defor-
mation in the matrix, such as multiple crazing [35-37],
shear yielding [38,39], crazing with shear yielding [40—42]
and rubber particle stretching or tearing and debonding at
the inorganic filler particle [43—45].

1.1. Aim

In this paper, the toughening of polypropylene with
calcium carbonate particles is studied. The aim is to mimic
the micro-mechanism of rubber cavitation followed by
shear yielding of the matrix polymer with rigid particles. In
this manner a material can be developed in which an
increased stiffness can be combined with an increased
fracture resistance. Several CaCOs particles will be studied,
which have different particle sizes and surface treatment.
The influence of matrix molecular weight on the toughening
behaviour was also evaluated.

2. Experimental
2.1. Materials

Commercially available polypropylene and precipitated
calcium carbonates were kindly supplied by DSM and
Mineral technologies. Material specifications are listed in
Table 1. Unless otherwise stated the PP is used with a MFI
of 2.4 dg/min and CaCOj; particle Type A.

Table 1
Material properties

2.2. Specimen preparation

Compounding of the materials was done using a
Berstorff (ZE 25 X 33D) twin screw extruder. In the
extrusion step, barrel temperatures were set at
195/210/200/200/200/200/200 °C and a screw speed of
140 rpm was used. The L/D ratio of the screws was 33,
and D = 25 mm.

After compounding, the blends were injection moulded
into rectangular bars (74 X 10 X 4 mm3) and dumbbell
shaped specimen using an Arburg Allrounder 221-55-250
injection moulding machine. The barrel had a flat
temperature profile of 220 °C, the mould temperature was
kept at 40 °C with an injection pressure of 55 bar, holding
pressure was kept at 45 bar.

A single-edge V-shaped notch of 2 mm depth and tip
radius 0.25 mm was milled in the moulded specimens for
the notched Izod impact experiments.

2.3. Scanning electron microscopy

Scanning electron microscopic (SEM) pictures were
taken to study the morphology of the CaCO3; composites.
Samples were taken from the core of the injection moulded
bars. SEM specimens were prepared by cutting with a
CryoNova microtome at — 120 °C using a diamond knife
(— 110 °C) and cutting speed of 1 mm/s. The cut surfaces
were then sputter-coated with a thin gold layer and studied
with Hitachi S-800 field emission SEM.

2.4. Conditioning

The test bars were dried at 80 °C under vacuum for 15 h,
and kept under vacuum at room temperature after this
drying step.

2.5. Notched Izod impact test

Notched Izod impact tests were carried out using a Zwick
pendulum. To vary the test temperature, the specimens were
placed in a thermostatic bath. The impact strength was
calculated by dividing the absorbed energy by the initial
cross-sectional area behind the notch (32 mm?). All
measurements were carried out in ten-fold.

Material Designation ~ Supplier Coating  Description

Vestolen P grade PP Currently DSM (Former Vestolen GmbH)  — Ti: 170 °C, T 10 °C, crystallinity: 45 wt%, MFI: 2.4 dg/min.
Superpflex Type A Minerals technologies Yes Particle size 0.7 pm

Albafil Type B Minerals technologies No Particle size 0.7 pm

Multifex Type C Minerals technologies No Particle size 0.07 pm

Ultrafex Type D Minerals technologies Yes Particle size 0.07 pm

Tuffguard Type E Minerals technologies Yes Particle size 0.3 pm

Albacar Type F Minerals technologies No Particle size 1.9 pm
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2.6. DSC

Differential scanning calorimetry (DSC) spectra were
recorded on a Perkin Elmer DSC7 apparatus, equipped with
a PE7700 computer and Tas-7 software. Two to five
milligrams of dried sample was heated at a rate of 20 K/min.
The peak temperature of the second scan was taken as the
melting temperature of the polymer; the peak area was used
to determine the melting enthalpy.

2.7. Tensile tests

Standard tensile tests were conducted on dumbbell
shaped specimens with a Zwick tensile tester type ZO2,
all tests were carried out in five folds. Extensometers were
used to measure the strain during the tensile test. Test speed
was kept at 60 mm/min (1.25 X 10”2 s~"). During the test
the force was recorded versus nominal strain.

