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The toughening mechanism of polypropylene (PP) filled with calcium carbonate (CaCO3) nanoparticles
is described. In a previous study (Macromolecule 2008;41:9204), we observed that intensive ligament-
stretching following debonding of nanoparticles was responsible for the significant improvement in
the impact toughness of the annealed PP/CaCOs; nanocomposites. Furthermore, we hypothesized
that strong ligaments, which have high fracture stresses, are needed to stabilize the crack-initiation
process and to increase the energy dissipation in the crack-initiation stage. In this study, we used
a high-molecular-weight PP to test this hypothesis because strong ligaments could be created from this
high-molecular-weight PP. The notched Izod impact strength of the nanocomposites containing the
high-molecular-weight PP and 20 wt% CaCO3 nanoparticles with a monolayer coating of stearic acid was
measured to be about 370 J/m, whereas the impact strength of the unfilled PP was 50 J/m. The size of the
plastic deformation zone was found to be dependent on the molecular weight of the PP matrix because
the strong ligaments of the high-molecular-weight PP enabled the expansion of the plastic deformation
zone, leading to a considerable increase in the impact strength. The synergic effect of the high-molecular-
weight PP and the monolayer-coated nanoparticles produced nanocomposites with high impact
strength, which is much greater than the inherent impact strength of the unfilled polymer. In addition,
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the effect of the high-molecular-weight PP on the dispersion of the nanoparticles was investigated.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Mechanical performance of polymers can be significantly
improved by the incorporation of inorganic nanoparticles [1-3].
For instance, the stiffness and toughness of polypropylene (PP) can
be increased by the addition of calcium carbonate (CaCO3) nano-
particles [4]. Nanocomposites of PP/CaCOs; have attracted much
research interest, leading to the publication of many papers about
their toughening mechanisms [4—14]. Kim et al. [5,6] studied the
in-situ micro-deformation process of thin films (up to several
micrometers thick) of various PP composites by a scanning electron
microscope (SEM) and a high-voltage electron microscope. The
micro-deformation processes varied with the phase morphology of
the modifier particles and the adhesion between the modifier
particles and the polymer matrix [5,6]. Debonding followed by
shear yielding of PP was identified as the micro-deformation
process in the microsized-Al(OH); particle filled PP composite [5,7].
It should be emphasized that the micro-deformation processes
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they observed happened in thin-film samples deformed in
a uniaxial tension at low speeds. The micro-deformation process of
bulk materials may vary under high strain rates. Under such
circumstances, the strain constraint is high and shear yielding
usually cannot take place, resulting in brittle fracture [15]. For
example, the toughening effect of micro-particles in bulk PP was
minimal because massive plastic deformation was absent during
impact loading [16,17]. It was however later shown that 700-nm
CaCOj3 particles could improve the 1zod impact strength of PP [8,9].
Zuiderduin and Gaymans [8] suggested that the above mentioned
micro-deformation process, debonding and shear yielding, were
responsible for the improved impact toughness of the bulk PP. They
concluded the toughening mechanism of the PP nanocomposite by
putting forward the concept of the ‘three-stage mechanism’
proposed by Kim and Michler [7]. The inorganic particles serve as
stress concentrators to build up a stress field around themselves.
Given the weak adhesion between the particles and the polymer
matrix, debonding at the particle—matrix interface would take
place, leading to the release of the strain constraints at the crack tip
and consequent massive plastic deformation, which consumed
a large amount of energy [8]. This toughening mechanism, which
was valid for PP filled with sub-micrometer (700 nm) CaCOs;
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particles [8], was once controversial in the case of CaCO3 nano-
particles (particle size below 100 nm). The toughening effects of the
nanoparticles were usually confounded with adverse agglomera-
tion. Good dispersion of nanoparticles is essential for any investi-
gation on the toughening mechanisms of nanocomposites. In our
previous study [18], we achieved good dispersion of CaCO3 nano-
particles in a PP matrix by treating the nanoparticles with a mono-
layer coating of stearic acid. Furthermore, we reported that the
impact strength of PP/CaCO3 nanocomposites increased substan-
tially upon annealing. The detailed study on the annealed nano-
composite samples showed that the intensive stretching of PP
ligaments, which occurred after the debonding of nanoparticles at
the crack-initiation stage, was responsible for the high impact
toughness. This is the first-time observation to confirm the occur-
rence of the debonding of the nanoparticles and the consequent
massive plastic deformation in the PP/CaCO3; nanocomposites.
Although the micro-deformation process and the toughening
mechanism are basically the same for nanocomposites and micro-
composites, nanoparticles are expected to have better toughening
effects than micro-particles because nano-voids are more stable
than micro-voids. Moreover, we observed that little energy was
consumed during the crack propagation and the collective collapse
of the ligaments at the crack tip determined the onset of the cata-
strophic crack propagation. We therefore hypothesized that the
ligament strength, which refers to the strength level at which
ligaments fracture, is crucial because it determines the dimensions
of the plastic deformation zone developed at the crack-initiation
stage and consequently the impact toughness.

