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Polypropylene (PP) composites with 5 wt% of different rigid particles (Al2O3 nanoparticles, SiO2 nanopar-
ticles, Clay (Cloisite 20A) nanoparticles or CaCO3 microparticles) were obtained by melt mixing. Compos-
ites with different CaCO3 content were also prepared. The effect of fillers, filler content and addition of
maleic anhydride grafted PP (MAPP) on the composites fracture and failure behavior was investigated.
For PP/CaCO3 composites, an increasing trend of stiffness with filler loading was found while a decreasing
trend of strength, ductility and fracture toughness was observed. The addition of MAPP was beneficial
and detrimental to strength and ductility, respectively mainly as a result of improved interfacial adhe-
sion. For the composites with 5 wt% of CaCO3 or Al2O3, no significant changes in tensile properties were
found due to the presence of agglomerated particles. However, the PP/CaCO3 composite exhibited the
best tensile behavior: the highest ductility while keeping the strength and stiffness of neat PP. In general,
the composites with SiO2 or Clay, on the other hand, displayed worse tensile strength and ductility. These
behaviors could be probably related to the filler ability as nucleating agent. In addition, although the
incorporation of MAPP led to improved filler dispersion, it was damaging to the material fracture behav-
ior for the composites with CaCO3, Al2O3 or Clay, as a result of a higher interfacial adhesion, the retardant
effect of MAPP on PP nucleation and the lower molecular weight of the PP/MAPP blend. The PP/MAPP/
SiO2 composite, on the other hand, showed slightly increased toughness respect to the composite without
MAPP due to the beneficial concomitant effects of the presence of some amount of the b crystalline phase
of PP and the better filler dispersion promoted by the coupling agent which favor multiple crazing. From
modeling of strength, the effect of MAPP on filler dispersion and interfacial adhesion in the PP/CaCO3

composites was confirmed.
� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Polypropylene (PP), its blends and composites find wide appli-
cations in home appliances, automotive parts, extruded profiles,
packaging industry, construction, etc. [1,2]. Although PP is rela-
tively ductile at room temperature, it has the disadvantage of hav-
ing insufficient toughness at low temperatures and in the presence
of notches. Therefore, its use is still limited in many engineering
applications. An efficient way to increase the toughness of PP is
by blending it with rubber but this approach has the drawback
to significantly decrease the material stiffness and tensile strength.
The incorporation of rigid particles into PP may induce
enhancements in mechanical properties such as stiffness, strength,
fracture resistance, impact toughness, wear resistance, hardness,
among others [3,4]. In particular, this is a promising approach to
improve simultaneously the material stiffness and toughness
[2,5–11].

It is well known that the mechanical properties of composites
are determined by component properties, composition, structure
and interfacial interactions [12]. In particular, they are strongly re-
lated to type, size and shape, content and surface treatment of the
fillers [12,13]. Generally, commercial fillers present a relatively
broad particle size distribution hence, most of them are expected
to form aggregates in some extent.

In addition, interfacial adhesion between inorganic fillers and
polymers is often rather poor and this can be detrimental to several
material properties. Therefore, different additives able to react
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with the filler are frequently added in the formulations. They have
reactive groups compatible with the chemical nature of the poly-
mer and the filler [14,15].

Interfacial adhesion and dispersion of fillers into polymer matri-
ces has been successfully improved by using polymeric coupling
agents such as grafted polyolefins. While stiffness is independent
of coupling, strength and fracture toughness are expected to be
greatly affected by it. It has been established in the literature [9]
that changes in interfacial interactions between filler and matrix
influence the debonding process, the material failure behavior
and hence, the overall performance of composites. Uniform disper-
sion of the filler in the polymer matrix, on the other side, avoids the
creation of crack-initiating large agglomerates [8] thus, it is critical
to the material impact toughness [16]. In principle, an ideal mod-
ifier to simultaneously optimize the material tensile and fracture
properties seems to be one able to improve filler dispersion as well
as to increase interfacial adhesion but not to a level as high as to
suppress debonding.

In this work, polypropylene (PP) based composites with differ-
ent rigid fillers (Al2O3 nanoparticles, SiO2 nanoparticles, Clay (Cloi-
site 20A) nanoparticles or CaCO3 microparticles) were prepared
with and without MAPP as a coupling agent. The aim of this work
was to study the effect of the incorporation of the different fillers
and the coupling agent on the materials fracture and failure behav-
ior. The effect of filler loading in the case of the PP/CaCO3 compos-
ites was also analyzed. The fracture behavior was studied not only
by developing a quantitative calculation of fracture toughness val-
ues by fracture mechanics, but also by identifying the fracture
mechanisms operative in the composites. The identification of
the most promising filler among those investigated for improving
toughness was also a goal of this work.

