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This work focused on the influence of processing conditions on the mechanical properties of 
polypropylene (PP) and PP/mesoporous silica-hydroxyapatite (PP/MCM-41-HA) hybrid nano-
composites. The mechanical properties of PP were enhanced by adding MCM-41-HA nanoparti-
cles. Neat PP and hybrid nanocomposites based on PP, containing maleic anhydride-grafted poly-
propylene (PP-g-MA) and MCM-41-HA, were prepared using the melt intercalation technique in 
an internal mixer. To optimize the processing conditions, both mixing temperature and rotor 
rotational speed were varied. Tensile and flexural tests were performed to evaluate some me-
chanical characteristics (stress-strain curves, tensile strength, tensile modulus, strain at rupture, 
flexural strength. and flexural modulus) of both the neat PP and PP/ MCM-41-HA hybrid nano-
composite materials. The results showed that two of the materials’ mechanical properties were 
most affected by two preparation parameters: shear rate and the distribution process of nano-
composites were found to be optimized using a mixing temperature of 180° C and a rotor rota-
tional speed of 100 rpm to achieve the best mechanical properties. Under these conditions, the 
best mixing time was 3 min according to the torque diagram. Moreover, the PP/MCM-41-HA hy-
brid nanocomposite demonstrated a sensible enhancement of mechanical properties over neat 
PP. 
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1. Introduction  

Mesoporous silica nanofillers have received 
much attention due to their ordered structure, high 
surface area, and ease of use of the nanopores [1]. 
Among them, extensive research has been per-
formed on MCM-41 with a hexagonal array of one-
dimensional channels of uniform mesoporous silica 
with pore diameters in the range of 2–10 nm [2, 3]. 
Low hydrothermal stability of MCM-41 materials 
undoubtedly limits their application, which is 
thought to improve strength by increasing the 
thickness of the pore walls and/or by enhancing the 
local ordering of the walls [4]. Combining two na-
nomaterials with different shapes may generate 
more effectively enhanced effects due to the ex-
pected synergistic effect. For example, Wang et al. 

showed that nanocomposites comprised of 
PP/MCM-41/MMT have higher values of tensile 
strength, tensile modulus, and impact strength than 
PP/MMT or PP/MCM-41 nanocomposites [5]. 
Therefore, combining MCM-41 with a rigid rod 
shape nanoparticle, such as hydroxyapatite (HA), 
can enhance the pore walls and achieve greater me-
chanical performance.  

HA is the main inorganic component of the hard 
tissues (bones and teeth) of vertebrate animals and 
humans [6]. The mechanical strength of polymers 
can be greatly improved by adding a small amount 
of these inorganic nanofillers. The mechanical prop-
erties of polymer composites reinforced with HA 
have been examined in several studies. Younesi and 
Bahrololoom investigated the effects of molecular 
weight and particle size on mechanical properties of 
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PP/HA biocomposites [7]. In another study, Younesi 
and Bahrololoom examined the mechanical proper-
ties of PP-HA composites under applied tempera-
ture and pressure in a hot-pressing process [8]. Li 
and Tjong introduced nano-sized HA into PP and 
demonstrated that the addition of 8 wt% HA, led to 
an increased tensile modulus of nearly 25% [9]. 

Melt processing is a critical step in the manufac-
ture of polymer articles and is even more critical 
when dealing with inhomogeneous polymer-
mesoporous nanocomposite systems. As shown in 
the literature results, the changes in processing 
conditions greatly affected the nanocomposites’ dy-
namic-mechanical properties [10]. Thus, the me-
chanical dispersing action depended on processing 
parameters, such as compounding equipment [11], 
geometry, the types of mixing elements [12], and the 

rheological characteristics of the polymer. Addition-
ally, the optimal dispersion of nanocomposites can 
be increased by adjusting parameters, such as shear 
stress, mixing time, and mixing temperature [13]. 
Other works on the influence of processing condi-
tions on the properties of PP nanocomposites in-
clude Furlan et al. [14], who studied the effect of 
processing conditions on the mechanical and ther-
mal properties of high-impact polypropylene nano-
composites. In addition, Malaika et al. [15] studied 
the influence of processing and clay type on 
nanostructure and the stability of polypropylene-
clay nanocomposites. Luijsterburg et al. [16] re-
searched the effects of processing conditions on 
structural and mechanical properties of recycled 
polypropylene. Recently, studies concerning the 
effects of processing conditions on the mechanical 
and morphological properties of polypropylene 
nanocomposites have been published [17-20]. 