In this study, we investigated the effects of ligament strength on
the impact toughness of PP/CaCO3; nanocomposites with the aim to
gain insights into the toughening mechanism. The ligament
strength was varied by using PPs with different molecular weights.
Ishikawa et al. showed that the strength of oriented PP fibrils
increased with molecular weight [19]. They attributed the high
fracture stress of the high-molecular-weight PP to the high
concentration of tie molecules. Ligaments in nanocomposites are
similar to the oriented fibrils of neat PP in terms of their micro-
structure and morphology. The strength of the ligaments is
reasonably assumed to be a function of the concentration of the
tie molecules, which depends on the molecular weight of the
polymer matrix.

There have been many studies on the effects of molecular
weight on the mechanical properties of various polymer compos-
ites [8,20—27]. The functions of the high-molecular-weight matrix
differ in various systems. For example, in organoclay-filled nylon 6,
the major role of the high-molecular-weight matrix is to provide
high shear forces to disperse organoclay during melt-blending [23].
Paul et al. [24—26] performed a systematical study on the role of the
molecular weight of the matrix in the rubber-toughened nylon 6
blends. They observed that the high-molecular-weight matrix
reduced the sizes of the rubber particles, leading to the enhance-
ment of impact toughness [24]. Furthermore, the impact toughness
of nylon 6 blends increased with molecular weight when the
rubber particle sizes were kept constant, implying that in addition
to reduce the particle size, the inherent high impact toughness of
the high-molecular-weight matrix was also beneficial [25,26].
Actually, the increase of the impact toughness of composites with
matrix molecular weight was commonly observed in rubber-filled
PP [27] as well as CaCOs-filled PP composites [8]. Zuiderduin and
Gaymans [8] attributed the high impact toughness of high-molec-
ular-weight PP composites to the high inherent ductility of the neat
PP, or the ability to be toughened (i.e., toughenability). Although
these results are intuitively expected, the exact mechanism has not
been fully understood. The conclusions drawn in this paper not
only confirm the importance of strong ligaments to the impact

toughness of the nanocomposites, but also explain the concept of
‘better toughenability’ in terms of the micro-structure. In addition,
the effects of molecular weight on the dispersion of nanoparticles
were examined.

2. Experimental
2.1. Materials

Two kinds of homopolymer isotactic PPs (i-PP) were used in this
study. One was HJ730L (H-PP, number-average molecular weight
(Mp) = 55,000 g/mol; weight-average molecular weight
(My) = 346,000 g/mol) from Samsung Company. The other PP (E-
PP) was a high-molecular-weight polymer (M, = 88,000 g/mol;
M,, = 472,000 g/mol) supplied by Japan Polypropylene. The melt
flow indexes of H-PP and E-PP were measured to be 5.0 g/10 min
(ASTM D1238) and 0.5 g/10 min (JIS 7210-1999 standard), respec-
tively. Calcium carbonate nanoparticles with the trade name of SPT
were provided by Solvay Chemicals. SPT was surface-modified with
stearic acid as received. The diameter of the nanoparticles was
around 70 nm and their micro-morphology was shown in
a previous paper [18]. Stearic acid with a purity of 95% was
purchased from Sigma. An anti-oxidant, Irganox 1010 (0.5 wt%),
was added to the PP during compounding.