It should be also pointed out, that there is a huge number of pa-
pers regarding the mechanical behavior of PP based composites
reinforced with rigid particles. However, most of them consider
the effect of the incorporation of only one rigid particle into differ-
ent kinds of PP. For this reason, it is really hard to compare the re-
sults reported in the literature and sometimes they appear
contradictory [1–4,10–13].

In this work the effect of different fillers on the mechanical and
fracture performance of PP based composites is directly compared.
2. Experimental

2.1. Materials and sample preparation

A commercial Polypropylene (PP) (CUYOLEN 1100N) kindly pro-
vided by Petroquímica Cuyo, Mendoza, Argentina, with a melt flow
index of 11 g/10 min and a density of 0.9 g/ml was used as the ma-
trix of the composites.

Four different commercially available additives: Silica oxide
(SiO2), organo-modified Clay (Cloisite 20A), Aluminum oxide
(Al2O3) and Calcium carbonate (CaCO3) (Sigma–Aldrich) were em-
ployed as fillers. They were used as received. Their main character-
istics are listed in Table 1.

Particle size distributions of the different fillers were deter-
mined from SEM micrographs of cryo-fractured surfaces of the
Table 1
Main characteristics of the different fillers used as provided by the supplier.

Filler Mean particle size (nm) Specific density (g/cm3)

CaCO3 10,000–30,000 2.93
Al2O3 <50 4.00
SiO2 10 2.33
Clay d001 = 2.44 1.77
composites obtained at liquid nitrogen temperature. Quantitative
image analysis was performed with the help of the image process-
ing software Image J. To ensure statistical validity of the analysis, a
minimum of 200 particles was measured.

Composites of PP with 5 wt% of Al2O3, SiO2 or Clay particles and
composites with 5, 10, 20, 30, 40 wt% of CaCO3 particles were
prepared.

The components were mixed in an intensive mixer at 190 �C
and 50 r.p.m for 10 min. Then, composite sheets (nominal thick-
ness B = 0.5 mm) were compression molded in a hydraulic press
at 180 �C under a pressure of 100 kPa for 10 min. Finally, the sheets
were rapidly cooled by circulating water within the press plates
under a pressure of 100 kPa.

In order to improve the dispersion of the fillers in the PP matrix,
modified composites with 10 wt% of maleic anhydride grafted PP
(PP-g-MA) (Epolene E-43 wax, Eastman Chemical Company, USA)
were also prepared in a similar manner.

2.2. Mechanical characterization

Uniaxial tensile tests were performed in an Interactive Instru-
ments 10 K universal testing machine at a crosshead speed of
5 mm/min for neat PP, the blend of PP and MAPP and the different
composites by following ASTM D882-02 standard recommenda-
tions. From these tests, stress–strain curves were obtained and
from these curves, Young’s modulus (E), tensile strength (ru) (max-
imum stress) and strain at break (eb) were determined.

Quasi-static fracture tests on deeply double edge-notched
(DENT) specimens were also carried out at 1 mm/min for all mate-
rials in the testing machine [17]. Sample dimensions were: length
(L) = 50 mm and depth (W) = 20 mm. The distance between grips
was 30 mm. Two properly aligned sharp notches of 5 mm were
introduced by sliding a fresh razor blade into machined slots with
the help of a specially designed device. The J-Integral approach was
adopted to characterize fracture toughness. It was obtained from
the whole area under the load–displacement curve (Utot) as
follows:

Jc ¼
gUtot

BðW � aÞ ; ð1Þ

where Utot is the overall fracture energy, B is the thickness and g is a
geometrical factor defined by [18]:

g ¼ �0:06þ 5:99
a

W

� �
� 7:42

a
W

� �2
þ 3:29

a
W

� �3
ð2Þ

All mechanical tests were performed at room temperature. A
minimum of five replicates were tested for each system and the
average values with their deviations were reported.

2.3. Fracture surface analysis

Fracture surfaces of cryo-fractured specimens and of specimens
broken in tensile tests were analyzed by Scanning Electron Micros-
copy (SEM) after they had been coated with a thin layer of gold.

2.4. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out for the different
materials investigated. A Phillips PW 1050/25 difractometer oper-
ating in a 2h range between 5� and 70� was used. The scattering an-
gle was varied in 1�/min steps. CuKa radiation was used as source.

2.5. Investigation of the fracture mechanisms

To study the fracture mechanisms on micro-deformational le-
vel, side surfaces of specimens broken in fracture tests were
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observed by scanning electron microscopy (SEM) after they had
been coated with a thin layer of gold.
3. Results and discussion

3.1. Particle size distribution analysis

Particle size distributions for the different composites with
5 wt% of filler, without and with MAPP as a coupling agent, were
determined in order to analyze its effect on filler dispersion.
Fig. 1 presents the particle size distribution for the SiO2 particles
obtained from cryo-fractured samples of the composites without
and with MAPP, as an example. All particle size distributions in
the composites without MAPP present an irregular appearance dis-
playing a tail at large particle sizes. This suggests the presence of
some aggregation in these composites [4].

