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ABSTRACT
Nanocomposites of Polypropylene/Polyamide 66 (iPP/PA66) with a weight
ratio of (70/30) filled with stearic acid-treated nanosized CaCO3 were melt
compounded in the presence of a fixed amount of grafted polypropylene
maleic anhydride (PP-g-MA) in a Brabender mixer. The purpose of this
research is to obtain nanocomposites with high-performance structural,
morphological, and thermomechanical properties. The obtained properties
are discussed in light of the content of nano-CaCO3 and of the induced
interfacial bonding properties generated by the insertion of the compatibil-
izer. The results confirmed that, according to the FTIR spectroscopy ana-
lysis, the existence, on one hand of possible interactions between PP-g-MA
and PA66 and, on the other hand, between stearic acid and PA66. XRD
results show that nanosized CaCO3 particles play the role of nucleating
agents in the matrix and thus increasing the crystallinity of the blend. SEM
results revealed that the treated nanosized CaCO3 was more homoge-
neously dispersed in the (iPP/PA66), and a refinement of the morphology
and better dispersion of the filler were detected after the addition of PP-g-
MA. From the mechanical point of view; the incorporation of CaCO3

increased appreciably the tensile strength at break and the tensile modu-
lus of (iPP/PA66) blend.
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Introduction

Academic and industrial research has constantly focused on polymer blends to fulfill the increas-
ingly demanding challenges of the polymer industry to produce novel tailor-made polymeric
materials with enhanced specific properties that single basic polymers lack. It is a convenient
attractive and effective method for designing new high-performance polymers.[1,2]

Polypropylene (PP), is a low-cost material that has excellent characteristics such as high
strength, good dimensional stability, friction resistance, and chemical resistance.[2] Therefore, con-
siderable research has been published on the development of blends where PP is the continuous
dominant phase.[3] Modification of polypropylene (PP) by the preparation of polypropylene/poly-
amide 6 (PP/PA6) blends has numerous potential advantages. Their blends can be tailored to
obtained new materials that synergistically combine the excellent thermomechanical properties
and abrasion resistance of polyamide with the insensitivity to humid environments, excellent
hinge properties, and easy processability of polypropylene. However, since its chain structure is
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non-polar, it is somewhat a difficult task to combine polypropylene with polar organic phases
such as the polyamides. Therefore, both PP and PA are immiscible and incompatible in nature
due to their different chemical polarities and also to their dissimilar crystalline structures induc-
ing phase separation in the mixture leading generally to poor mechanical properties of the mate-
rials.[4] To overcome these problems related to phase separation in the obtained blend; extensive
research[5–11] has been reported on the use of a compatibilizer to promote chemical and/or phys-
ical affinity. Most frequently, the compatibilizer is a block or graft copolymer chain composed of
two different blocks where each block has a given chemical and physical affinity with the respect-
ive blend phases. Polypropylene grafted with maleic anhydride (PP-g-MA) is one of the most fre-
quently utilized compatibilizers that promotes interfacial interactions between the two polymer
phases and thus enhancing the end-use of obtained blend.[5] Jaziri et al.[6] reported that the dis-
persion of recycled PA6 in the PP continuous phase and the interfacial adhesion was also
improved, as a result of the creation of interphase that was formed by the interaction between
the formed PP-g-PA6 copolymer. This interphase induced an improvement in tensile, thermal,
viscoelastic properties of the blends of recycled PA6. Sacchi et al.[7] reported that maleic anhyd-
ride grafted polypropylene is very effective to induce dispersion of recycled PA66 into PP thus
promoting interfacial adhesion that led to an improvement of the flexural strength. Ide et al.[8]

described also the influence of PP-g-MA on (PP/PA6) polymer blends. The structural stability
and morphology of the blends were effectively improved by (PP/PA6) grafted copolymers that
were formed by the in situ reaction of anhydride groups with the amino end groups of PA6.
Cheng et al.[9] reported that the effect of maleic anhydride grafted polypropylene, in the presence
of organoclay, on the morphology of polypropylene (PP/PA66) blend was remarkable. They
observed a transition from typical sea-island morphology to coarse co-continuous morphology
and then to rod-like morphology with increasing compatibilizer contents. Particle filters have
been extensively used in producing polymer composites with enhanced modulus, strength, rigid-
ity, durability, and hardness. However, these properties enhancements are usually accompanied
by a severe decrease in impact strength. Because of its abundance on earth, calcium carbonate
(CaCO3) is one of the least expensive compounding materials used in the plastics industry.
Originally, the main purpose of adding micrometric-sized calcium carbonate particles as fillers
for plastics was to reduce material costs. Aljoumaa et al.[10] observed that the size of the CaCO3

particles, the shape, the surface treatment, and the fraction by weight of the filler have a notice-
able marked effect on the mechanical properties of the PVC composite.[10,11] It has also been
reported that the addition of microscale CaCO3 particles to PP improves the mechanical and
thermal behavior of the polymer.[3] Also, the insertion of CaCO3 particles increased the modulus
and tensile strength of neat PA66 however the elongation at yield and break is decreased. The
introduction of nanoscale particles into a polymer matrix offers several direct advantages com-
pared to conventional micron fillers. Nanosized CaCO3 was superior to microsized CaCO3, in
that, it caused higher modulus and strength.[11]

