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The deformation and fracture behavior of PP/ash composites with and without maleic anhydride func-
tionalized iPP (MAPP) as coupling agent was investigated, focusing on the effect of ash content and load-
ing conditions. A decreasing trend of tensile strength and strain at break values with filler content was
observed for unmodified composites, whereas these properties were roughly independent of ash content
for the composites with MAPP. In quasi-static fracture tests, all materials displayed ductile behavior.
Most composites exhibited improved fracture properties with respect to the matrix as a result of the
toughening mechanisms induced by the ash particles. Under impact loading conditions, in contrast, all
materials displayed fully brittle behavior. Impact critical fracture energy values of the composites were
higher than those of PP and they also presented a maximum which was explained in terms of the com-
prehensive analysis of the crystallinity development in PP. The incorporation of MAPP led to better dis-
persion of ash particles in the matrix but was detrimental to the material fracture behavior
independently of loading conditions. Increased interfacial adhesion promoted by MAPP hindered parti-
cle-induced toughening mechanisms.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The most commonly used thermoplastics in industry are poly-
olefins. Among them, a useful commodity polymer with outstand-
ing properties is poly(propylene) (PP). It is characterized for having
low density, sterilizability, good surface hardness, very good abra-
sion resistance, excellent electrical properties, as well as good
mechanical and barrier properties to water. It also has low cost,
worldwide production, simplicity of processing, capability to burn
without producing toxic emissions, working security, and recycla-
bility [1,2]. PP and its blends and composites find wide applications
in automotive parts, extruded profiles, packaging, etc. However,
there are some limitations and disadvantages that lead to the
different modifications of the main material. The PP random
copolymer (rPP) is one of the many modifications of neat Polypro-
pylene which has been widely successfully adopted by industry.
Frequently, PP is copolymerized with ethylene obtaining a copoly-
mer which properties are mainly determined by the ethylene
content. Ethylene units attach to the main polymeric chain of PP
and are partially included in the crystalline phase of the material
and hence, increase the amorphous phase of PP. The small amount
of ethylene on rPP retains the stiffness and strength of neat
Polypropylene but also improves its mechanical properties at low
temperatures [3].

In structural and semi-structural applications of materials, in
addition to high stiffness and mechanical strength, adequate
fracture toughness is often required. In order to optimize these
properties, the knowledge of the relationship between morphology
and deformation behavior seems to be essential.
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A commonly used practice in industry to obtain new plastics
with improved properties at relatively low cost is the incorporation
of inorganic fillers into polymers [4]. In particular, the dispersion of
organically modified layered silicates in PP has been found that
lead to enhancement. Different polymer/clay nanocomposites have
been successfully obtained based on several polymeric systems
such as polyamide, epoxy, polyimide, polyurethane, Polypropylene,
and polystyrene [2,5]. In the last decade nanocomposites based on
thermoplastics modified with nanoclays emerged as a topic of
industrial and academic interest [6–8]. These nanocomposites have
been reported to exhibit visible improvements in mechanical
properties, flame resistance and barrier properties when compared
with the corresponding raw materials and micro- and macro-com-
posites [9]. However, it has been claimed that only well-dispersed
and well exfoliated nanoparticles can lead to the expected
improvement of properties [10].

In addition, there is an increasing trend of current industries to
re-use their wastes, mainly as a result of economic and ecological
concerns.

Ashes are solid industrial wastes produced in the combustion of
carbon and other fossil fuels. They are generally composed of a sig-
nificant amount of SiO2 and lower contents of Al2O3, Fe2O3, Na2O,
MgO, K2O, etc. They are cheaper and more environmentally
friendly than conventional mineral fillers, thus they represent an
appealing alternative as reinforcement in polymers.

The use of ash as reinforcement in polymer composites has
been already the subject of many investigations and several
authors have used fly ash as filled reinforcing material in Polypro-
pylene and its blends. They generally found that the incorporation
of ash into PP led to stiffer but also more brittle and weaker
materials [11]. Nevertheless, only a few studies have been reported
concerning the fracture behavior of thermoplastic composites rein-
forced with ashes from biomass origin [12–14]. In these works, the
effect of different silane-type coupling agents on the materiaĺs
fracture response was investigated.