Particle size distributions for the fillers within the composites
with MAPP, on the other hand, display reduced tails at large parti-
cle sizes and a shift of the most frequent particle size value towards
smaller values. In the PP/CaCO3 composites, for example, the most
frequent particle size value was 15 lm which was reduced to
10 lm with the incorporation of MAPP and the largest agglomerate
value slightly decreased from 35 lm to 27.5 lm. These results
indicate that in the composites investigated, aggregation was re-
duced and hence, the dispersion of the filler in the matrix was im-
proved from the addition of the coupling agent.

Furthermore, by comparing experimental mean particle size
values with the dimension values provided by the supplier for
Al2O3, SiO2 and clay particles, it was observed that irrespectively
of the presence of MAPP, measured values were significantly high-
er than reported ones. Therefore, the presence of aggregates in the
corresponding composites was confirmed. As a result, although
Al2O3 and SiO2 particles were originally nano-sized particles, they
formed aggregates having micrometric dimensions within the
composites. In the case of clay particles, previous results by DRX
and TEM [19] showed an intercalated–aggregated mixed system.
This result suggests that the shear forces achieved in the internal
mixer were not enough to break down filler aggregates during
the time of mixing [2].

The above mentioned microstructure directly affects most of
the physical properties of PP composites, particularly the mechan-
ical properties [20], as it will be shown later.
Fig. 1. Particle size distribution for the SiO2 particles obtained from cryo-fractured
samples of the composites without and with MAPP.
3.2. Uniaxial tensile behavior

3.2.1. PP/CaCO3 composites with different filler content
Fig. 2a and b shows typical tensile stress–strain curves for the

matrix and the PP/CaCO3 composites with different filler content
without and with MAPP, respectively.

As it can be observed in Fig. 2, the incorporation of the coupling
agent in the composites formulation led to an increase in brittle-
ness. Most composites without MAPP displayed plastic deforma-
tion beyond maximum load whereas PP/MAPP/CaCO3 composites
exhibited semi-brittle behavior with a precipitous drop of load at
the maximum or around it. However, none of the composites pre-
sented necking before fracture indicating their limited ductility.

The increased brittleness for the composites with MAPP respect
to the composites without coupling agent suggests higher interfa-
cial adhesion between filler and matrix for the former, which facil-
itates the transfer of properties between components. In this way,
rigid particles unable to deform hindered composites elongation,
increasing their brittleness [21].

Fig. 3 shows Young’s modulus, tensile strength and strain at
break values for neat PP, the blend of PP and MAPP and the PP/
CaCO3 composites. It was found that, within the experimental scat-
ter, the material stiffness slightly increase with filler content for
the composites without MAPP, as expected from the incorporation
of a rigid filler into PP, whereas a slight decrease of stiffness was
observed for the composite with 40 wt% CaCO3 probably due to
the increased filler aggregation for this filler loading. For the PP/
Fig. 2. Tensile stress–strain curves for the matrix and PP/CaCO3 composites: (a)
without MAPP and (b) with MAPP.



Fig. 3. Tensile properties for PP/CaCO3 composites: (a) Young’s modulus, (b) tensile
strength, and (c) strain at break.

Fig. 4. Tensile stress–strain curves for the matrix and composites with 5 wt% of
filler: (a) without MAPP and (b) with MAPP.
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MAPP/CaCO3 composites, on the other hand, a continuous increas-
ing trend of Young’s modulus was observed for all compositions
investigated. Better dispersion of the filler in the PP matrix would
have been responsible for this behavior. With the exception of this
effect, no significant differences in stiffness were found between
modified and unmodified composites. This is in accordance with
expectations, as stiffness should not be affected by filler-matrix
interaction [12]. In addition, irrespectively of the presence of
MAPP, a general decreasing trend of tensile strength and ductility
was observed as filler loading increased for all PP/CaCO3 compos-
ites. However, tensile strength and strain at break values were
slightly higher and lower, respectively for the composites with
MAPP for most compositions. This suggests that the incorporation
of MAPP led to higher interfacial adhesion between phases as men-
tioned above. It should also be noted that although in a lesser ex-
tent, debonding was still occurring in modified composites, as the
decrease of the maximum stress indicates that filler particles deb-
onded from the matrix prior to or at the start of plastic deforma-
tion [8,9,21]. As a result of debonding, the strain constraint is
released and hence, tensile yield stress is lowered [22].