2.8. Melt viscometry

In this experiment, the viscosity is monitored in time at a
temperature of 270 °C. A Kayeness Galaxy V was used to
monitor the melt viscosity in time. The cylinder had a
diameter of 9.5 mm and the capillary had a diameter of
1 mm and a length of 1 mm. The cylinder was kept at a
temperature of 270 °C, the cylinder was filled with polymer
and compressed to remove the trapped air. The Piston speed
was kept at | mm/min during the experiment. After 5 min
the experiments were started. The force was measured every
30 s, up to 20 min.

3. Results and discussion

3.1. Effect of particle content

The particle content is usually given in volume fraction.
Table 2 compares the weight fraction and volume fraction of
the filler particles used in this paper.

3.1.1. Introduction
A series of composites was studied with composition
varying from O up to 31.5 vol% CaCOj particles. The

Table 2
Particle content in weight and volume percentage, PP—CaCO;

Particle content (wt%) Particle content (vol%)

0 0

10 3.60
20 8.10
30 13.1
40 19.0
50 25.0
60 34.5

particle size used in this series was 0.7 wm, with a narrow
particle size distribution. The particles had been treated with
a stearic acid to cover the surface of the filler (Type A
particles). The particle morphology is shown in Fig. 2. The
CaCOg particles have an aspect ratio close to unity. The
particles do not have sharp edges or show large size
differences.

3.1.2. Morphology

The morphology of the compounds up to a concentration
of 60 wt% CaCOxs/stearic acid coated particles is shown in
Fig. 3. The morphology consists of finely dispersed particles
in the polypropylene matrix. The aggregates are broken up
to the primary particles during the extrusion process. The
interparticle distance is lowered with increasing particle
content as expected. The obtained particle size is approxi-
mately 0.7 pm. No large aggregates are present, this
morphology is optimal for toughening to occur.

3.1.3. Melt viscosity

This experiment is used to determine the melt stability of
polymers. Polypropylene is quite stable in the melt, but at
higher temperatures and high shear rates a viscosity
decrease is observed [46]. The influence of the filler
particles on the chain scission behaviour was studied
using a capillary rheometer. The polymer melt was
monitored in time, a steady flow through a small capillary
was maintained and the force necessary was measured. The
results are shown in Fig. 4.

The CaCOj; particles have no influence on the matrix
viscosity, the melt of filled polypropylene does not show
extensive degradation. The melt viscosity of PP is known to
reduce when degradation takes place, no sign of chain
scission or molecular weight loss was found in this study.

3.1.4. Thermal properties
The concentration of the CaCOas/stearic acid coated

Fig. 2. Scanning electron microscopic image of CaCO; particles, coated
particles (Type A).
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Fig. 3. Scanning electron microscope images of morphology of PP—CaCO; composites, Type A particles; (A) 20 wt%; (B) 30 wt%; (C) 40 wt%; (D) 60 wt%.

particles had no influence on the melting temperature
(Fig. 5). The melt enthalpy (corrected for the filler load)
is constant up to a filler load of 40 wt%. The highest
filler concentration (60 wt%) does give a small lowering
of the melt enthalpy; this may be due to a lowering of
the mobility of the polymer chains at this high filler
load. The CaCOg/stearic acid coated particles do not act
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Fig. 4. Melt viscosity as function of time, PP—CaCO; composites, 270 °C,
piston speed 1 mm/min, O, PP; B, PP—40 wt% CaCOj;.

as a nucleating species in polypropylene since the
crystallinity is not increased. This is as expected as the
stearic acid lowers the surface energy of the CaCOj;
particles and therefore cannot act as a strong nucleating
species. The interaction of the polymer chains with the
particles is lowered due to the coating on the CaCOs;
particles.
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Fig. 5. Melting temperature and melting enthalpy as a function of particle
content, DSC, 20 °C/min. B, Melting temperature; ®, Melting enthalpy.
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3.1.5. Tensile properties

The tensile properties are shown in Figs. 6 and 7. The
modulus of the system is increasing with particle content.
The stiftness is increased from 1840 to 2700 MPa by adding
19 vol% of CaCOs to the polymer, which is an increase of
46%. Obviously, the particles do not debond at these low
strains. The modulus increase with volume fraction of rigid
filler is somewhat lower compared to what is predicted by
the relationship of Einstein—Guth. The polypropylene—
EPDM blend shows a considerable decrease in stiffness in
this filler load regime. At low strains the PP-CaCO;
composites are clearly superior.