However, and most frequently, it is necessary to increase the interactions between the filler
and the matrix. More recently, the incorporation of precipitated calcium carbonate (PCC) par-
ticles with fine and ultrafine particles down to 40 nm in polymers are taking an important place
in the polymer industry because of its larger contact surface compared to particles micrometric
for the same load ratio.[12] The properties of polymers may therefore be modified by incorporat-
ing inorganic nanoparticles into the polymer matrix and the resulting properties of the obtained
nanocomposites are often amplified several orders of magnitude higher than those of micro com-
posites. The ultimate properties of nanocomposites depend on several parameters, including the
nature, shape, size, and ratio of the particles inserted as well as the interface between the polymer
and the nanoparticles.[11,13–15] The dispersion and the interfacial interactions between the nanofil-
lers and the polymer matrix are essential to obtain improved properties of these nanocompo-
sites.[16] Furthermore, CaCO3 particles are often coated with stearic acid to control moisture
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absorption, improve dispersion, and promote better polymer-particle contact. The effect of stearic
acid as an interface modifier of calcium carbonate has been extensively reported.[17–19] Chan
et al.[20] reported that the large specific surface of the nano-reinforcements leads to the formation
of significant volume interphase leading to a good fillers dispersion resulting in a significant
enhancement in the elastic modulus of (PP/nano-CaCO3) composites.

The purpose of this research is to obtain nanocomposites with high-performance structural,
morphological, and thermomechanical properties by improving the compatibility of polyamide 66
and polypropylene and enhancing the fixation of nanometric CaCO3 particles onto the obtained
blend. Furthermore; the effects of the content of nanosized CaCO3 particles with and without
compatibilizer (PP-g-MA) on the morphological, structural, mechanical, and thermal properties
of the prepared nanocomposites were investigated.

Materials and methods

Materials

Polypropylene (PP) (PP012) supplied by Sabic Co. (KSA) is an isotactic homopolymer with a
melt flow index (MFI) of about 18.5 g/10min (190 �C, 2.16). The polyamide 66 (PA66) (PA66-
024) was supplied by Xiamen Keyuan Co. (China). The polymer shows a melt flow rate (MFR) of
about 25 g/10min (230 �C, 2.16 kg) PA66 was dried at 90 �C overnight prior to use. Nanosized
particles of calcium carbonate (nano-CaCO3) (NCC-602) purchased from Xiamen Haitaida Co.
(China) have an average diameter of 50 nm and a specific surface of about 175m2/gr. Dicummyl
peroxide (DCP, 98%) produced by Elf Atochem (Germany) was used as a radical initiator with a
half-life (t1/2) of about 1min at 178 �C. Maleic anhydride (MA, 99%) with a molecular weight of
98.06 g/mol purchased from Aldrich was used as a grafting monomer. Stearic acid (SA) used as a
coupling agent with a decomposition temperature of about 300 �C and a melting point of 69.5 �C
was supplied by Henry-Franc Co. (France). All reagents were used as received without further
purification.

Grafting process of polypropylene

Dicummyl peroxide DCP (0.1 wt.%) and maleic anhydride MA (2wt.%) are dispersed and homo-
genized in excess of acetone. The obtained solution is used for the impregnation of the PP gran-
ules. The acetone is then evaporated at 60 �C in a vacuum oven for 12 h. The grafting process is
carried out in the molten state in a single screw extruder. The obtained extrudates were subjected
to grinding and then stored for further use in hermetic plastic bags to protect them
from moisture.