The above observations should have important implications on
the materials fracture behavior. As it will be discussed later, inter-
facial debonding is one of the major determining factors of the
material toughness.
3.2.2. PP composites with 5 wt% of different fillers
Fig. 4a and b shows typical tensile stress–strain curves for the

different composites with 5 wt% of filler and Fig. 5 shows tensile
parameter values for these composites.

In general, and within the scatter of experimental data, no
remarkable changes in tensile strength or stiffness respect to the
matrix were obtained for the content of rigid particles used
(5 wt%) (Fig. 5). This result suggests that even nano-sized particles
behaved as microparticles within the composites, being these par-
ticles unable to induce significant reinforcement for low filler



Fig. 5. Tensile properties for composites with 5 wt% of filler: (a) Young’s modulus,
(b) tensile strength, and (c) strain at break.

Fig. 6. Load–displacement curves for the matrix and PP/CaCO3 composites: (a)
without MAPP and (b) with MAPP.
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contents. This is in agreement with the analysis of particle size dis-
tributions which revealed the presence of filler aggregates of
micrometric dimension.

For the composites with CaCO3, Al2O3 or Clay, an increase in
brittleness was observed with the addition of MAPP, as revealed
from the qualitative analysis of the stress–strain curves of Fig. 4
and the strain at break values of Fig. 5c, probably as a result of a
higher interfacial adhesion and the changes in the matrix micro-
structure promoted by the coupling agent.

In the PP/MAPP/SiO2 composite, on the other hand, no decrease
in ductility was observed respect to the composite without MAPP.
This could be attributed to the presence of some amount of the b
crystalline phase of PP in this composite, as it will be shown later.
This phase is known to have higher ductility than the common a
phase of PP [4] and hence, it would have counteracted the negative
effect of MAPP on the strain at break value.

Furthermore, the best tensile properties were exhibited by the
PP/CaCO3 composite without coupling agent that showed similar
stiffness and strength values than neat PP and the highest ductility
among the different composites investigated. A detailed discussion
of the above results will be presented later.

It is also important to note, that no significant differences in the
tensile properties were found between neat PP and the blend of PP
and MAPP. Therefore, any effect of MAPP on the tensile properties
cannot be attributed to any change in the matrix tensile properties.

3.3. Fracture behavior

3.3.1. PP/CaCO3 composites with different filler content
Typical load–displacement curves for DENT samples of the ma-

trix and the different PP/CaCO3 composites without and with cou-
pling agent are given in Fig. 6a and b, respectively.

In agreement with tensile tests results, the incorporation of
MAPP in the formulation of the PP/CaCO3 composites led to more
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brittle materials which also exhibited a qualitative change in the
load–displacement curves. While composites without coupling
agent displayed some amount of stable crack propagation followed
by a precipitous drop of load to zero at a certain point after the
maximum, the materials with MAPP presented unstable crack
growth before maximum load (non-linear quasi-brittle behavior).

The area under the load–displacement record decreased as the
CaCO3 content increased and with the addition of MAPP. However,
load–displacement curves did not qualitatively change with filler
loading.

As all materials exhibited non-linear fracture behavior until
maximum load and unstable crack growth at a certain point in
the load–displacement curve, J-integral parameter at instability
(Jc) was adopted to characterize the materials fracture behavior
[17]. In Fig. 7, average values of the Jc parameter are plotted. A
decreasing trend of fracture toughness with filler loading and with
the addition of MAPP was observed, in agreement with the qualita-
tive analysis of load–displacement records. This suggests that
CaCO3 particles acted as critical-sized flaws that induced prema-
ture failure and that the presence of MAPP accelerated this process.

It is also important to note in Fig. 7 that the composite with
5 wt% of CaCO3 displayed almost the same Jc value than neat PP,
whereas at higher filler contents a sharp drop of fracture toughness
values was observed. This could be probably related to the changes
in the matrix microstructure induced by filler particles, in agree-
ment with the results of others [2,20]. It has been pointed out
[20] that the incorporation of carbon nanotubes affects the crystal-
line behavior and structure of the iPP matrix. CNTs accelerate the
heterogeneous nucleation and crystal growth mechanisms of iPP,
being this effect more noticeable for lower filler contents. A de-
crease in the nucleation efficiency at high filler concentration has
been attributed to the aggregation of the nanotubes which leads
to a decrease of the number of heterogeneous nuclei. Zhang et al.
[2] have also reported that neat PP presented brittle behavior as
the sharp interfaces among spherulites acted as flaws but when
CaCO3 particles were introduced, small and imperfect spherulites
formed. The decrease in the spherulitic size and the disappearance
of sharp interfaces among spherulites led to improved ductility for
low filler contents. For high CaCO3 contents, in contrast, many de-
fects existed in the PP matrix and reduced ductility was observed.
In the case of the composites studied here, it has been reported
that CaCO3 and Al2O3 particles act as nucleating agents in the PP
matrix investigated [19], having CaCO3 the highest nucleation effi-
ciency. SiO2 and clay particles, in contrast, act as retarding agents.
Therefore, in our PP/CaCO3 composites, a relatively high fracture
toughness value was displayed at low filler loading (5 wt%) proba-
bly as a result of the counteracting effects of the formation of a
Fig. 7. Jc parameter values for PP/CaCO3 composites.
large number of smaller and imperfect spherulites instead of the
larger spherulitic domains of pure iPP and the formation of
critical-sized flaws which induce premature failure. At high filler
contents, on the other hand, the nucleation efficiency of CaCO3