The yield stresses are plotted as a function of particle
concentration at different temperatures in Fig. 7; it is clearly
demonstrated that the yield stress is decreased upon addition
of the CaCO; particles. It should be noted that the yield
stress is also decreased at temperatures below the glass
transition of the matrix polymer (10 °C). The yield stress is
decreased linearly with CaCOj; concentration over the entire
temperature range. The decrease of the yield stress must be
due to the debonding of the filler particles from the matrix
polymer. Debonded particles do not contribute to the yield
stress. With the 30 wt% compound (13.1 vol%) the yield
stress drops to 28.8 MPa which is a lowering of 18.6%. At
higher filler content the decrease in yield stress is not as
strong as observed with rubber particles (Fig. 8). At the
lowest temperature of — 50 °C the decrease of yield stress is
less pronounced, this suggests that at this temperature not all
the particles debond from the matrix (Fig. 7).

3.1.6. Impact resistance

The debonding of the particles creates free volume at the
particle size level and therefore the stress state is altered in
the vicinity of the particles. This mechanism is similar to
that of cavitation in rubber toughened blends. The
debonding is necessary otherwise no impact improvement
can be expected. The notched Izod fracture energies as a
function of temperature are shown in Fig. 9.

The fracture energy of the ductile fractures is approxi-
mately 45 kJ/m?. This is in accordance with what was found
with rubber toughened blends [46]. This large energy
consumption stems from the shear yielding of the matrix

5000

4000 -

3000 H

2000 A

Modulus [MPa]

0 0.1 0.2 0.3 0.4 0.5

Modifier content [vol%]

Fig. 6. Modulus as a function of CaCO; content, tensile, 20 °C, 60 mm/min;
M, PP-EPDM [51]; @, PP-CaCOs.
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Fig. 7. Yield stress as function of CaCO;z (Type A) content, tensile,
60 mm/min; ®, —50°C; B, —30°C; X, —10°C; A, 0°C; O, 10°C; @,
20 °C.

polymer. The debonding of the rigid inclusions does not
consume large quantities of energy but is necessary to
suppress crazing of the matrix polymer. The fracture energy
at room temperature is increased considerably when CaCO;
is added to the polypropylene matrix (Fig. 10). The impact
resistance is increased by a factor four by adding 60 wt%
(34.5 vol%) CaCOs. The modulus is at the same time
increased from 1840 to 4380 MPa. The brittle-to-ductile
transition is shifted towards lower temperatures with
increasing CaCOj; content (Fig. 9). It is shown in Fig. 11
that the rigid particles are as effective as the rubber particles
up to 15 vol% particles. With the rubber blends, the Ti,q is
lowered far below the glass transition temperature while the
compounds with CaCO; particles do not show a further
lowering of the Ty,q below 40 °C.

The highest concentration (60 wt%) shown here does
not lead to a further lowering of the Ti,4. This could be
due to a difficulty in dispersing the particles at 60 wt%.
The particles will be more agglomerated in that case;
larger aggregates will lead to more brittle behaviour. This
is in accordance with what was found in literature [16,45].
The free volume that is created by the debonding step will
in that case be less stable. The voids will be of a larger
size and may lead to crack initiation.

The glass transition of the matrix polymer is not expected
to be the limit for toughening as shown in Fig. 11; the
particles are still debonding from the matrix below the
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Fig. 8. Yield stress as function of modifier content, (], PP-EPDM [51]; @,
PP-CaCOs; tensile, 60 mm/min, 20 °C.



W.C.J. Zuiderduin et al. / Polymer 44 (2003) 261-275 267

N
(=]

Fracture energy [kJ/mz]
~ w > wn
=} (=] =3 (=]

—
(=]

=3
©
S
=)

20 40 60 80 100 120 140 160
Temperature [°C]

Fig. 9. Fracture energy as a function of temperature for PP—CaCO;
composites with different filler content; @, PP; B, 20 wt%; O, 40 wt%; X,
60 wt%.

matrix glass transition temperature and the yield stress is
still decreasing. Furthermore with rubber toughening it has
been shown that the toughening can be effective well below
the glass transition of the matrix polymer [47,48].