Treatment of calcium carbonate by stearic acid

In order to reduce the inter-particle interactions and to promote the CaCO3 particles with (PP/
PA66) compatibility; stearic acid (SA) was used for surface treatment of the calcite nanometric
filler. The surface-treatment of synthesized calcium carbonate nanoparticles was carried out as
follows: 1 g of stearic acid and 99 g of nanometric CaCO3 previously dried under vacuum at 100
degrees overnight were dissolved in toluene and mechanically stirred at 50 rpm for 12 h. The mix-
ture was then filtered and rinsed four times. The filler was then dried at 60 �C under a low vac-
uum for 24 h and stored for further use. The treatment of calcium carbonate by stearic acid has
been previously reported by several authors.[17–19]
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Elabaration of nanocomposites (sample preparation)

The different nanocomposite formulations were performed by dispersing of nanometric CaCO3 in
(PP/PA66) and (PP/PA66/PP-g-MA) in Brabender Plastograph BL2100 mixer (Germany) at
265 �C, using a rotor speed of 60 rpm for around 10min. The resulting (PP/PA66/CaCO3) nano-
composites is hence composed of (1, 3, 5, and 7wt.%) of nano-CaCO3 and 10wt.% of compatibil-
izer PP-g-MA[21]. After pelletizing, the composite granules were compression molded using a
hydraulic press Zwick 7102 at 200 �C and under a pressure of 200Kg/cm2 for 6min. Prior to the
elaboration of the composites; PP and PA66 were mixed together in the plastograph Brabender
for 10min at 265 �C.

Experimental

Infrared spectroscopic analysis (FTIR)
Spectra of films of the different blend formulations were recorded at room temperature on a
Perkin Elmer Spectrum RX1). A spectrometer in a transmission mode at 4 cm�1 with the coaddi-
tion of 32 scans and a spectral range of 500–4000 cm�1.

Wide-angle X-ray scattering (WAXS)
The apparatus used is of type Bruker D8 ECO. This apparatus is equipped with a copper anti-
cathode tube emitting a light wave of length Ka1¼ 0.15406 nm. The excitation conditions are:
U¼ 40 kV of tension, I¼ 20mA of current, 2�/min and the angle 2h goes from 5� to 60�. All RX
diffractograms have been processed by using EVA software.

Scanning electron microscopy (SEM)
The observations have been made on a Quanta 200 device in topographic mode on surfaces of
samples made conductive by metallization (Au deposit). The samples were previously cryogeni-
cally fractured after being immersed in liquid nitrogen for about 5min to have brittle fracture
facies. The electron acceleration voltage retained is 20 kV so as to avoid any risk of degradation
of the samples.

Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) has been performed using NETZSCH STA 449 F3 Jupiter
equipment. All tests are conducted on samples with an average mass of 20mg, the study was in
the temperature range of 20–800 �C and at the heating rate of 10 �C/min and under nitro-
gen flow.

Mechanical behavior

Tensile tests
Specimens according to ASTM-D 638 of all (PP/PA66/nanosized CaCO3) composites were sub-
jected to tensile tests using an Instron mechanical tester (MTC 5569) with a crosshead speed of
30mm/min. The reported measured properties (Young’s modulus, stress, and deformation at
break) are average values from five different specimens.

Impact test
The Izod impact strengths of different (PP/PA66) blends were determined using a Pendulum
Impact Testing Machine: Impactor CEAST 9050 with an impact energy of 7.5 KJ according to
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ASTM D 256-88. 1mm V notched specimens were cut into a standard dimension of
(64� 12� 3.2mm). The measured values are of significance for a relative comparison between
the neat and the different blended (PP/PA66) materials only. Five analyses were performed for
each sample, and the average values are reported.

Results and discussion

FTIR

Figure 1 shows the infrared spectra of (PP-g-MA) in comparison with that of the neat PP (Figure
1Aa). The latter is distinguished by two well-documented characteristic absorption bands.[22] The
peak at 2940 cm�1 corresponds to the asymmetric and symmetric stretching of the methyl group
and the peak observed at 2839 cm�1 is attributed to the asymmetric and symmetric stretching of
the methylene groups. However, three absorption peaks around 1884, 1784, and 1710 cm�1 can
be distinguished on the spectrum of polypropylene grafted with maleic anhydride (Figure 1Ab)
while the reference spectrum (Figure 1Aa) of neat polypropylene does not show any absorption
bands in these regions. These peaks are then the proper characteristics of PP-g-MA.

Figure 1B shows a typical infrared spectrum of the (PP/PA66) (70/30) blend after the incorp-
oration of PP-g-MA. The spectrum of the compatibilized blend displays two other peaks at 1770
and 1260 cm�1 were assigned to the carbonyl CO vibration and CN vibration of the imide group
respectively due to the formation of imide linkage (Schema 1) compared to the infrared spectrum
of the (PP/PA66) without compatibilizer (Figure 2A).