2.2. Preparation of PP/CaCO3 nanocomposites

The as-received nanoparticles were further treated with stearic
acid to produce a monolayer coating. The surface treatment was
conducted in a mixture of ethanol and water at 80 °C for 2 h. The
detailed procedures were described in a previous paper [18]. The
as-received and monolayer-coated nanoparticles were coated with
2.3 and 5.3 wt% stearic acid, respectively, as determined by ther-
mogravimetric analyses [18]. Nanocomposites were prepared by
blend-mixing 20 wt% nanoparticles with either H-PP or E-PP at
180 °C, using a Haake mixer. A special nanocomposite, named MA-
5-20, was prepared by compounding E-PP with 40 wt% monolayer-
coated nanoparticles for 15 min to produce a concentrated master
batch and then the nanoparticle concentration was adjusted to
20 wt% by blending with H-PP for another 15 min. The detailed
compounding procedures can be found elsewhere [4]. Table 1
shows the compositions of the nanocomposites used in this study.

2.3. Material characterization

The crystallization characteristics of the nanocomposites were
studied by a Perkin Elmer (Diamond 7) differential scanning calo-
rimeter (DSC). The crystallization temperature (T.) and melting
temperature (Tyy,) of the samples taken from the impact bars were
detected at cooling and heating scans, respectively, at a rate of
10 °C/min. The crystallinity of the samples was measured with the
heating scans, based on the assumption that the heat of fusion of
the PP crystals was 209 J/g [28]. The surface of impact-fractured
samples was observed on a JOEL JSM-6700F SEM. The size of the
plastic deformation zone was measured at the cross-section of the

Table 1

Composition (wt%) of the nanocomposites.
Sample H-PP E-PP CaCO3
H-2-20 80 0 20 (2.3 wt¥% surfactant)
H-5-20 80 0 20 (5.3 wt¥% surfactant)
E-2-20 0 80 20 (2.3 wt% surfactant)
E-5-20 0 80 20 (5.3 wt% surfactant)
MA-5-20 50 30 20 (5.3 wt% surfactant)
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notch front

Fracture surface

Cross section

Fig. 1. Schematic of the fracture surface and the core cross-section of a broken Izod
impact bar for SEM observations [18].

impact-fractured sample, as schematically shown in Fig. 1. The
broken Izod impact bar was immersed in liquid nitrogen for more
than 20 min. Then it was cleaved immediately by a wedge to
produce the cross-section (less than 3 s) after it had been taken out
of liquid nitrogen.

2.4. Mechanical tests

The injection molding conditions of the tensile and impact bars
were described previously [4]. The tensile and notched Izod impact
tests were conducted in accordance with ASTM-D658 and ASTM-
D256, respectively. The tensile bars were stored at 23 + 3 °C at
a relative humidity of 50% for 24 h before testing. The tensile test
was performed on an Instron testing machine and the crosshead
speed was 5 mm/min. The striker velocity of a impact test was
around 3.5 m/s. V-shaped notches with a radius of around 0.25 mm
in the impact bars were produced by a CSI automatic notcher
(CS-93M). The cutter speed and the table feed rate were about 92
and 100 mm/min, respectively. The Izod impact tests were con-
ducted one day after the samples were notched. At least five
specimens were tested for one average data point in tensile and
impact tests. Load-displacement curves of the nanocomposites at
high strain rates were measured. The experiment was performed
using a Dynatup 8250 instrumented drop-weight impact tester. The
impact velocity was set to be 2.0 m/s and the drop weight (the
crosshead and the tup) was 0.6 Kg. V-shaped notched specimens
(ASTM-D256) were used in this Charpy-type impact test. The two
ends of V-notched specimens were supported by fixtures and the

middle part was suspended with the notch downward. The tup was
aligned with the specimen so that the tup would hit exactly at the
center of the specimens.

3. Results and discussion
3.1. Crystallization behaviors of the PPs and their nanocomposites

The crystallization behaviors of the two PPs and their nano-
composites were studied by DSC. Fig. 2a and b show the crystalli-
zation and melting curves, respectively. As shown in Fig. 2a, E-PP
has the lowest T, because its high-molecular-weight hinders the
crystallization process [29,30]. The CaCO3 nanoparticles exhibit
good nucleating effects, as evidenced by the fact that the T; of the
nanocomposites was about 6 °C higher than the T; of their corre-
sponding unfilled PPs. The Ty,s of the nanocomposites were higher
than those of the unfilled samples possibly due to the onsets of
crystallization of the nanocomposites at higher temperatures,
leading to a larger average lamellar thickness. For example, the Ty,
of H-5-20 was 2 °C higher than that of E-5-20, indicating that the
average lamellar thickness of H-5-20 was slightly larger. The small
peaks at 143 and 151 °C in the melting curve of H-5-20 are the
endothermic peaks of the B phase. Actually, both E-PP and E-5-20
also have a small amount of § phase, but the melting peaks of the
B phase are quite weak, as indicated by arrows in Fig. 2b. The
crystallinity of the samples is listed in Table 2. With the addition
of CaCO3 nanoparticles, the degree of crystallinity of PPs varied
only slightly.