In this study, to enhance the pore walls consist-
ing of MCM-41, HA was added to the MCM-41, and a 
new kind of nanocomposite MCM-41-HA was intro-
duced and its mechanical properties were studied. 
Neat PP and PP/MCM-41-HA hybrid nanocompo-
sites were prepared through melt intercalation in an 
internal mixer, by monitoring several processing 
conditions, including mixing temperatures and the 
rotor rotational speed, which were altered to opti-
mize the processing conditions for combining mate-
rials. The optimum processing conditions were ob-
tained, and they are explained in this study for the 
first time. 

2. Materials and Methods 

2.1. Materials 

Polypropylene homopolymer (PP 570P), in pel-
let form, was obtained from the Sabic company in 
Saudi Arabia, consisting of the following characteris-

tics: Melt Flow Index (MFI) = 8 g/10 min (230° 
C/2.16 kg), and density = 905 kg/m3. The monodis-
perse nano-sized MCM-41/HA particles were syn-
thesized in our lab. The nano-sized MCM-41 parti-
cles were prepared in an aqueous phase using the 
sol–gel method. The materials used in this study 
included CaCl2_2H2O (99–102%, Merck) and 
K2HPO4_3H2O (Merck, ≥ 99%), as phosphorous and 
calcium sources, respectively. Cetyltrime 
thylammonium bromide (C16TAB, Sigma) was used 
as a template, tetraethoxysilane (Merck, ≥ 99%) was 
used as a silicon source, and an ammonia solution 
(25% Merck, > 98%) as a pH controller were also 
used. Next, tetra-n-botylortho titanat as a titanium 
source, ethanol and diethanolamine were used for 
preparation of Titania sol-gel. Moreover, polypro-
pylene-grafted maleic anhydride (PP-g-MA) with an 
MFI = 2 g/10 min from Karangin company in Iran, 
was employed as a compatibilizer to improve the 
adhesion between the PP and the nanoparticles. 
Surface modification and stronger chemical bonds 
between the nanoparticles and PP were made by 
coating the fillers with PP-g-MA. The PP-g-MA con-
tained 1.7 wt% of maleic anhydride (MA).  

2.2. Synthesis of HA 

K2HPO4_3H2O was first dissolved in 100 ml of de-
ionized water. Then, C16TAB was added under mag-
netic stirring (500 rpm). After that, enough TMAOH 
was added to adjust the pH to 12. Meanwhile, in an-
other container, CaCl2_2H2O was also dissolved in 
100 ml deionized water, and then it was added to 
the prior solution under constant stirring (500 
rpm). The obtained gel was aged at 30° C for 30 h 
under reflux and static conditions after 1 h of stir-
ring [21]. 

2.3. Synthesis of the MCM-41-HA Nanocomposites 

After the preparation of HA, 45 ml TEOS was 
added drop-wise to the solution under vigorous 
stirring (within about 30 min). The final solution 
was aged at 100° C for 36 h without stirring. The 
nominal composition is 60 wt% of SiO2. The solid 
products were filtered, washed, and dried for 2 h at 
90° C. In the next step, the solid products were cal-
cined at 550° C for 6 h and finally were labelled as 
MCM-41-HA [22, 23]. The nanoparticle properties 
were as follows: density = 2.5 gr/cm3; specific sur-
face area = 280 m2/gr; particle size = 9.71 (nm). The 
schematic form of mesoporous silica nanoparticles 
was shown in Figure 1. 
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Figure 1. The schematic form of mesoporous silica nanoparticles. 