Figure 2B shows infrared spectra of (PP/PA66) with nanosized CaCO3 treated by stearic acid
showing absorptions for all required chemical groups: NH stretch at 3300 cm�1, CH stretch at
2860–2980 cm�1, Amide I at 1650 cm�1, and Amide II at 1520 cm�1. The band at NH stretching
and CO stretching strongly depend on hydrogen bonding interaction between the PA66 chains,
these results are supported by the reported literature.[23,24] CaCO3 forms a complex with CH
groups in polyamides and breaks the hydrogen bonds between PA66 chains. The appearance of a
new band at 1020 cm�1 is characteristic of the valence vibration of the CN bond resulting from
the reaction between PA66 and stearic acid (Schema 2). The other peaks correspond to PP at
2900, 1480, 1200, and 710 cm�1. The esterification reaction promotes the compatibility between
the molecular chains, thereby improving interfacial bonding in the (PP/PA66/PP-g-MA/CaCO3)
composites structural changes observed in the FTIR spectra after the addition of filler in
PA66.[25] There were some significant changes observed in the IR absorption of the CH region.
Changes in the peaks proved that the addition of filler in the matrix affects the absorbance of the
polymer. It means that the interfacial effect would be a dominant factor where there is a direct

Figure 1. (A) FTIR spectrum of: (a) polypropylene and (b) polypropylene grafted with maleic anhydride PP-g-MA, (B) FTIR spec-
trum of PP/PA66 with PP-g-MA.
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binding of the polymer and the filler. The FTIR spectra provided a possible mechanism between
nanosized CaCO3 treated by stearic acid and PA66 is illustrated below:

These results are in good agreement with the reported results by Basilia et al.[26] and by Seul
et al.[27]. They reported that PA66 has an absorbance peak at 870 cm�1 which is due to the
absorbance of the CO3 group indicating the presence of CaCO3.

Microstructural characterization

Figure 3A shows a typical powder (XRD) patterns of nanoparticles of CaCO3, with peaks
appeared at: 2h¼ 23�, 29�, 36�, 39.5�, 43�, 47�, 47.5�, 57�, and 57.5�, with (012), (104), (110),
(113), (202), (018), (116), (211) and (122) planes. The XRD patterns of (PP/PA66) and (PP/
PA66/CaCO3) composites are shown in Figure 3B.

The crystal structure of thermoplastics has been shown to have a significant effect on thermal
and mechanical properties. An increase in crystallinity levels is recorded with the increase in the
proportion of CaCO3 introduced in the mixture. This result is due to CaCO3 nanoparticles ori-
enting the chain, and thus increasing the crystallinity. It is estimated that one of the important

Figure 2. FTIR spectrum of (A) PP/PA66 without PP-g-MA, (B) PP/PA66 with treated nano-CaCO3.

Schema 1. Schematic most probable reaction between PP-g-MA and PA66.
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factors of the increase in crystallinity is the formation of germs responsible for the crystallization
of polymers, that is, their presence in the polymer and their good dispersion contribute to the
increase in the number of crystallite seeds formed.[28] The increase in the crystallinity content
with the increase in the filler ratio has been attributed to the nucleating effect of CaCO3, in par-
ticular, the fillers which create several filler-filler and filler-matrix interactions especially between
the stearic acid carried on the nano-CaCO3 and the PA66. The smaller size of crystallites, the
wider are the peaks. This effect becomes more pronounced for crystallites less than 1 lm in diam-
eter.[23] This can be explained as follows: when crystallite is in Bragg condition for a plane (hkl)
(i.e., 2h¼ 2hhkl), the rays diffracted by two successive atomic planes are in phase, so the inten-
sities add up. Therefore, compared to a peak measured on a sample with large crystallites, there
is an enlargement of the peak which is given by the formula of Scherrer (1918):[29]

D ¼ k:k

bcos hð Þ (1)

Where: D ¼ crystallite size (nm), k¼ 0.9 (Scherrer constant), k ¼ wave length (0.1541 nm for Ka
line of copper), b ¼ FWHM (radians), h ¼ peak position (radians).

Schema 2. Schematic most probable reaction between PA66 and stearic acid.
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Chatterjee et al.[30] in their study on the effect of micro and nano-CaCO3/PMMA, mentioned
that the interactions between the filler and the matrix are better in the case of nano-CaCO3 than
micro-CaCO3 filler. This is mainly due to the fact that nanofillers have an important specific sur-
face allowing more interactions with PMMA. They also observed that the smaller CaCO3 size, the
smaller spherulites formed and the crystallization rate will be faster. Khan et al.[31] focused on
the effect of micro and nano-CaCO3 size on the behavior of natural rubbers. They showed that
the crystallinity ratio is higher in the case of nano-CaCO3 than that with micro-CaCO3 ones and
the addition of treated nano-CaCO3 fillers with stearic acid increases the crystallinity ratio. This
important phenomenon in crystallinity is attributed to the process of germination and to the
faster growth of the crystallites in the presence of calcium carbonate fillers.[32] Figure 3C shows
the effect of incorporation of the PP-g-MA into the (PP/PA66) matrix leads to an increase in the
degree of crystallinity with training (formation) of a PP-co-PA66 copolymer at the interface
improving the compatibility between the two materials which were initially incompatible (Schema
1). Similar results are mentioned in the works of Ulrich et al.[33] on (PA66/PP) in presence of
PP-g-MA. The results of crystallite size and the crystallinity ratio are shown in Table 1.