would have decreased due to the presence of larger aggregates
and hence, lower Jc values were observed.

In addition, the presence of MAPP has been found that delay the
crystallization process of the iPP investigated [19] and therefore,
would have contributed to the detrimental effect of the increased
interfacial adhesion on fracture toughness mentioned before.

3.3.2. PP composites with 5 wt% of different fillers
Fig. 8a and b shows typical load–displacement curves for DENT

samples of the matrix and the different composites with 5 wt% of
filler without and with MAPP, respectively.

Regarding the effect of MAPP, the PP/Al2O3 and PP/Clay compos-
ites exhibited the same behavior than the PP/CaCO3 composites:
materials without MAPP absorbed considerable higher energy than
those with coupling agent. However, the introduction of MAPP had
no detrimental effect on the fracture behavior of the PP/SiO2 com-
posites. Moreover, the composite with MAPP exhibited a slight
improvement in toughness respect to the composite without cou-
pling agent as it will be shown below.

Average values of the Jc parameter for the different composites
with 5 wt% of filler are displayed in Fig. 9 along with their devia-
tions. While the PP/CaCO3 composite with 5 wt% of filler presented
almost the same Jc value than PP (as mentioned before), the intro-
duction of Al2O3, SiO2 or clay was detrimental to the material frac-
Fig. 8. Load–displacement curves for the matrix and composites with 5 wt% of
filler: (a) without MAPP and (b) with MAPP.



Fig. 9. Jc parameter values for composites with 5 wt% of filler. Fig. 10. WAXD patterns for matrix, PP/MAPP and different composites (5 wt%) with
MAPP.
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ture toughness. Therefore, Al2O3, SiO2 and clay mixed system (ob-
served in SEM micrographs of the latter composite), seemed to act
as critical-sized flaws that induce premature failure.

The values of the Jc parameter for the PP/CaCO3, PP/Al2O3 and
PP/Clay composites with coupling agent (Fig. 9), also confirmed
the negative effect of MAPP on the fracture behavior of these mate-
rials mentioned above.

It is also important to note that the introduction of MAPP was
also damaging to the matrix fracture toughness, as neat PP exhib-
ited a significantly higher value of Jc than the blend of PP and
MAPP. This blend is expected to have a lower molecular weight
than neat PP which is detrimental to the material fracture tough-
ness [22,23]. The decrease in the molecular weight from the
incorporation of MAPP to PP was confirmed from viscosity mea-
surements (Anton Paar Rheometer MCR301) at 1 Hz and 190 �C
as well as from Gel Permation Chromatography (GPC Waters
150-C ALP/GPC). The obtained viscosity values were 1680 Pa.s for
neat PP and 626 Pa.s for the blend of PP and MAPP and molecular
weight values were 205,000 g/mol and 154,000 g/mol for PP and
the PP/MAPP blend, respectively.

Globally, in agreement with tensile results, lower fracture
toughness values were displayed by the composite with SiO2 or
clay probably due to the non-nucleating character of these fillers
mentioned before [19].

From the above results, the negative effect of MAPP on the
materials fracture behavior for PP/CaCO3, PP/Al2O3 and PP/Clay
composites could be mainly attributed to the decreased molecular
weight of the blend of PP and MAPP, to the retardant behavior of
MAPP in the crystallization of iPP and also to the increased adhe-
sion between the fillers and PP achieved from the addition of the
coupling agent. The increased adhesion between phases hinders
the toughening mechanism of particles debonding from the PP ma-
trix and the subsequent matrix ductile tearing around these parti-
cles [9]. This mechanism of toughening has been proposed by Kim
and Michler [24,25] for particle-filled semicrystalline polymers
and also observed by others [9,26,27] on different polypropylene
composites. The improvement in filler dispersion seems to be
insufficient to counteract the above mentioned detrimental effects
in the composites with CaCO3, Al2O3 or Clay. In addition, as it was
revealed from tensile results, although increased interfacial adhe-
sion was promoted by the coupling agent, debonding was still
occurring in the PP/CaCO3 composites with MAPP although in a les-
ser extent. Further investigation of the fracture mechanisms oper-
ative in our composites is presented in the following sections.