 

2.4. Preparation of Nanocomposites 

Neat PP and nanocomposites based on PP con-
taining 3 wt% PP-g-MA and 3 wt% MCM-41-HA 
were prepared through melt intercalation in an in-
ternal mixer (Haake Rheomix, W50-EHT). Prior to 
preparation of nanocomposites, PP, MCM-41-HA, 
and PP-g-MA were dried in a vacuum oven at 80° C 
for 24 h to expel moisture. In order to optimize the 
mixing parameters, composites were prepared by 
varying the chamber temperature and rotor rota-
tional speed. In the first step, neat PP and PP/MCM-
41-HA nanocomposites were mixed with a rotor 
rotational speed of 50 rpm at several mixing tem-
peratures, including 170° C, 180° C, and 200° C for a 
period of 5 min [13-15]. Afterwards, the mixing 
temperature was fixed at 180° C, and the rotor rota-
tional speed was varied at 60 rpm, 80 rpm, and 100 
rpm in the next step [13,15]. 

2.5. Mechanical Tests 

All tensile and flexural specimens were prepared 
by using an injection-molding machine. Mechanical 
tests were performed at room temperature by 
means of a universal testing machine, GOTECH (Tcs-
2000). 

Dumbbell specimens were set up for the tensile 
tests, according to the ASTM: D638-10 standard us-
ing a cross-sectional area of 10 mm × 3.2 mm. A 
cross-head speed of 50 mm/min and a load of 100 
kN were applied. Flexural tests were performed ac-
cording to the ASTM: D790-10 standard, in a 3-point 
loading test at a speed of 10 mm/min. Cubic speci-
mens  of 100 mm × 13 mm × 5 mm were used for 
this test. The span length between the supports was 
80 mm with a constant deflection rate at the loading 
point. The mechanical properties were reported as 
the average of at least five measurements. 

2.6. Morphological Study 

X-ray diffraction (XRD) and a scanning electron 
microscope (SEM) were used to examine the mor-

phological properties and dispersion state of MCM-
41-HA in nanocomposites.  

The XRD patterns of samples were recorded, us-
ing both a Bruker D8 tools diffractometer with Cu 
Kα radiation and a small-angle X-ray diffraction 
with a Philips X’Pert diffractometer at λ= 0.15406 
nm and a scan rate of 0.07°. The diffractometer was 
operated at 35 kV and 30 mA. 

The samples were cut from each specimen, fol-
lowed by immersion in liquid nitrogen. Prior to test-
ing the surfaces of the specimens were coated with a 
thin gold layer (Emitec, 450-kx, UK) and then were 
detected using SEM (VEGA.TESCA, Czech Republic).  

3. Results and Discussion 

3.1. Mechanical Properties 

As previously mentioned, in melt-mixed nano-
composites, the properties of the system are de-
pendent on mixing conditions, such as mixing time, 
rotor rotational speed, and the mixing temperature. 
These parameters have been optimized by prepar-
ing a set of neat PP and PP/MCM-41-HA nanocom-
posites by changing the rotor rotational speed and 
mixing temperature, and choosing the best mixing 
time from a torque diagram. Tensile and flexural 
tests were performed to evaluate the effect of pro-
cessing conditions on the mechanical properties of 
neat PP and the PP/MCM-41-HA nanocomposite.  

In the first step, the rotor rotational speed was 
fixed at 50 rpm, and the mixing temperature was 
varied at 170° C, 180° C, and 200° C. Tensile and 
flexural properties of neat PP and PP/MCM-41-HA 
nanocomposites at the different temperatures are 
shown in Figure 2.  

Figure 2 shows that the tensile and flexural 
properties of neat PP were not dependent on the 
temperature. In the PP/MCM-41-HA nanocomposite 
specimens, these properties increased with the in-
crease in temperature from 170° C to 180° C but 
decreased with the increase to 200°. Therefore, the 
maximum values for the nanocomposite specimens’ 
tensile and flexural strength occurred at 180° C.  