Furthermore, it is well known [15,16] that the macroscopical
behavior of heterogeneous materials depends on many factors
such as composition, behavior of each component, geometrical
arrangement of the phases, and interfacial properties.

Interfacial adhesion between inorganic fillers and polymers is
often rather poor. Therefore, different additives able to react with
the filler are frequently added in the formulations. They have reac-
tive groups compatible with the chemical nature of the polymer
and the filler [17,18]. The addition of coupling agents, has been
demonstrated to improve interfacial adhesion between the filler
and the polymer matrix and hence, to be beneficial to some impor-
tant material properties.

It is well established in the literature [19] that the interfacial
shear strength between glass and polyolefins is very low, as a
result wetting is poor and shrinkage during crystallization also
contributes to this lack of wetting. Moreover, the surface rough-
ness of glass does not offer sites for mechanical anchoring. Interfa-
cial adhesion has been successfully improved in this case by using
polymeric coupling agents such as grafted polyolefins. It has been
recently reported in the literature that simultaneous improve-
ments in tensile strength, Young’s modulus and elongation at
break were obtained by using maleic anhydride grafted High Den-
sity Polyethylene (HDPE) as compatibilizer in HDPE/rice husk ash
composites [20].

In this work, the deformation and fracture behavior of PP/ash
composites with and without maleic anhydride functionalized
iPP (MAPP) as coupling agent was investigated, focusing on the
effect of ash content and loading conditions (quasistatic versus
dynamic loading). In addition, crystallization behavior of the differ-
ent PP composites was also evaluated and their influence over the
mechanical response analyzed.
2. Experimental details

2.1. Materials

Fly ashes obtained from biomass combustion (kindly supplied
by Industrias del Tablero S.A. (INTASA), Galicia, Spain) were used
as composites reinforcement. They were separated using a sieve
of mesh 400 lm. Particle size distribution determined from SEM
micrographs of ash particles has been reported in a previous paper
(mean diameter of 30.88 ± 16.42 lm) [12].

The thermoplastic matrix was an isotactic Polypropylene (PP
070G2 M) delivered by Repsol-YPF, with a melt flow index of
12 g/10 min (230 �C, 2.16 kg) and a density of 0.902 g/cm3. A com-
mercially available polymer processing additive (Dynamar FX
5911, Dyneon, 3M Company) was used in order to improve pro-
cessing and allow using high viscosity formulations. The blend of
PP and the processing additive will be referred to in this work as
the PP matrix.

Maleic anhydride functionalized iPP (MAPP) (Fusabond� MD
511 D, Dupont) at 1 wt% respect to the weight of PP was incorpo-
rated into the filler as coupling agent.
2.2. Sample preparation

Different contents of ash (10, 20 and 30 wt%) and Polypropylene
were mixed in a single screw extruder (Brabender DSE20) at 220 �C
and 30 r.p.m.

Granules of PP and the composites were compression-molded
into 3 and 8 mm plaques at 200 �C, under a pressure of 10 bar for
10 min followed by 50 bar for 20 min. Then, the plaques were rap-
idly cooled down by circulating water within the press plates un-
der a pressure of 50 bar for 25 min. Thermal stresses generated
during molding were released by annealing the plaques in an oven
at 100 �C for 3 h.
2.3. Mechanical characterization

Uniaxial tensile tests were performed on dog-bone specimens
(thickness, B = 3 mm) in an Instron dynamometer 4467 at 5 mm/
min in accordance with ASTM: D638-03 standard recommenda-
tions. True stress–strain curves were obtained from these tests
by dividing load values by the actual area at each instant assuming
constant volume during deformation. Young’s modulus, tensile
strength and ultimate strain values were determined from these
curves. A minimum of four specimens were tested for each system,
the average values of the mechanical parameters and their devia-
tions were reported.