3.2. Tensile properties of the PPs and their nanocomposites

The stress—strain relationships of H-PP and E-PP and their
nanocomposites were studied. Selected tensile properties are listed
in Table 3 and the representative stress—strain curves of the
samples are shown in Fig. 3. For clarity, each curve was shifted to
the right by 0.5 units from its preceding one. The Young's modulus
and the tensile yield stress of E-PP are higher than those of H-PP in
spite of the fact that the crystallinity of H-PP is higher than that of
E-PP. The Young’s modulus of a polymer depends not only on the
degree of crystallinity but also on the crystalline orientation [31,32].
The degree of the melt orientation during injection molding
enhances as the molecular weight increases, leading to an
increased extent of the c-axis orientation of the polymer chains in
the tensile-test direction. The skin layer of an injection-molded
sample had a shish-kebab structure and the thickness of this skin
layer increased with molecular weight of the polymer [33,34].
These orientation effects explain the higher Young’s modulus of E-
PP. The yield stress is controlled by the thickness of the lamellae

a b
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Fig. 2. Crystallization (a) and melting (b) curves of the two PPs and their nanocomposites.
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Table 2

Crystallinity of the PPs and their nanocomposites determined with DSC.
Sample E-PP H-PP E-5-20 H-5-20
Crystallinity 303 346 [18] 335 333 (18]

[35] as well as the connectivity of the inter-lamellae and inter-
spherulites [36]. A high-molecular-weight PP generally has a high
concentration of tie molecules, which go through adjacent lamellae
and spherulitic boundaries. A higher stress level is needed for
crystal fragmentation in a PP with a well-connected network [37].
Therefore, the higher tensile yield stress of E-PP is reasonable
regardless of its slightly lower crystallinity. The Young’s moduli of
all the nanocomposites were improved compared with their
unfilled counterparts due to the addition of rigid CaCO3 nano-
particles. However, the tensile yield stresses of E-5-20 and H-5-20
decreased by 10% compared with the corresponding neat PPs,
suggesting that debonding between the nanoparticles and the
polymer matrix occurred before yielding. As a result, the release of
the strain constraint lowered the tensile yield stress. In addition,
the lower yield strain of the nanocomposites is also indicative of
the occurrence of debonding prior to yielding.

H-PP has a higher tensile strength than does E-PP, as shown in
Fig. 3. H-PP has the most noticeable strain-hardening effect,
accompanied by the highest tensile strength and the longest
elongation-at-break. One of the determining factors of tensile
strength is the degree of chain alignment, or in the case of tensile
tests, the extent of elongation, which depends on the molecular
weight. According to Peterlin’s molecular model of fracture of
polyethylene and PP [38], plastic deformation involves a trans-
formation from the spherulitic structure to the micro-fibril struc-
ture, which contains unfolded crystal blocks connected with tie
molecules. As the molecular weight increases, the number of tie
molecules, which bridge the microfibrils, increases, restricting the
flow of the microfibrils and hence reducing the draw ratio. A better
inter-connected chain network of E-PP prevents a large elongation
of the sample and hence reduces the orientation of the polymer
chains, leading to a smaller elongation-at-break and a lower tensile
strength. It is worth pointing out that that stress level of E-PP
during necking is higher than that of H-PP, implying that E-PP has
a stronger network of polymer chains than H-PP has. Despite the
difference in the elongation-at-break between E-PP and H-PP, their
nanocomposites, E-5-20 and H-5-20, actually have similar elon-
gation-at-break values. After debonding, a micro-fibril structure is
formed, which is analogous to the micro-morphology of PP during
necking. Microfibrils in nanocomposites are called ligaments. Fig. 3
clearly shows that at any strain, the stress level of E-5-20 is higher
than that of H-5-20. Moreover, the tensile strength of E-5-20 is
noticeably higher than that of H-5-20. Since E-5-20 and H-5-20
have the same nanoparticle concentrations, the number of liga-
ments per unit volume in these samples can be assumed to be the
same. A higher tensile strength of E-5-20 means that a single
ligament of E-5-20 can withstand a higher fracture stress than can
a single ligament of H-5-20. The higher stress level during necking

Table 3
Tensile properties of E-PP and H-PP and their nanocomposites.