Morphology

Figure 4 shows the fracture surface of all studied composites. It is observed that the minority
phase (PA66) is dispersed in the form of nodules in the PP matrix. There are no interactions
between the two polymers initially incompatible (Figure 4A).

Figure 3. XRD curve of (A) treated nano-CaCO3, (B) neat PP/PA66 and with 1, 3, 5, and 7% by weight of treated nano-CaCO3, (C)
neat PP/PA66/PP-g-MA and with 1, 3, 5, and 7% by weight of treated nano-CaCO3.
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Figure 4B shows the SEM micrographs of (PP/PA66/PP-g-MA), a refinement of the morph-
ology was observed after the addition of the PP-g-MA, the dispersion will be fine. PP-g-MA
ensures continuity between PP and PA66 by the formation of the copolymer

PP-co-PA66 at the interface by the reaction of maleic anhydride with the amino groups at the
end of PA66 during mixing (Schema 1). The domains are irregular and smaller than in the mix-
ture without PP-g-MA inducing a ductile fracture facies with better dispersion of the different
constituents of the mixture which improves impact resistance. Numerous studies[34,35] have also
reported an improvement in morphologies of polyamide 6 and polypropylene compatibilized with
anhydride-grafted polypropylene. Zeng et al.[36] noted a very strong interfacial adhesion between
the PP and PA66 when adding the PP-g-MA. This considerably improves the compatibility of PP
and PA66. Recently, Roeder et al.[37] have also studied the influence of PP-g-MA and showed
that this improvement in interfacial adhesion resulted from the creation of the covalent bonds
between the anhydride group of PP-g-MA and the (PP/PA6). Zoukrami et al.[38] reported the
effect of compatibilizer PP-g-MA on (PP/SiO2) behavior where a considerable improvement of
the morphology is observed by a finer dispersion. Figures 4C and D represent respectively the
morphologies of the (PP/PA66) mixtures in the presence of 5wt.% of untreated and stearic acid
(SA) treated nanosized particles of CaCO3 with an average primary particle size of 50 nm.
Numerous aggregates can be observed with the untreated samples where the nanoparticles have a
strong tendency to form agglomerates because of the intrinsic high surface energy of the filler.[39]

However, in the case of SA coated nano-CaCO3; the treated particles become spherical and a bet-
ter distribution of the particles in the (PP/PA66) matrix is observed (Figure 4D). Zhang et al.[40]

their study of (PP/EOC) (copolymer-Ethylen-Octen) mixture reported that the adhesion between
the matrix and the particles is superior for CaCO3 with stearic acid shell compared to untreated
nano-CaCO3. Bonse et al.[41] studied the effect of micro and nano-CaCO3 on the morphological
behavior of the (PA6/CaCO3) composite. SEM micrographs of nanocomposites revealed regular
spherical shape while micrographs of composites with micro-CaCO3 show agglomerates of needle
and flake form and other forms under certain conditions. The SEM photomicrographs of compa-
tibilized nanocomposites are illustrated in Figures 4E and F. Agglomeration of particles can be
observed when the untreated nanofiller is incorporated in the compatibilized mixture.

Table 1. Crystallites size and crystallinity ratio of (PP/PA66) with 5wt. % CaCO3 untreated and treated and (PP/PA66/PP-g-MA)
with 5wt. % CaCO3 untreated and treated.

Material Crystallite size (nm) Crystallinity ratio Xc (%)

Neat PP 0.360 57.10
Neat PA 66 0.363 35.10
PP/PA 66 6.415 18.90
PP/PA 66/1% CaCO3 Utr 0.314 48.94
PP/PA 66/3% CaCO3 Utr 0.336 54.12
PP/PA 66/5% CaCO3 Utr 5.006 70.22
PP/PA 66/7% CaCO3 Utr 6.461 69.77
PP/PA 66 /1% CaCO3 Tr 0.541 60.70
PP/PA 66 /3% CaCO3 Tr 0.447 57.35
PP/PA 66/5% CaCO3 Tr 2.448 46.90
PP/PA 66/7% CaCO3 Tr 0.442 79.54
PP/PA 66/PP-g-MA 5.110 43.73
PP/PA 66/PP-g-MA/1% CaCO3 Utr 0.319 52.71
PP/PA 66/PP-g-MA/3% CaCO3 Utr 0.367 61.31
PP/PA 66/PP-g-MA/5% CaCO3 Utr 0.376 60.10
PP/PA 66/PP-g-MA/7% CaCO3 Utr 0.391 64.61
PP/PA 66/PP-g-MA/1% CaCO3 Tr 0.407 54.27
PP/PA 66/PP-g-MA/3% CaCO3 Tr 0.406 52.72
PP/PA 66/PP-g-MA/5% CaCO3 Tr 0.336 49.39
PP/PA 66/PP-g-MA/7% CaCO3 Tr 0.312 60.74