Fracture characterization was carried out on single-edge
notched bend (SENB) specimens cut out from compression-
molded thick plaques (thickness, B = 8 mm). Sharp notches were
introduced by sliding a fresh razor blade into a machined slot.
Crack-to-depth (a/W), thickness-to-depth (B/W) and span-to-
depth (S/W) ratios were always kept equal to 0.5, 0.5 and 4,
respectively.

Quasi-static three-point-bending tests were performed in an In-
stron dynamometer 4467 at 1 mm/min. Critical stress intensity
factor (KIQ) and energy release rate (GIQ) values at initiation were
calculated from the maximum in the load–displacement curves
by following ASTM: D5045-93 standard recommendations.

Impact fracture tests were also performed on SENB samples in
an instrumented falling weight Factovis (Ceast, Italy) at a testing
speed of 1 m/s. Critical impact energy release rate (GIC) values were
determined from these tests in accordance with ISO 17281 stan-
dard recommendations [21].



Fig. 1. Typical true stress–strain curves for the PP matrix and the different
composites investigated. (a) Composites without MAPP. (b) Composites with MAPP.

Table 1
Tensile parameters for the different composites investigated.

Ash content
(wt%)

Young’s modulus,
E (MPa)

Tensile strength,
ru (MPa)

Strain at break, eb

(mm/mm)

PP/ash composites
0 1961.95 ± 23.30 39.54 ± 0.83 0.08 ± 0.01

10 2115.22 ± 183.66 35.05 ± 2.06 0.07 ± 0.01
20 2222.56 ± 113.09 28.83 ± 0.70 0.04 ± 0.01
30 2449.56 ± 91.55 24.27 ± 1.22 0.03 ± 0.01

PP/MAPP/ash composites
10 2374.01 ± 288.58 31.19 ± 1.28 0.02 ± 0.01
20 2275.81 ± 35.61 28.26 ± 0.48 0.04 ± 0.01
30 2725.22 ± 38.64 30.68 ± 2.17 0.02 ± 0.01
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2.4. Fracture surface analysis

The fracture surfaces of SENB specimens tested in fracture tests
under both quasi-static and impact loading conditions were exam-
ined using a JEOL JSM-6460LV scanning electron microscope (SEM)
at an accelerating voltage of 20 kV. Samples were sputter coated
with a thin layer of gold before they were observed.

2.5. Thermal analysis

Differential scanning calorimetry (DSC) analysis was performed
using a DSC Pyris 1-(Perkin Elmer) under dry nitrogen atmosphere,
in a temperature range from 30 to 210 �C. Prior to DSC recording,
samples were heated to and kept at 210 �C for 5 min to erase the
influence of any previous thermal history. Then, they were cooled
at a rate of 10 �C min�1 to room temperature and subsequently
heated from 30 to 210 �C at a heating rate of 10 �C min�1. The crys-
tallization temperature (Tc) and the enthalpy of crystallization
(DHc) were calculated from the cooling scans. The melting temper-
ature (Tm) and the heat of melting (DHm) were measured in the last
scan. The crystallinity degree (xc) was calculated as:

xc ¼
DH

ð1� /ÞDH0 ð1Þ

where DH is the apparent enthalpy of fusion per gram of composite,
DH0 is the heat of fusion of a 100% crystalline PP which is of
207.1 kJ/kg [22], and / is the weight fraction of ash.

2.6. X-ray diffraction

X-ray diffraction (XRD) analysis was performed on samples sur-
face using a Phillips X’PERT MPD diffractometer (Cu Ka radiation
k = 1.5418 Å, generator voltage = 40 kV, current = 40 mA). Mea-
surements were recorded every 0.02� h steps for 1 s, each varying
2h from 20� to 40�.