Sample Young’s  Yield stress Yield strain Tensile Elongation-at-
Modulus  (MPa) (%) strength break
(GPa) (MPa) (mm/mm)
H-PP 1.9+0.1 363+0.1 8.1+0.1 506 £ 63 85
E-PP 25+02 39.7+1.1 108 + 1.1 457 +1.7 5.0
H-5-20 2.7+0.1 316+04 52+03 31.1+3.0 6.0
E-5-20 3.0+03 363 +06 6.1 +£0.3 416 +09 55
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Fig. 3. Representative stress-strain curves of the two PPs and their nanocomposites.

and the higher tensile strength indicate that the ligaments of E-5-
20 are stronger than are those of H-5-20.

3.3. Effect of matrix molecular weight on the dispersion state of
nanoparticles

The high impact toughness of a nanocomposite with a high-
molecular-weight matrix is usually attributed to the good disper-
sion of the nanoparticles facilitated by high shear forces during
blending. To determine if the high-molecular-weight matrix is
effective in the dispersion of the nanoparticles, the dispersion state
of the nanoparticles in the H-PP and E-PP nanocomposites was
examined. Fig. 4 shows SEM micrographs of the fracture surfaces at
the notch roots of H-2-20, E-2-20, and E-5-20. The arrows indicate
the crack-propagation direction. In addition to the plastic defor-
mation, the dispersion state of the nanoparticles is also visible at
the fracture surface. The nanoparticles in H-2-20 and E-2-20 were
coated with 2.3 wt% stearic acid, which is less than the coating
amount needed to provide monolayer coverage on the nanoparticle
surface. Many large agglomerates can be found in the micrographs
of H-2-20 and E-2-20, as shown in Fig. 4b and d, respectively. Fig. 4e
and f exhibit good dispersion of the nanoparticles in E-PP and
uniform distribution of the nanoparticles in H-PP was shown in
a previous paper [18]. These results suggest that although higher
shear forces, which can be generated during the compounding of
a higher-molecular-weight PP, can improve the dispersion to
a certain extent. However, this does not guarantee good dispersion
of nanoparticles. In contrast, when the nanoparticles were coated
with a monolayer of stearic acid, good dispersion was achieved in
spite of the difference in the molecular weight of the matrix
because the surface tension of and the interactions among the
nanoparticles are minimized with the monolayer coating [39].

3.4. Effect of ligament strength on impact toughness of PP/CaCOs
nanocomposites

A high-molecular-weight matrix does not necessarily ensure
good dispersion of nanoparticles. In addition, good dispersion alone
does not necessarily ensure high impact strength. Fig. 5 show the
notched Izod impact strength of neat PPs and their nano-
composites. Both H-5-20 and E-5-20 contained well-dispersed
nanoparticles. However, the impact strength of H-PP only slightly
increased by 20% with the addition of the nanoparticles whereas
the impact strength of E-PP increased by 740%. It is important to
note that the intrinsic toughness of the E-PP is higher than that of
H-PP only by 25%. The fact that the impact strength of E-5-20 is six
times higher than that of H-5-20 cannot be due to the matrix only.
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Fig. 4. SEM micrographs on the notch roots of the impact-fractured surfaces of nanocomposites. (a) and (b) H-2-20; (c) and (d) E-2-20; (e) and (f) E-5-20; and (g) and (h) MA-5-20.

(b), (d), (f) and (h) are the enlarged views in the vicinity of notch roots.