On the other side, PP/SiO2 composites exhibited a slight
improvement of fracture toughness with the addition of MAPP
(Fig. 9), probably as a result of some counteracting effects. On
one hand, the coupling agent is expected to increase interfacial
adhesion between filler and matrix as well as to reduce the matrix
molecular weight and delay the crystallization of iPP as pointed
out before. All these effects are detrimental to the material fracture
behavior, as mentioned before. On the other hand, X-ray diffraction
analysis revealed that most of the particles did not influence the
diffractograms (Fig. 10) displaying the diffraction peaks of the vir-
gin PP which belong to the typical monoclinic a form. However,
SiO2 particles in the presence of MAPP promoted the crystallization
of PP in the b pseudo-hexagonal form which exhibits higher tough-
ness (the peak at 2h = 15.9� corresponds to the (300) crystal plane
of the b form [2]). Similar results have been already reported by
Zhao and Li [28] for alumina-filled polypropylene nanocomposites
and by Zhang et al. [2] for polypropylene/CaCO3 nanocomposites
with a nonionic modifier.

The metastable b crystal form of i-PP is usually difficult to de-
velop unless some special conditions are met, such as quenching
the melt to a certain temperature range, directional crystallization
in a temperature gradient field, shearing or elongation of the melt
during crystallization, vibration-induced crystallization, or addi-
tion of specific nucleating agents [28–30]. The b modification of
i-PP has several advantageous properties compared to the tradi-
tional a form, like higher impact resistance, ductility and better
weldability [4,16,31–33]. In particular, the energy absorbing mech-
anisms responsible for the improved toughness exhibited by b PP
are viscoelastic in nature and strongly related to the molecular
weight and tie molecules density (stabilization and extension of
a crazed/voided network), the lamellar arrangement (efficient
stress transfer and stress relief) and the b–a phase transition (addi-
tional energy absorption due to recrystallization and local harden-
ing of the microporous network) [33].

The improvement of SiO2 particles dispersion in the PP matrix
would have also contributed to the presence of the b phase for
the better fracture properties exhibited by the PP/SiO2 composites
with MAPP respect to the unmodified composite. A more detailed
explanation of these effects will be presented in Section 3.5 about
the fracture mechanisms.

3.4. Fracture surface analysis

Figs. 11 and 12 show FE-SEM micrographs of the cryo-fractured
surfaces of samples with 5 wt% of the different fillers without and
with MAPP, respectively.

It can be seen that in the PP/CaCO3 composites without MAPP
(Fig. 11a), filler particles appear clean of the matrix material and
they are also forming aggregates. In the PP/MAPP/CaCO3



Fig. 11. FE-SEM micrographs of the cryo-fractured surfaces of composite with
5 wt% of filler without MAPP: (a) PP/CaCO3, (b) PP/Al2O3, (c) PP/SiO2, and (d) PP/
Clay.

Fig. 12. FE-SEM micrographs of the cryo-fractured surfaces of composite with
5 wt% of filler with MAPP: (a) PP/CaCO3, (b) PP/Al2O3, (c) PP/SiO2, and (d) PP/clay.
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composites (Fig. 12a), on the other hand, decreased aggregation is
observed and CaCO3 particles are coated by the polymer matrix. In
the composites with Al2O3, SiO2 or clay (Figs. 11b–d and 12b–d),
even if aggregates still exist in the composites with MAPP, they
are significantly smaller (as shown before in Section 3.1) and
particles are less distinguishable than those observed in the



Fig. 13. SEM micrograph of the ductile zone of a tensile specimen of: (a) PP/20 wt%
CaCO3, (b) PP/MAPP/5 wt% Al2O3, (c) PP/MAPP/5 wt% SiO2, and (d) PP/5 wt% Clay.

Fig. 14. SEM micrograph of the side surface of DENT samples with 5 wt%: (a)
without MAPP and (b) with MAPP.
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composites without coupling agent. These observations indicate
that the introduction of MAPP was beneficial to the dispersion of
the filler in the matrix and to the adhesion between phases. Hence,
MAPP acted as an effective coupling agent in our composites.

In addition, typical brittle fracture surfaces were exhibited by
PP and PP/MAPP samples broken in tensile tests, whereas fracture
surfaces of some composite samples presented both brittle and
ductile zones (not shown). In the close views of the ductile zones
shown in Fig. 13a–c, irrespectively of the filler or the presence of
the coupling agent, the toughening mechanism of particles deb-
onding from the PP matrix and subsequent matrix ductile tearing
around these particles can be clearly observed.