3. Results and discussion

3.1. Deformation behavior

Fig. 1a and b shows typical true stress–strain curves for the PP
matrix and the composites with different ash content without and
with MAPP as coupling agent, respectively. It can be observed in
this figure, that all composites exhibited semiductile tensile behav-
ior displaying some amount of plastic deformation after maximum
stress (yield point). For the composites without coupling agent, the
amount of plastic deformation was found to decrease as the ash
content increased. Composites samples containing MAPP, on the
other hand, failed almost immediately after the maximum or even
at this point, showing no significant effect of ash content.

Macroscopically, broken samples did not exhibit significant
stress whitening nor necking in agreement with the observed
stress–strain curves behavior.

The addition of ash to PP led to an increase in stiffness (Table 1)
as expected from the incorporation of a much stiffer second phase
[15,16], whereas a significant reduction in both tensile strength
and strain at break values (Table 1) was observed, probably as a re-
sult of the debonding of ash particles from the PP matrix [23]. Sim-
ilar results have been reported in a previous paper [12].

In addition, the incorporation of MAPP in the composites
formulation led to a slight increase in stiffness, suggesting better
dispersion of ash particles in the PP matrix. Furthermore, tensile
strength and elongation at break for the PP/MAPP/ash composites
exhibited a significant change in their behavior as they were
roughly independent of ash content. While tensile strength
maintained a relatively high value within the composition range
investigated, elongation at break greatly decreased for 10 wt%
ash and limited ductility was observed for all composites indepen-
dently of filler loading.

A negative effect from the addition of MAPP on the elongation
at break has been previously reported by others [24] and explained
in terms of a greater interaction between filler and matrix. This
improved adhesion, facilitates the transfer of properties between
the two materials. Therefore, rigid particles which are unable to
deform hinder composites elongation, making them less ductile.
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In our composites, the reduction of the PP cross-section surface
area and its substitution by the rigid ash particles unable to elon-
gate, as well as the presence of big particles, act as stress raisers
and failure points. All these factors, in addition to the improved
interfacial adhesion between ash and PP promoted by MAPP, have
a concomitant negative effect on the material ductility, indepen-
dently of ash content.
Fig. 3. Optical micrograph of the fracture surface of a SENB sample fractured under
quasi-static loading conditions. (Crack propagated from the left to the right).
3.2. Fracture behavior under quasi-static loading conditions

Fig. 2a and b presents typical load–displacement records
obtained in three-point-bending tests on SENB specimens under
quasi-static loading conditions for the PP matrix and the compos-
ites without and with MAPP, respectively. Irrespective of the ash
content used, all materials displayed non-linear load–displace-
ment behavior with stable crack growth. In addition, fracture sur-
faces were found to be highly stress-whitened (Fig. 3).

According to Linear Elastic Fracture Mechanics, for valid plane
strain fracture toughness determinations linear-elastic behavior
up to the point of fracture and plane strain conditions are simulta-
neously required. Although these requirements were not satisfied
in our experiments, KIQ and GIQ values still reflect a critical state
for crack initiation [25] and hence, they were used here to compare
Fig. 2. Typical load–displacement records obtained under quasi-static loading
conditions for the different composites investigated. (a) Composites without MAPP.
(b) Composites with MAPP.
the resistance of the materials to crack initiation. The results are
shown in Table 2.

As it can be seen in this table, the presence of ash led to im-
proved fracture properties with respect to the matrix. It has been
shown in a previous investigation [12] that this improvement
arises from the development of the toughening mechanisms of
particle debonding and subsequent matrix ductile tearing induced
by the presence of ash particles. However, the incorporation of
MAPP in the composites formulation led to reduced fracture tough-
ness values which, in the case of the energy release rate, were even
lower than those of the matrix and were much lesser dependent on
ash content. This result suggests that the increased adhesion be-
tween ash and PP achieved from the addition of MAPP which will
be shown later, hindered the toughening mechanisms induced by
the ash particles independently of ash content.

Fig. 4a and b shows SEM micrographs of the fracture surfaces of
the composites with 20 wt% ash without and with MAPP, respec-
tively as an example. It is clearly observed in these figures that
ash particles debonded from the PP matrix which underwent duc-
tile tearing around these particles. However, by comparing Fig. 4a
and b it can be seen that the composites with MAPP exhibited a
lower degree of ductile tearing of the matrix material as PP fibrils
appear shorter in Fig. 4b. This is in agreement with the important
decrease in toughness observed for PP/MAPP/ash composites re-
spect to the composites without coupling agent.