There is a synergic effect of the high-molecular-weight matrix and
the monolayer-coated nanoparticles on the impact strength of the
nanocomposites. To further confirm this synergic effect, we used
a ‘two-step-blending’ method, as described in the experimental
section, to produce a special nanocomposite (named MA-5-20)
with the matrix possessing a molecular weight between those of
E-PP and H-PP. The state of the dispersion of the nanoparticles in

MA-5-20, which can be viewed in Fig. 4g and h, is as good as that in
E-5-20. When good dispersion was achieved in both MA-5-20 and
E-5-20, the dispersion effect due to the difference in the molecular
weight could be neglected while the effects of the molecular weight
on the impact strength could be studied. The notched Izod impact
strength of MA-5-20 containing 30 wt% E-PP and 50 wt% H-PP was
92 J/m, which was about one-fourth that of E-5-20.
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Fig. 5. Notched Izod impact strength of the PPs and their nanocomposites.

The load-displacement curves of the nanocomposites at a high
strain rate were measured to reveal the toughening mechanism and
the curves are shown in Fig. 6. The curves of H-5-20, MA-5-20 and
E-5-20 are similar and exhibit the features of semi-brittle fracture
behavior. The load rises up to a maximum value and then declines
quickly. This indicates that most fracture energy was consumed in
the crack-initiation stage whereas the crack propagation only
contributed a small proportion of energy consumption. It is noted
that the maximum load increases with the matrix molecular
weight of the nanocomposites. E-5-20 has highest load and the
largest displacement.

The notch roots of the Izod impact-fractured specimens were
examined with a SEM to identify the plastic deformation at the
crack-initiation stage. Only tiny signs of plastic deformation were
observed at the fracture surfaces of MA-5-20 and E-5-20, as shown
in Fig. 4f and h. However, any traces of plastic deformation can be
better detected in the cross-section underneath the fracture
surface at the notch roots. Fig. 7 shows the cross-sections under-
neath the fracture surfaces of E-5-20 and MA-5-20. A schematic
picture showing the location of the sampling with respect to the
impact bar is presented to the left of Fig. 7a. Letters b and c in
Fig. 7a show the locations from where Fig. 7b and ¢ were taken,
respectively. Letters e and f in Fig. 7d show the locations from
where Fig. 7e and f were taken, respectively. The arrows indicate
the crack-propagation direction. The morphology of Fig. 7b
appears to be the result of the melt flow of the polymer, possibly
due to the adiabatic impact process. As revealed by the highly
fibrillated ligaments (c.f., Fig. 7c), extensive plastic deformation is

0.5
—FE-5-20

04 —MA-5-20
’Z"‘ 0.3 N\ H'5‘20
T 0.2
S

0.1 +— \

0.5 1W 2.5
-0.1
Displacement (mm)

Fig. 6. Load-displacement curves of the nanocomposites at the impact velocity of 2 m/s.

obvious in E-5-20. The depth of the plastic deformation zone of
this fractured sample is at least 40 um beneath the fracture surface
and the length of the plastic deformation zone is over 180 pm, as
indicated in Fig. 7a. In contrast, the extent of the plastic defor-
mation in MA-5-20 is moderate. The plastic deformation is
restricted to a small region very close to the notch tip. The nano-
particles in MA-5-20 were aligned in the notch root, indicating that
the ligaments were highly stretched during impact loading (c.f.,,
Fig. 7e). Tens of micrometers away from the notch root, debonding
with small dilation was found (c.f., Fig. 7f). The cross-section of H-
5-20 essentially exhibits the feature of brittle fracture, which was
reported in our previous paper [18]. The SEM results of H-5-20,
MA-5-20 and E-5-20 are consistent with the impact strength data.
E-5-20, which has the highest molecular weight matrix, can
sustain the highest fracture stress and have the largest plastic
deformation zone.

It is well-known that the toughness of PP increases with its
molecular weight [29,40—42]. However, it should be emphasized
that the increase in the impact strength of the nanocomposite with
a high-molecular-weight matrix is much larger than the increase in
the intrinsic impact strength of the corresponding neat PPs. For
example, the impact strength of E-PP is 1.2 times higher than that of
H-PP whereas the impact strength of E-5-20 is about 7.5 times
higher than that of H-5-20. Obviously, the exceedingly high impact
strength of E-5-20 is not mainly due to the additional energy
required to rupture a single ligament of E-PP whose fracture stress
is higher than that of H-PP. The load-displacement curves and the
SEM observations at the notch roots of broken Izod impact bars
reveal that a large part of the fracture energy originates from the
enlarged volume of the matrix that involved in the plastic defor-
mation during the crack-initiation stage.