CaCO3 Utr¼ CaCO3 Untreated; CaCO3 Tr¼ CaCO3 Treated.
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Figure 4. Scanning electron micrograph of (A) PP/PA66, (B) PP/PA66/PP-g-MA, (C) PP/PA66 with 5wt.% of untreated nano-
CaCO3, (D) PP/PA66 with 5wt.% of treated nano-CaCO3, (E) PP/PA66/PP-g-MA with 5wt.% of untreated nano-CaCO3 and (F) PP/
PA66/PP-g-MA with 5wt.% of treated nano-CaCO3.
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This phenomenon is visibly reduced (better dispersion) when both SA-treated fillers and the com-
patibilizer were incorporated. The reduction of the surface of the attraction forces between the
nanoparticles forms a ductile facies which considerably improves impact resistance. According to
the literature,[42] it has been found that there is a difference in morphology following the effect of
micro and nano-CaCO3 size.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was conducted to monitor the degradation temperature and the
thermal stability of the treated and untreated fillers of the studied composites with respect to filler
treatment. The investigated formulations of (PP/PA66) alloys and their nanocomposites are shown in
Figure 5 with Table 2 summarizes the respective onset and offset degradation temperatures derived
from the thermogravimetric curves of all compounds. Thermograms of untreated nano-CaCO3 and
treated nano-CaCO3 with stearic acid (SA) are shown in Figure 5A. A slight increase in the thermal
stability of treated nano-CaCO3 is observed. Moreover, the treated nano-CaCO3 shows two weight
loss stages of degradation reactions. The first step is a dehydration reaction that is mainly due to the
evaporation of bonding water at 100 �C, and the release of the physisorbed water molecules. The
second loss step occurs between 200 �C and 350 �C and is attributed to the decomposition of organic
material (stearic acid) on the surface of the particles. No noticeable difference in the onset decompos-
ition temperatures was observed with the (SA) treatment of the CaCO3 (see Table 2).

Figure 5. (A) Comparison of thermogravimetric analysis curves of untreated and treated nano-CaCO3, (B) TGA curves of PP/PA66
with 5wt.% of untreated and treated nano-CaCO3 and (C) TGA curves of PP/PA66/PP-g-MA with 5wt.% of untreated and treated
nano-CaCO3.
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Figure 5B illustrates weight losses of neat PP, neat PA66, (PP/PA66) blend, and (PP/PA66)
with treated and untreated CaCO3 without compatibilizer PP-g-MA. From the thermograms pro-
file, all samples presented the same trend with temperature and thermal stability. However, it can
be seen that the addition of 5wt.% of nanofillers (CaCO3) induces a significant variation in terms
of decomposition behavior as compared with the (PP/PA66) neat matrix. Other researchers[32,43]

reported similar results where the optimum properties were found to be around 6wt.% CaCO3

content. This result is well illustrated with two temperatures characterizing these thermograms:
Tonset and Toffset. For (PP/PA66) with 5wt.% of treated CaCO3 sample, the Tonset (258.08 �C) and
Toffset (531.55 �C) shifted toward higher temperatures, indicating that the addition of nano-
CaCO3 treated can improve the thermal stability significantly. This result shows that the new
composite (with 5wt.% of treated CaCO3) offers thermal stability of the order of 28 and 30 �C,
respectively for the beginning and the end of the degradation compared to that of the
neat matrix.

The process of the decomposition in (PP/PA66) with 5wt.% untreated nano-CaCO3 samples
exhibited similar behavior with an increase of 24 �C and 19 �C in Tonset and Toffset respectively,
compared to the neat matrix. The improved thermal stability is due to the barrier effect of nano-
CaCO3 particles against volatile gases formed during thermal degradation by creating a labyrinth
or a “tortuous path” slowing the progression of gas molecules through the polymer matrix.[44]

Tang et al.[45] reported also that the addition of micro-CaCO3 or nano-CaCO3, both treated by a
titanium-based coupling agent, retarded the onset of degradation of polypropylene PP regardless
of the particle size. Lam et al.[46] confirmed the improvement of the thermal stability of PP in
presence of CaCO3. The authors have highlighted the influence of surface treatment of treated
CaCO3 with sodium stearate. This effect is amplified in the presence of the compatibilizer in the
neat matrix. This result indicates that the addition of PP-g-MA significantly improved the ther-
mal stability of (PP/PA66) matrix. This could be attributed to the interaction between the
maleic anhydride group of PP-g-MA and the amine group of PA66 leading to the formation of a
PP-co-PA66 copolymer, acting as a compatibilizer. The introduction of nanofillers within the
compatibilized mixture (PP/PA66/PP-g-MA) improves the thermal stability of the nanocompo-
sites, especially with the treated nano-CaCO3 (Figure 5C).