Fig. 5 is a closer view of Fig. 4a in the zone around an ash par-
ticle which debonded from the PP matrix. Plastic void growth and
ductile tearing of the matrix material are clearly seen in this figure.
The cenosphere morphology of fly ash consisting in a hollow parti-
cle with porosity in the center and in the walls [26,27] is also ob-
served in Fig. 5.
Table 2
Fracture parameters for the different composites investigated.

Ash
content
(wt%)

Quasi-static critical
stress intensity factor,
KIQ (MPa m1/2)

Quasi-static critical
energy release rate,
GIQ (KJ/m2)

Impact critical
energy release
rate, GIC (KJ/m2)

PP/ash composites
0 1.31 ± 0.15 3.66 ± 0.40 1.30 ± 0.13

10 2.54 ± 0.45 7.26 ± 1.36 1.82 ± 0.24
20 2.05 ± 0.40 5.84 ± 0.68 3.04 ± 0.67
30 1.67 ± 0.23 4.48 ± 0.22 2.27 ± 0.88

PP/MAPP/ash composites
10 2.07 ± 0.15 3.80 ± 0.38 1.74 ± 0.03
20 1.57 ± 0.26 3.08 ± 0.42 2.06 ± 0.16
30 1.33 ± 0.11 2.32 ± 0.17 1.60 ± 0.16



Fig. 4. SEM fractographs of SENB samples tested under quasi-static loading
conditions. (a) PP/ash composite with 20 wt% ash. (b) PP/MAPP/ash composite
with 20 wt% ash.

Fig. 5. Closer view of Fig. 4a.

Fig. 6. Typical load–displacement records obtained under impact loading condi-
tions for the different composites investigated. (a) PP/ash composite with 20 wt%
ash. (b) PP/MAPP/ash composite with 20 wt% ash.
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3.3. Fracture behavior under impact loading conditions

Fig. 6a and b shows force–displacement records obtained on
SENB specimens under impact loading conditions for the compos-
ite with 20 wt% ash without and with MAPP, respectively as an
example. Fully brittle behavior was exhibited for all materials,
irrespectively of ash content. Under impact loading, plastic
deformation of the matrix is suppressed by the high strain rate
as well as the constraint imposed by the rigid filler. In addition,
the material in front of the crack tip is subjected to plane-strain
conditions and the crack propagates through the matrix with little
or no plastic deformation [28]. It should also be noted that the
addition of MAPP in the formulation led to more repetitive records
(compare Fig. 6a and b), suggesting improved dispersion of ash
particles in the PP matrix in agreement with Young’s modulus
results.

Macroscopically, fracture surfaces of samples broken in impact
fracture tests did not exhibit stress whitening (Fig. 7) confirming
the absence of the matrix plastic deformation and being in agree-
ment with the fully brittle load–displacement records observed.

For all composites, critical initiation energy release rate values
obtained in impact were higher than those of PP (Table 2) and they
also displayed a maximum at about 20 wt% ash. The important
decrease of the scatter of experimental data for PP/MAPP/ash
composites is also evident in this figure.

Furthermore, in agreement with tensile and quasi-static frac-
ture results, the presence of MAPP in the composites formulation
has a detrimental effect on the materials impact fracture behavior.
A negative effect of MAPP on impact strength has been also
reported by others [25].

Fig. 8 shows SEM micrographs of fracture surfaces of 20 wt% ash
composite samples broken in impact tests without and with MAPP
respectively, as an example. No signs of fibrils of PP indicative of
the matrix ductile tearing were observed, in agreement with mac-
roscopic observations, thus confirming that the amount of plastic
deformation on the fracture plane is rather limited. Therefore, a



Fig. 7. Optical micrograph of the fracture surface of a SENB sample fractured under
impact loading conditions. (Crack propagated from the left to the right).