3.5. Fracture mechanisms analysis

It has been established in the literature [28] that there are two
main approaches to study the materials fracture behavior. One is to
develop a quantitative calculation of fracture toughness values by
fracture mechanics. Another approach is to disclose and analyze
the fracture morphology directly by microscopy (optical micros-
copy (OM), scanning electron microscopy (SEM) or transmission
electron microscopy (TEM)). In this work, side surfaces of speci-
mens broken in fracture tests were observed by SEM to study the
fracture behavior fully by investigating the fracture mechanisms
operative in our composites.

Fig. 14a and b presents typical side views of DENT samples with
5 wt% of SiO2 without and with MAPP, respectively. Matrix ductile
tearing can be clearly observed in the process zone in both micro-
graphs as well as some crazes parallel to the propagated crack in
the damage zone (white arrows). However, for the composite with



Fig. 16. Reduced tensile strength values as a function of filler volume fraction for
the PP/CaCO3 composites.
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coupling agent (Fig. 14b) a higher number of crazes are observed,
confirming the beneficial effect of MAPP on the matrix deformation
by multiple crazing in the composite with SiO2. A high magnifica-
tion image (Fig. 15) shows a typical craze found in the composites
investigated. Similar images of surface crazes in PP have been al-
ready reported in the literature [34,35].

In the case of semicrystalline PP, the main deformation mecha-
nisms have been found to be crazing and shear yielding depending
on the respective PP systems [29]. Regarding this, dispersed parti-
cles have two significant roles: they can initiate matrix deforma-
tion and they can effectively stabilize or terminate crazes. First,
they debond from the matrix releasing the triaxial stress state at
the vicinity of the crack tip and hence, triggering massive matrix
plastic deformation. In our composites, both particle debonding
and subsequent matrix shear yielding as well as crazing have been
clearly observed, confirming the high competition between both
deformation mechanisms for the PP investigated.

Crazing is a cause for the failure of polymers but it is also an en-
ergy absorption mechanism [36], particularly in the case of multiple
crazing. In addition, it has been established in the literature [37] that
the b phase of PP has significantly lower yield strength than a phase
and hence, b phase spherulites are more highly strained than the a
phase ones and promote early crazing. Moreover, multiple crazes
are more likely for higher b phase formation. In our PP/SiO2 compos-
ites, in the absence of MAPP, isolated crazes were formed whereas in
the composites with coupling agent, a higher number of uniformly
distributed crazes developed. Therefore, the improved fracture
behavior observed in the PP/MAPP/SiO2 composite respect to the
unmodified composite could be attributed to the beneficial concom-
itant effects of the better dispersion of the particles in the PP matrix
and the formation of some amount of the b crystalline phase of PP
promoted by the coupling agent. Both effects would have favored
the development of multiple crazing.
3.6. Modeling of strength

Pukánszky et al. [38] have developed a simple model for the
quantitative evaluation of the composition dependence of tensile
yield stress in particulate filled composites which also allows
detecting the appearance and effect of filler aggregation. According
to this model, the tensile yield of composites is determined by
three components: the matrix yield stress, the effective load-bear-
ing cross-section and the interaction between phases:

ry ¼ ryoð1� v f Þ=ð1þ 2:5mf Þ expðBmf Þ ð3Þ

where ry and ryo are the yield stress of the composite and the ma-
trix, respectively, vf is the filler volume fraction and B is a parameter
Fig. 15. High magnification SEM images of a typical craze for the composite with
5 wt% SiO2.
related to the load-bearing capacity of the filler. Parameter B can be
determined from the linear form of Eq. (3). Reduced yield stresses
can be expressed by rearranging Eq. (3) as follows:

ryred ¼ ryoð1þ 2:5mf Þ=ð1� mf Þ ¼ expðBmf Þ ð4Þ

Its natural logarithm should depend linearly on composition
with a slope of B. Apart from calculating B, the linear plot allows
checking the validity of the model and the presence of aggregation.
Any deviation from a straight line indicates the presence of struc-
tural effects.

Fig. 16 shows the plot of reduced tensile strength values as a
function of filler volume fraction for the PP/CaCO3 composites.
(In our case, maximum stress values were reported and referred
to as tensile strength values independently if the materials under-
went yielding or not). As it can be observed in Fig. 16, reasonably
good linear fits were obtained for the data for lower filler contents.
For higher filler loading, the points deviate from the linear correla-
tion indicating the appearance of some structural effect, probably
aggregation [4]. However, the incorporation of MAPP in the com-
posites formulation led to a shift in the beginning of deviation from
a straight line towards higher filler contents. The composites with-
out MAPP exhibited a good linear fit up to 10 wt% of CaCO3

(3.2 vol%) whereas the composites with MAPP presented a linear
dependence with filler content up to 20 wt% of CaCO3 (7.2 vol%).
Therefore, better dispersion of the filler in the matrix is expected
for the composites with coupling agent.