3.1.7. Fracture micro-mechanism

One of the striking aspects of the deformation behaviour
of polymer/rubber blends is the occurrence of stress
whitening in deformed samples. Stress whitening is linked
to the ductile responds of the blend. It was demonstrated by
Ramsteiner [49] that stress whitening in rubber blends could
be attributed to the cavitation of rubber particles. Gaymans
et al. [50] showed that near the fracture surface the cavities
were strongly deformed. Speroni and coworkers [51]
demonstrated that at a larger distance from the fracture
surface still voids were present, and that the deformation of
these voids was a function of the distance from the fracture
plane. Oostenbrink et al. [52] demonstrated that the
deformation at high strain rates may be divided into three
layers. At a large distance from the fracture surface a zone is
visible where the particles are cavitated but the voids are not
deformed. Closer to the fracture plane the voids become
strongly deformed, and have ellipsoid shapes. Directly
beneath the fracture surface is a third zone where no
cavitation and deformation is visible. The authors suggest
that local heating around the fast running crack tip had been
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Fig. 10. Notched Izod fracture energy as function of CaCOj3 content, 20 °C.

120

Temperature [ °C]
IS
o

o
L

A
)

10 15 20 25 30 35
Modifier content [vol%]

o
[3,)

Fig. 11. Brittle-to-ductile transition temperatures as a function of particle
content; ll, PP-CaCO;; ®, PP-EPDM [20].

large enough to form a melt layer in the material. A similar
effect has been reported by Boode [53], who found a
practically undeformed layer beneath the fracture plane in
ABS samples deformed in an Izod impact test.

The scanning electronic microscopy image shown in
Fig. 12 shows the deformation morphology after fracture
below the fracture plane of a ductile fractured notched 1zod
sample (13.1 vol% CaCOs3). The crack has run from left to
right.

The voids present in the material near the fracture surface
are elongated due to the deformation of the surrounding host
matrix polymer (Fig. 12). The voids show strong defor-
mation, this is reflected in the aspect ratio of the cavities.
The aspect ratio of the voids is a measure for the plastic
strain of the matrix polymer next to the voids. The
deformation of the matrix polymer is quite large; the thin
ligaments show strains well above the natural draw ratio of
the polypropylene.

The voids formed by debonding are stable in the sense
that they do not coalescence with each other. This is an
important feature of the fracture mechanism; if the cavities
grow to a too large size they could initiate early fracture of
the material. The deformation is lowered if the distance to
the fracture plane is increased. Next to the fracture surface a
layer without cavities is present (Fig. 12(B) and (D)). This
suggests that the cavities are relaxed after fracture. The
relaxation of strong deformation can take place in the melt
of the material or by means of mechanical melting or
relaxation due to the large thermal effects and elastic
recovery [54,55].

4. Influence of particle coating on properties of PP
composites

4.1. Introduction

To study the influence of a stearic acid coating on CaCO;
particles dispersed into a host matrix, two identical particle
sizes were chosen, one with (Type A) and one without stearic
acid (Type B) applied to the surface of the particle. The coating
could influence the properties of the composites.
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Fig. 12. SEM images in the deformation zone perpendicular to the fracture surface of PP—CaCO; composites, 30 wt% (13.1 vol%). The crack direction was
from left to right, samples taken from center of fractured notched Izod specimen: (A) and (C) 30 wm below fracture surface; (B) and (D) directly below fracture

surface.

4.2. Viscosity experiments

The rate of decrease of the viscosity is a relative measure
for the degradation process. The results are shown in
Fig. 13.
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Fig. 13. Melt viscosity of PP composites, B, 30 wt% untreated CaCOs; A,
30 wt% treated CaCOs.

The viscosity decreases a little for both the composites
with treated and the untreated CaCOs particles. The melt
degradation is not crucial for these types of composites. The
organic coating on the surface of the filler particle lowers
the melt viscosity of the composite significantly. The
adhesion between particle and polymer is lowered when a
stearic acid coating is present as well as the particle—
particle interaction.