Fig. 8. SEM fractographs of SENB samples tested under impact loading conditions.
(a) PP/ash composite with 20 wt% ash. (b) PP/MAPP/ash composite with 20 wt% ash.
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small amount of energy was dissipated within the damage zone
and hence, the measured toughness was low (impact fracture en-
ergy values were significantly lower than quasi-static values) [29].

It can also be observed in Fig. 8a, that many particles are pres-
ent on the fracture surface of the PP/ash composites without cou-
pling agent. Most of these particles are nearly clean, suggesting
that during crack propagation, the fracture front preferentially
passed from the interface rather than going through ash particles.
This indicates a rather poor adhesion between ash and PP.
On the other hand, the incorporation of MAPP in the composites
formulation, led to a more homogeneous dispersion of ash particles
in the PP matrix and also improved interfacial adhesion between
ash and PP, as ash particles in Fig. 8b are not as distinguishable
as particles in Fig. 8a. Moreover, a broken ash particle can also be
observed in Fig. 8b as a result of the greater interfacial adhesion.

The presence of maleated PP [28] is expected to greatly improve
interfacial adhesion contributing to the formation of a strong inter-
facial layer that alters the local stress distribution and hence,
changing the deformation and fracture mechanisms. It is believed
that the maleic anhydride groups of MAPP are able to react with
the surface hydroxyl groups of ash particles. Therefore, maleic
anhydride which is a rigid five-membered ring with a permanent
dipole moment is expected to act as a coupling agent, breaking
up agglomerates and increasing the degree of particles dispersion
in the matrix and interfacial adhesion between both phases [24].
The Polypropylene segments of MAPP formed miscible blends with
the bulk PP through cocrystallization, and the polar part of MAPP
formed a chemical bond with ash, or a polar filler in general. The
surface hydroxyl groups of ash particles react as a nucleophile with
the maleic anhydride groups of the grafting agent. The mechanism
of maleic anhydride (MAPP) is schemed in Fig. 9.

In our case, the high surface roughness of ash would have also
contributed to the strong interaction offering sites for mechanical
anchoring.

Due to reactions taking place between hydroxyl groups of the
filler and maleic anhydride groups of copolymer [24], as well as
the mechanical anchoring mentioned above, the formation of a
strong bonding between ash particles and PP macromolecules
was achieved. Therefore, the interface became more rigid and par-
ticle debonding from the matrix was hindered. As a result, fracture
toughness, especially under impact loading conditions, was greatly
reduced from the incorporation of MAPP.

3.4. Crystallization behavior and their relationship with tensile and
fracture behavior

The behavior of PP based composites in engineering applica-
tions critically depends on the extent of crystallinity and the nat-
ure of the crystalline morphology of PP [1,30]. Considering that,
crystallization temperature (Tc), melting temperature (Tm) and de-
gree of crystallinity were evaluated for neat PP, PP/MAPP blend and
composites with and without MAPP, using DSC. Results are shown
in Table 3 along with their deviations. The presence of MAPP in
composites formulation was previously reported to change the
crystallization behavior of PP leading to a decrease in the crystal-
linity and hence, in the matrix stiffness [31]. The decrease in the
regularity of the chains as a result of the modification by maleic
anhydride units led in that case to reduced crystallization tendency
(decreased crystallinity and melting point) [32–35].

However, in our case it can be inferred from the obtained re-
sults that there is not a clear influence of MAPP over the crystalli-
zation process. Composites with and without coupling agent
exhibit similar values of Tc, Tm and xc. On the other side, ash parti-
cles are expected to act as nucleating agents making the spherulite
size decrease and the crystallinity increase [36]. Thermal analysis
by DSC made for similar PP/ash composites [14] has shown that
Tc and degree of crystallinity of PP increase with ash content, sug-
gesting that PP crystallization starts earlier and ash acts as nucle-
ating agent [37] This expected behavior was also observed in our
systems concerning crystallization temperature: an increase in Tc

in the composites prepared using both neat PP or MAPP modified
PP as matrix.