Table 2. Data obtained through TGA of the PP/PA66 formulations with untreated and treated nano-CaCO3.

T TselpmaS Onset Offset

CaCO3 Utr 

CaCO3 Tr 

Neat PP 

621.84 

620.12 

225.11 

758.64 

757.41 

427.52 

69.49415.45366APtaeN

08.10551.03266AP/PP

PP/PA66/5% CaCO3

PP/PA66/5% CaCO3 

PP/PA66/PP-g-MA/5%CaCO3

PP/PA66/PP-g-MA/5%CaCO3

 Utr 254.87 520.61 

Tr 258.08 531.55 

PP/PA66/PP-g-MA 246.33 512.63 

Utr 247.23 516.21 

Tr 248.33 520.86 

CaCO3 Utr¼ CaCO3 Untreated; CaCO3 Tr¼ CaCO3 Treated.
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Kouini et al.[47] also showed that the addition of the compatibilizer PP-g-MA improves the
thermal stability of the (PP/PA6/clay) system. Another study by Schlikmann et al.[39] on the
micro and nano-CaCO3 effect in PVC, showed that the composites formulated from nanofillers
are more stable than those formulated with microfillers for the same load ratio of the filler. The
work of Sadeghi et al.[42] on micro and nano (SBR/CaCO3) system was able to show an improve-
ment in thermal stability in the case of reinforcement by nanofillers by the formation of a layer
on the surface that absorbs the heat of combustion. Bordes et al.[48] observed an increase in the
onset decomposition temperature of 17 �C for (PP/CaCO3) composites treated by stearic acid.
This reduction in the particle size generally improves also the flame retardancy; this might be due
to the nanofillers forming an effective layer on the surface, which absorbs the heat of burning. In
conclusion, in the majority of cases, an improvement of the thermal stability of the polymers is
observed with the addition of calcium carbonate.

Mechanical behavior

Tensile tests
Figure 6 shows the typical aspect of uniaxial tensile “stress–strain” curves for neat PP, neat PA66,
and also for their blends (PP/PA66) with and without PP-g-MA. For all the formulations investi-
gated, samples were tested at room temperature at crosshead speed set at 30mm/min. As
expected the PP exhibits a ductile thermoplastic behavior characterized by yield stress of around
40MPa then a stable bearing tray characteristic of a plastic deformation until rupture at a stress
of 39MPa and an elongation at break of about 55%. The neat PA66 shows a strong and stiffly
hard behavior with stress and strain values at break respectively of 70MPa and 31%. Because of
the incompatible nature of the (PP/PA66) matrix, a somewhat rigid behavior is observed with the
blend and the elongation at break becomes less than that of the respective neat polymers. The
fracture stress and the elongation at break are equal to 45MPa and 9% respectively. However, the
compatibilized composite exhibits a more ductile behavior. These results are comforted by other
researchers.[49] The detailed tensile strength results of the different materials are presented in
Table 3.

Figure 6. Typical stress–strain curves of PP, PA66, PP/PA66, and PP/PA66/PP-g-MA.
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Figure 7 shows the variation of Young’s modulus of the different materials studied. It is
observed that the inclusion of nano-CaCO3 increases the modulus from 1720 to 1959MPa. The
addition of rigid particles to a polymer matrix increases the modulus since the rigidity of inor-
ganic fillers is generally much higher than that of organic polymers. We can also notice an
increase in the modulus with increasing content of the inclusion of nano-CaCO3 in (PP/PA66/
PP-g-MA), values go from 2030 to 2069MPa for untreated nano-CaCO3 and to 2073 for treated
nanofiller (higher stiffness). This behavior has also been observed with microparticles of CaCO3in
PP.[5] The presence of fillers in the matrix hinders the segmental motion of the polymer chains
on the application of the tensile stress which can lead to stiffness of the material. Albano[50] in
his study on the (PP/CaCO3) composite reported an increase in the modulus and a decrease in
the elongation at break indicating a ductile to brittle transition behavior as the CaCO3 content
into the blend increases.

Impact tests
The impact resistance of a composite is influenced by many factors including the toughness prop-
erties of the reinforcement the nature of the interface region and the matrix. These parameters
are extremely important and directly related to the final toughness properties of the obtained
composite. Figure 8A shows the impact strength of (PP/PA66) with 1, 3, 5, and 7% by weight of
untreated and treated CaCO3.