In addition, a higher value of the B parameter was obtained for
the composites with MAPP (Fig. 16), suggesting a stronger interfa-
cial interaction between phases [2].

The results obtained from the application of the model of Puká-
nszky et al. [38] are in good agreement with the analysis of particle
size distributions, fracture surfaces and tensile and fracture results.

It is well established in the literature that low interactions be-
tween hydrophobic PP molecular chains and hydrophilic fillers
hinder the good dispersability level and thus could adversely affect
the mechanical properties of the composites. To overcome this dif-
ficulty, functional oligomers with polar groups like maleic anhy-
dride grafted PP are generally added to cause the affinity for
polar fillers so that MAPP can serve as a coupling agent between
the filler and polymer matrix [40]. MAPP is formed by the reaction
of maleic anhydride (MA) with PP in the presence of an initiator to
obtain PP chains with pendant groups. The reactive maleic anhy-
dride groups of MAPP can chemically react with the active surface
hydroxyl groups of polar fillers such as in the case of SiO2 and C20A
[39–41]. On the other side, the single C–O bond of MAPP breaks at
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high temperatures and the free electrons can interact with the Ca2+

ions of the calcium carbonate [42]. Hence, better dispersion of the
filler in the matrix is achieved (agglomerates are destroyed or re-
duced in size). This has been confirmed by Electron Paramagnetic
Resonance (EPR) and RMN-H1 [19,42].
4. Conclusions

The fracture and failure behavior of PP reinforced with different
rigid particles was investigated. The fracture behavior was studied
not only by developing a quantitative calculation of fracture tough-
ness values by fracture mechanics, but also by analyzing the
fracture morphology by SEM and identifying the fracture mecha-
nisms operative in the composites. The effect of MAPP as coupling
agent was also studied and in the case of the PP/CaCO3 composites,
the effect of filler content was also analyzed.

It was observed that all the rigid particles used in this work be-
haved as micrometer particles, even if they were originally nano-
sized particles due to the presence of aggregates.

The introduction of MAPP in the composites formulation led to
improved dispersion of the filler in the matrix, increased interfacial
adhesion between phases, delayed the crystallization of PP as well
as decreased matrix molecular weight. In the composites with
CaCO3, Al2O3 or Clay the three latter effects dominated and led to
decreased fracture properties.

SiO2 particles in the presence of MAPP were able to induce some
amount of the b phase in the crystalline morphology of the PP ma-
trix. Probably, as a result of the presence of this phase and of the
improved filler dispersion promoted by MAPP which both favored
multiple crazing, the PP/MAPP/SiO2 composite exhibited a slight
increase in toughness respect to the composite without coupling
agent. Hence, these particles seem to be the most promising fillers
to improve the material toughness among the rigid particles inves-
tigated. However, even better dispersion of SiO2 particles should be
achieved to take full advantage of this filler.

Nevertheless, it is also important to note that the best combina-
tion of mechanical properties was presented by the composite of
PP simply reinforced by CaCO3 which displayed the highest ductil-
ity while keeping the stiffness, tensile strength and fracture tough-
ness of neat matrix. This could be probably attributed to the effect
of the filler on the matrix microstructure.

From the results of the modeling of strength, the tensile and
fracture behavior and the analysis of particle size distributions
and fracture surfaces by SEM, the effect of maleic grafted PP on
the filler dispersion and interfacial adhesion was determined.

Although the fillers used in this investigation differ in chemical
composition, shape and size, from the results obtained here some
general conclusions can be drawn:

– The effect of a specific coupling agent on the material tensile
and fracture behavior can widely vary depending on the filler
characteristics.

– The dispersion of the filler in the polymer matrix is one of the
most important determining factors of the energy absorption
mechanisms and hence, of the material fracture behavior.

– The capability of the filler to induce the b crystalline morphol-
ogy of PP is also a key factor to improve the material fracture
toughness through the multiple crazing mechanisms.

– The molecular weight of the modifier is also a critical variable to
take into account when fracture properties are intended to be
optimized, as it does not only affect interfacial interaction but
also changes the matrix toughness. However, a compromise
should exist between the obtained properties and
processability.
– The effect of the particles on the matrix crystalline structure is
also very important in determining the fracture and failure
behavior of the resulting composites.

– The concomitant effect of the different factors which affect the
mechanical properties (including both tensile and fracture
behavior) of semicrystalline polymers reinforced with hard par-
ticles complicate the scenario and the analysis of results is very
difficult.
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