The maximum in the impact critical energy release rate
observed for our composites with 20 wt% ash, can be related to
the crystallinity of PP. A maximum in impact strength has been



Fig. 9. Schematic representation of the mechanism of maleic anhydride (MAPP).

Table 3
Thermal properties for the different PP/ash composites investigated.

Ash content (wt%) Tc (�C) Tm (�C) xc

PP/ash composites
0 118.9 ± 0.6 165.7 ± 0.9 0.48 ± 0.04

10 119.9 ± 0.1 166.8 ± 0.1 0.53 ± 0.02
20 120.3 ± 0.4 165.2 ± 0.6 0.49 ± 0.04
30 122.5 ± 0.9 166.3 ± 1.2 0.51 ± 0.07

PP/MAPP/ash composites
0 119.4 ± 0.3 166.8 ± 1.2 0.51 ± 0.03

10 120.4 ± 0.2 165.2 ± 1.1 0.52 ± 0.05
20 120.4 ± 0.1 166.4 ± 2.7 0.46 ± 0.09
30 121.7 ± 0.5 164.9 ± 0.4 0.51 ± 0.04
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previously reported in the literature [38] for PP modified with dif-
ferent contents of an effective nucleating agent. This maximum
agrees in our materials with a minimum in the degree of crystallin-
ity for composites containing 20 wt% ash. It is thought that crystal-
lites act as stress concentrators, intensifying the stress locally far
above the applied stress and hence, they probably reduce the
material susceptibility to multiple crazing and shear yielding [39].

Moreover, XRD analysis developed for PP/ash and PP/MAPP/ash
composites (Fig. 10) indicated that there is not any change in the
crystalline structure of PP as a consequence of maleinization or
reinforcement which could be related to changes in the materials’
tensile and/or fracture behavior.
Fig. 10. XRD spectra for the different PP/ash and PP/MAPP/ash composites
investigated.
4. Conclusions

The deformation and fracture behavior of PP/ash composites
with and without maleic anhydride functionalized iPP (MAPP) as
coupling agent was investigated. Especial emphasis was put on
the effect of ash content and loading conditions.

Under tension, an increasing trend of stiffness with ash content
was found for all composites, whereas a significant reduction in
both tensile strength and strain at break values was observed with
filler loading for the composites without MAPP as a result of deb-
onding of ash particles from the PP matrix. In contrast, tensile
strength and elongation at break for the PP/MAPP/ash composites
were roughly independent of ash content.

Under quasi-static loading conditions, improved fracture prop-
erties respect to the matrix were observed for the PP/ash compos-
ites from the development of the toughening mechanisms of
particle debonding and subsequent matrix ductile tearing, induced
by the presence of ash particles as observed in SEM fractographs.
However, the incorporation of MAPP led to reduced fracture tough-
ness values which, in the case of the energy release rate, were even
lower than those of the matrix and were much lesser dependent on
ash content. This result suggests that the increased adhesion be-
tween ash and PP achieved from the addition of MAPP (revealed
from SEM analysis), hindered the toughening mechanisms induced
by the ash particles independently of ash content.

Impact critical initiation energy release rate values of the com-
posites were higher than those of PP and they also displayed a
maximum at about 20 wt% ash. This maximum was explained in
terms of the comprehensive analysis of the crystallinity develop-
ment in PP. Furthermore, in agreement with tensile and quasi-sta-
tic fracture results, the presence of MAPP in the composites
formulation has also a detrimental effect on the materials impact
fracture behavior.

The incorporation of MAPP in the composites formulation also
led to better dispersion of ash particles in the PP matrix as revealed
from the results of Young’s modulus and impact fracture toughness
and from SEM observations.

From the results of this investigation, it can be concluded that
because composites properties strongly depend on the degree of
crystallinity as well as on interfacial adhesion between phases,
the relative importance of these effects is difficult to predict and
therefore, the composites mechanical behavior (especially fracture
behavior) cannot be easily determined in advance.
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