A plastic deformation zone is built up at the crack tip of a neat
polymer when subjected to an external loading. Given the valida-
tion of the linear elastic fracture mechanics, the ultimate dimen-
sions of the plastic zone developed at fracture increase with the
critical stress-intensity factor (Kic) of a polymer, as analyzed in
Irwin’s [43] or Dugdale’s [44] mode. Further, it was proven that the
Kic of PP increased with its molecular weight [42,45,46]. Hence, the
plastic zone in the nanocomposites is theoretically predicted to
increase with the molecular weight of PP, although the estimation
of the size of the plastic deformation zone in PP/CaCOs nano-
composites by Irwin’s or Dugdale’s model may not be entirely
appropriate because of the changes in the stress distribution due to
the presence of nanoparticles. Nevertheless, experimental results
are consistent with the theoretical deduction. The SEM observa-
tions on the notch roots of the impact-fractured samples indicate
that the size of the plastic deformation zone increases with the
molecular weight of the matrix. The correlation between the extent
of the plastic deformation and the matrix molecular weight is
established based on the fact the ligament strength increases as the
molecular weight increases. As revealed by the load-displacement
curves shown, as in Fig. 6, E-5-20 withstands a higher fracture
stress than H-5-20 and MA-5-20, indicating the ligaments of E-5-20
are stronger due to its higher molecular weight matrix. Stronger
ligaments enhance the resistance to the formation of a macro-crack
and allow for the expansion of the plastic deformation zone.
Consequently, the higher impact strength of E-5-20 mainly origi-
nates from a larger plastic deformation zone implemented by
stronger ligaments. In addition, a comparison between the impact
strengths of E-2-20 and E-5-20 demonstrates the crucial role of
good dispersion of the nanoparticles. The large increase in the
impact strength of PP/CaCO3 nanocomposites as the molecular
weight increases indicates that there is a synergic effect of a high-
molecular-weight matrix and the monolayer-coated nanoparticles
on the impact strength.
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Fig. 7. SEM micrographs of the cross-sections underneath the fracture surfaces of impact-fractured E-5-20 and MA-5-20 impact bars. (a), (b) and (c) are SEM micrographs taken

from E-5-20. (d), (e) and (f) are SEM micrographs taken from MA-5-20.

4. Conclusion

Numerous studies on the toughening mechanisms of rigid-
particle-filled PP have identified that debonding was a key step to
release the strain constraint and thus to trigger massive plastic
deformation [5—8]. The major contribution of this current study is
to point out that, given the occurrence of debonding, the ultimate
impact toughness actually depends on the matrix properties to
a great extent. High ligament strength is essential for high impact
strength because strong ligaments can withstand higher fracture
stresses and therefore allow for considerable plastic deformation,
consuming a large amount of fracture energy. When comparing H-
5-20 and E-5-20, even though debonding takes place in both
nanocomposites, their impact strengths vary dramatically. The
ligaments of H-5-20 underwent slight plastic deformation before
they failed. Hence, the improvement in the impact strength was
limited. In contract, strong ligaments of E-5-20 were capable to
withstand high stresses, resulting in the enhancement of both the
extent and scale of plastic deformation. The high ligament strength
of E-5-20 was created by using a high-molecular-weight E-PP, due
to its high density of tie molecules. Over the years, researchers have
realized that high-molecular-weight polymers including thermo-
sets [47] and thermoplastics [8,21-23,48] have better

toughenability, which means that the composites with high-
molecular-weight matrices have a better ability to be toughened
while other parameters remain the same. However, the concept of
‘better toughenability’ has not been explicitly interpreted. As
revealed by this study, the function of high-molecular-weight
matrix is to provide high fracture stress, which stabilizes the plastic
deformation in the crack-initiation stage. In addition, the effect of
the molecular weight on the dispersion of nanoparticles was
investigated. A high-molecular-weight polymer matrix does not
necessarily ensure good dispersion of nanoparticles and a mono-
layer coating is an effective means to improve the dispersion of
nanoparticles. The synergic effect of the high-molecular-weight PP
and the monolayer-coated nanoparticles on the impact strength of
PP/CaCO3 nanocomposites has been demonstrated.
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