4.3. Composite morphology

The dispersion of the particles is very important for the
toughening properties. The morphology of the composites
with stearic acid treated particles were shown in Fig. 3. The
morphology of the composites with uncoated particles
shows a much coarser structure (Fig. 14). There are still
aggregates present; dispersion obviously is more difficult for
the untreated particles. The particle—particle interaction is
larger due to the higher surface free energy. These



W.C.J. Zuiderduin et al. / Polymer 44 (2003) 261-275 269

y s

afpp1Q 7.0kV x1500 10pm

Fig. 14. Scanning electron microscope images of composite morphology, particle Type B; (A) 10 wt%; (B) 20 wt%; (C) 40 wt%; (D) 40 wt%.

aggregates are detrimental for the toughening properties of
these composites [45]. The large aggregates create large
voids upon loading and consequent debonding, and could
function as precursors for cracks.

4.4. Thermal properties

The thermal properties have been determined by DSC,
the results shown here are corrected for filler content, thus
expressed in J/g polymer. In Fig. 15 the melting temperature
and melting enthalpy are plotted as a function of particle
content. It is shown that the melting temperature is constant
at 164 °C for both the coated and uncoated particles. The
melting enthalpy is also constant and remains at 80 J/g
polymer for the coated particles. The untreated particles,
however, interfere with the crystallisation process of the
polypropylene phase. The melting enthalpy is lowered when
the particle content is increased. The CaCOj particles do not
act as a nucleating agent in polypropylene since the
crystallinity is not increased.

4.5. Tensile properties

The influence of the interaction between filler particles
and matrix polymer on the tensile properties is discussed in
this section. Stiffness is one of the basic properties of
composites and usually one of the main reasons to use a
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Fig. 15. Melting temperature and melting enthalpy as function of CaCOj3
content, O, AH Treated CaCO3 Type A; [J, AH untreated CaCO; Type B;
@, T, Treated CaCO; Type A; B, T;,, Untreated CaCO3 Type B.
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filler. The modulus is a low strain property. In this low strain
regime the adhesion between particle and polymer remains
intact. The interaction strength between polymer and
particle has little effect on the modulus, the treated particles
show approximately the same dependency on filler content
as the untreated CaCOj; particles (Fig. 16).

The yield stress is measured at considerable defor-
mations, which lead to a complete different dependency of
properties on fill fraction and particle—polymer interaction.
The yield stresses are shown in Fig. 17 as a function of
CaCOs; content.

The tensile yield stress is lowered with particle content
for both the coated and uncoated CaCOj particles. The yield
point of the host matrix polymer is situated at 35 MPa and
8% strain at room temperature. At this strain level the
particles have debonded or partially debonded from the
polymer matrix. This leads to a lowering of the yield stress
through the formation of voids, which do not contribute to
the stress level. The tensile yield stress is raised if the
particles do not debond from the polymer surface, as would
be the case when the adhesion is very high. The surface
treatment does not seem to be crucial for debonding to
occur.

4.6. Impact properties

The impact performance depends on a number of local
deformation mechanisms in the composite. The shear
yielding of the host matrix polymer is the dominant energy
consumer upon ductile fracture. Debonding of the particles
changes the local stress state of the surrounding polymer
and this reduces the sensitivity of the matrix polymer
towards crazing and makes the yielding mechanism
operative. The impact resistance is shown in Fig. 18 as a
function of temperature.

Although the untreated particle composites have the
same tensile properties as the treated particle composites it
is clear that the toughening effect is lower. The particles
treated with stearic acid show a larger increase in impact
strength. The brittle-to-ductile transition temperature is
shifted to a lower value for the coated CaCO5; composites.
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Fig. 16. Tensile modulus as function of particle content, 20 °C, 60 mm/min;
O, untreated CaCO; Type B; B, Treated CaCO3 Type A.
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This effect is probably due to the poorer dispersion of the
untreated CaCO; particles due to the higher particle—
particle interactions. The polymer—particle interaction was
not found to play an important role, because debonding was
found to occur with both types of particles as was shown
from the yield stress data.

5. Influence of particle size
5.1. Introduction

Although some contradictory data can be found in
literature [2,56], it seems evident that the particle size has a
pronounced effect on composite properties [57,58]. Strength
and often modulus are increased, and deformability and
impact strength decrease with decreasing particle size.
Particle size in itself is not sufficient to characterise any
filler, particle size distribution is equally important [57].
Large particles besides changing abrasion and appearance
of the product usually have a strong adverse effect on the
deformation and failure characteristics of the composite.
The aggregation tendency increases with decreasing particle
size [24,29]. Extensive aggregation leads towards insuffi-
cient homogeneity, rigidity and impact strength [2].
Clustered particles act as initiation sites in impact [2,16,45].