The introduction of the PP-g-MA in the mixture (PP/PA66/CaCO3) increases the impact
strength remarkably from 4.95 to 24.75KJ/m2 (Figure 8B). It is believed that this improvement is
a manifestation of a better affinity between the compatibilizer and the matrix induced by the

Table 3. Tensile properties of neat PP, neat PA66, neat and compatibilized (PP/PA66).

Properties

Materials

PP PA66 PP/PA66 PP/PA66/PP-g-MA

Tensile strength, rb (MPa) 37 ± 0.1 62 ± 0.3 42 ± 0.3 46 ± 0.5
Modulus, E (MPa) 1500 ± 25 3200 ± 25 1720 ± 20 2030 ± 22
Elongation at break, eb (%) 55 ± 5 31 ± 10 19 ± 8 32 ± 10

Figure 7. Young’s modulus of the different nanocomposites.
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formation of a copolymer at the interface able to cushion shocks and leads to a more uniform
distribution of impact energy. This result is in agreement with the work of Gharehbash et al.[51]

The presence of nano-CaCO3 affects the impact properties of the (PP/PA66) (70/30wt./wt.) com-
posite, the impact energy values are lower compared to the neat matrix, for a high ratio, there is
a decrease in the impact resistance. The increase in CaCO3 content reduces the distance between
particles, the impact applied will be absorbed by particular areas of the material generating a
localized concentration of forces phenomenon thus leading to a non-homogeneous material from
the energy point of view. These results probably reflect, on the one hand, the state of dispersion
of the charge within the matrix and, on the other hand, interfacial adhesion, this regression could
be due to a phenomenon of compatibility between two completely dissimilar materials. These
results are in agreement with morphological observations. The strong embrittlement of nanocom-
posites made from CaCO3 treated with stearic acid is nevertheless attributed to a strong rigidifica-
tion of the interfacial zone by the reaction between stearic acid carried on CaCO3 and PA66
matrix. Average values of the impact resistance are obtained with the untreated filler; this result
has been confirmed by SEM analysis. These results are comforted by other researchers, Abou El
Fettouh et al.[52] Hernandez et al.[19] and Yan et al.[32] reported similar trends in the tensile and
impact strength of PP/CaCO3 nanocomposites where they found that the better properties were
around 6 to 7wt.% CaCO3 content while we found that a 5wt.% CaCO3 gave us the best results.
Xia et al.[53] reported in their studies that the addition of 10wt.% PP-g-MA improves the adhe-
sion between the two polymers and increases the impact resistance of the (PP/PA/MMT) system.
Dogu et al.[54] studied the effect of incorporating the compatibilizer EVA-g-MA in the (PP/EVA/
nano-tube) mixture, they reported an improvement in impact resistance following a good disper-
sion of the nano-tube in the blend. Also, the same results were found by Doufnoune et al.[55] in
their study on the (LDPE/CaCO3) mixture.

Conclusions

Within the limitations of this study highlights of the major findings are summarized as follows:
According to the Fourier Transform Infrared (FT-IR) spectroscopy and the Scanning Electron

Microscopy (SEM) analysis; the addition of PP-g-MA into the (PP/PA66/CaCO3) composite sug-
gests the existence of possible interface interactions on one hand between PP-g-MA and PA66
and, on the other hand, between stearic acid and PA66. The nanosized CaCO3 particles appear to
be homogeneously dispersed into the blend and ductile fracture facies of the matrix are observed
when a fixed amount of PP-g-MA is incorporated. The resulting blends display a fine-tuned

Figure 8. Impact strength of (A) PP/PA66 and (B) PP/PA66/PP-g-MA with 1, 3, 5, and 7% by weight of untreated and treated
nano-CaCO3.
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morphology with improved ductility. However, the blends without compatibilizer show more
rigid facies due to the agglomeration of the nanoparticles inducing an increase in the rigidity of
the nanocomposites. From the mechanical responses; it is observed that the incorporation of
CaCO3 nanoparticles increased the modulus and the tensile strength of the (PP/PA66) blend but
decreased its elongation at break. This effect was more pronounced with the insertion of the com-
patibilizer and for the treated nano-CaCO3 resulting in enhanced interfacial bonding between
PA66 and PP. Also, the elongation at break and impact strength was improved by the use of a
compatibilizer. TGA analysis established that the thermal stability of the obtained composites was
higher than that of (PP/PA66) alone. According to the XRD results, the CaCO3 nanofillers play
the role of an effective nucleating agent in the various (PP/PA66) and (PP/PA66/PP-g-MA) com-
posites by modifying the crystal structure causing ultimately to a certain extent an improvement
in the thermal stability.
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