Different particles have been used to study the effect of
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Fig. 18. Notched Izod fracture energy as function of temperature; O, PP; @,
30 wt% treated CaCOs, Type A; B, 30 wt% untreated CaCOj3, Type B.
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coating and particle size. The particles used are: 0.07 pm
untreated particles (Type C), 0.07 wm coated particles
(Type D), 0.3 wm coated particles (Type E), 1.9 um
untreated particles (Type F).

5.2. Viscosity experiments

The melt viscosity is lowered to the same extent for both
particle sizes, indicative of the degradation reactions
occurring in the melt. The polypropylene melt is quite
stable. The melt viscosity increases with decreasing particle
size. Both composites in Fig. 19 are for untreated particles,
the stearic acid treated particles showed the same trend in
particle size. The higher melt viscosity of the smaller
particles is indicative for the larger surface area of filler and
consequently a larger interaction between polymer and
particles.

5.3. Morphology

The morphology of composites of polypropylene with
different particle sizes is shown in Fig. 20. The mor-
phologies show coarse dispersion of particles in the PP
matrix. There are aggregates visible, for all particle types.
The dispersion is critical for these types of composites and
apparently difficult to obtain. None of the filler particles
show finely dispersed particles as was found for the 0.7 pum
treated CaCOs particles. The particle—particle interactions
of the untreated and small particles are too high for
sufficient dispersion. The viscosity of the polypropylene
could be too low to create large shear forces during
extrusion. These obtained morphologies are not ideal for
toughening the polypropylene matrix.

5.4. Thermal properties

PP is a semi-crystalline polymer and the crystallinity
might be a function of CaCOj particle size. It is shown that
the melting temperature is fairly constant with particle size.
The melting enthalpy also remains unaffected by the particle
size despite the larger surface area of the filler particles with
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Fig. 19. Melt viscosity as a function of time, 270 °C, | mm/min; @, 30 wt%

0.7 wm CaCOs; untreated (Type B); A, 30 wt% 0.07 pm CaCO; untreated
(Type A).

decreasing particle size. The crystallinity of the polypropy-
lene is constant for all composites shown in Fig. 21.

5.5. Tensile properties

The modulus is plotted as a function of particle size in
Fig. 22.

The tensile modulus is unaffected by particle size for
these polypropylene—CaCO; composites, the composites
with stearic acid treated particles have somewhat lower
moduli compared to the compounds with untreated
particles.

The yield stress is measured at considerable defor-
mations, which may lead to a different dependency of
properties on particle size. The yield stresses are plotted as a
function of particle size at a filler fraction of 30 wt% in
Fig. 23. The decrease of the yield stress is due to the early
debonding of the filler particles from the matrix polymer.
Debonded particles do not contribute to the yield stress. The
particle size does not seem to influence the tensile yield
stress for these composites. Although debonding becomes
increasingly more difficult with smaller particles [2] this is
not seen in this particle size regime.

5.6. Impact properties

The notched fracture energy for the different particle
sizes coated with stearic acid as a function of temperature is
shown in Fig. 24. The impact strength at low temperatures is
relatively low (5 kJ/m?) and the fracture is macroscopically
brittle. At elevated temperatures, the fracture becomes
ductile and the impact strength is increased. The particle
size shows an optimum in fracture energy at a particle size
of 0.7 wum. The other particles show lower toughening
levels, this is most likely due to the coarser morphology of
those composites. The best balance of properties was
reached with the stearic acid treated particles of 0.7 pm.
The influence of the particle size of the uncoated particles
on the impact fracture energy is shown in Fig. 25. The
uncoated particles show a significant lower toughening
effect compared to the treated particles. For the untreated
particles the 0.7 wm particles also show the lowest brittle-
to-ductile transition temperature.

6. Molecular weight effect of the matrix polymer
6.1. Introduction

The mechanical properties of PP composites depend on
the morphology of the composite, the characteristics of the
particles and matrix phase and the nature of the interface
between these phases [59]. It has been shown that the
dispersion of particles and with that the properties of blends
and composites can be improved by increasing the
molecular weight of the matrix polymer [59]. The improved
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Fig. 20. SEM images of morphology of PP—CaCOj3; composites; (A) 0.07 wm untreated Type C; (B) 1.9 wm untreated Type F; (C) 0.07 pm treated Type D; (D)

0.3 wm treated Type E.

morphology stems from the increase in melt viscosity.
Besides the influence on morphology it is known that an
increase in molecular weight improves the inherent
ductility, or the ability to be toughened of polymers [59].
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Fig. 21. Melting temperature and melting enthalpy as function of particle
size, DSC 20 °C/min; 30 wt% PP-CaCO; composites, [, AH Coated
particles; @, AH uncoated particles; B, T,,, coated particles; A, T}, uncoated
particles.

van der Wal and Gaymans [60] showed for polypropylene
that an increase in molecular weight leads to a strong
lowering of the brittle-to-ductile transition temperature. The
molecular weight of the polypropylene matrix is varied here
from MFI 24 to 0.3 dg/min (200,000 up to 657,000 g/mol).
The particle content was kept at 30 wt% (Type A particles).
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Fig. 22. Tensile modulus as function of particle size, 20 °C, 60 mm/min; O,
30 wt% untreated particles; B, 30 wt% treated particles.
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6.2. Results

The notched Izod fracture energy is plotted as a function
of temperature in Fig. 26. The influence of matrix molecular
weight is obvious, an increase in matrix molecular weight
leads to a strong increase in fracture energy.

The brittle-to-ductile transition temperature is lowered
linearly with an increase in molecular weight (Fig. 27).
This was also shown for the neat matrix polymer with an
increase in molecular weight. The effect of particle content
on the brittle-to-ductile transition is shown in Fig. 28 for
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Fig. 25. Fracture energy as function of temperature, notched Izod, CaCO;
particles, untreated; A, PP; B, 0.07 um; @, 0.7 um; O, 1.9 wm.
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Fig. 27. Brittle-to-ductile transition temperatures as a function of matrix
molecular weight, 30 wt% PP—CaCOj3; composites, Type A.

two matrix polymers. The influence of molecular weight is
to lower the complete curve of T},4 versus particle content.
At the higher particle loading still a plateau value is
reached only now at lower threshold temperature. It seems
that even in this matrix polymer of higher molecular
weight dispersion at higher filler contents is insufficient.

These composites with an increased molecular weight
show that it is possible to obtain complete ductile fractures
at room temperature (50-60 kJ/mz) while the stiffness is
increased simultaneously (Fig. 29).
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7. Conclusions

The toughening of polypropylene with rigid particles
leads to a system with higher stiffness and higher impact
resistance (Fig. 29). The dispersion of the particles is critical
in these composites and at high filler loads it may become
difficult to avoid aggregates. Aggregates lead to less ductile
behaviour. The shift of brittle-to-ductile transition tempera-
ture shows a limit at a filler load of 40 wt% of CaCOs3
particles. This is not caused by the glass transition of the
polypropylene because the yield stress is still lowered at
higher particle content and low temperatures. The dis-
persion could be a dominating factor in this threshold. When
large aggregates are present the voids that are created by
debonding are not stable and grow to a size where crack
initiation occurs. The creation of stable free volume at the
particle size level leads to high energy adsorption by shear
yielding and consequently high impact resistance. Dis-
persion of the untreated particles was proved to be difficult
and this had a detrimental effect on the impact properties.
The smaller particles also were found to be less effective in
toughening the polypropylene matrix due to a coarser
morphology. The molecular weight of the polypropylene
matrix had a profound effect on the toughening properties. A
higher molecular mass shifted the brittle-to-ductile tran-
sition towards lower temperatures. At the higher filler loads,
however, still problems seem to occur with dispersion,
lowering the toughening efficiency. A polypropylene—
CaCOj; composite was processed which had a significant
higher modulus and simultaneously showed improved
toughness. The notched Izod impact energy could be raised
from 2 to 50-60kJ/m? at room temperature while
increasing the modulus. Of all particle types used in this
study, the stearic acid treated particles of 0.7 wm were found
to give the best combination of properties. It is expected that
the stearic acid coating used in this study is not yet optimal
for toughening polypropylene, the impact properties can be
increased even further by optimising the surface treatment
of the CaCOj particles.
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