Figure 2 illustrates that at the optimum mixing 
temperature (180° C), a significant improvement in 
tensile and flexural properties occurred. At that 
temperature, the enhancement of the tensile prop-
erties for PP/MCM41-HA nanocomposite was about 
7% (43.37 MPa versus 40.52 MPa) for tensile 
strength and 13% (1515 MPa versus 1341 MPa) for 
tensile modulus. In addition, the improvement val-
ues for flexural strength were about 15% (44.02 
MPa versus 38.48 MPa) and for flexural modulus 
were 17% (1468 MPa versus 1261 MPa). 

http://astm.org/
http://astm.org/
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At low temperatures, the viscosity, related to the 
shear stress generated in the mixture, is very high, 
and this causes the break down of MCM-41-HA na-
noparticles during mixing. Thus, at the temperature 
of 170° C, tensile and flexural properties were re-
duced when compared with the properties at a mix-
ing temperature of 180° C. The decrease of mechan-

ical properties at a mixing temperature of 200° C 
could be due to the thermal degradation of MCM-41-
HA nanoparticles, or the dispersion of MCM-41-HA 
nanoparticles in the PP matrix being poor due to the 
decreased viscosity at a higher temperature. These 
results are consistent with other studies [13, 15]. 

Figure 2. The effect of mixing temperature on the mechanical properties of neat PP and a PP/MCM-41-HA nanocomposite: (a) tensile 
strength, (b) tensile modulus, (c) flexural strength, (d) flexural modulus. 

Figure 3. The effect of rotor rotational speed on the mechanical properties of neat PP and a PP/MCM-41-HA nanocomposite: (a) tensile 
strength, (b) tensile modulus, (c) flexural strength, (d) flexural modulus. 
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In the second step, the mixing temperature was 
fixed at 180° C (the optimal temperature from the 
previous step), and the rotor rotational speed was 
changed to 60 rpm, 80 rpm, and 100 rpm. The ten-
sile and flexural properties of neat PP and PP/MCM-
41-HA nanocomposites in the different rotor rota-
tional speed (50 rpm, 60 rpm, 80 rpm, and 100 rpm) 
are shown in Figure 3. 

Results revealed that the tensile and flexural 
properties of specimens decreased with the in-
creased rotor rotational speed from 50 rpm up to 80 
rpm and then the tensile and flexural properties 
increased at a rotor rotational speed of 100 rpm. It 
is obvious that the tensile and flexural properties at 
the rotor rotational speed of 100 rpm were higher 
than at the other rotor rotational speeds. At the op-
timal rotational speed, the enhancement of the ten-
sile and flexural properties for PP/MCM41-HA 
nanocomposite was about 10% (43.16 MPa versus 
39.36 MPa) for tensile strength, 22% (1597 MPa 
versus 1311 MPa) for tensile modulus, 23% (46.4 
MPa versus 38 MPa) for flexural strength, and 21% 
(1505 MPa versus 1252 MPa) for flexural modulus.  

Figure 2 and Figure 3 show that the sensitivity of 
tensile and flexural properties of neat PP with 
changing the mixing temperature and rotor rota-
tional speed was trivial, because changing in the 
processing conditions of melt-mixing has influence 
on the diffusion of nanoparticles in a polymer ma-
trix (whereas nanoparticles do not exist in neat PP). 
It is found that the best result in mechanical proper-
ties for neat PP and PP/MCM-41-HA nanocomposite 
specimens were obtained at the optimum tempera-
ture of 180° C using a rotor rotational speed of 100 
rpm. 

Figure 4 shows that elongation at break of neat 
PP and PP/MCM-41-HA nanocomposites was im-
proved by increasing the rotational speed of the 
rotor. The maximum value of elongation at break 
happened at a rotor rotational speed of 100 rpm. 
Incorporation of the MCM-41-HA results in an ab-
rupt drop in elongation at break compared with the 
elongation at break of neat PP, because the filler 
causes a reduction in matrix deformation due to an 
introduction of mechanical restraints [24]. On the 
other hand, reduction of elongation at break may be 
due to greater interaction between the filler and the 
polymer matrix, which probably led to a lower pol-
ymeric chain mobility, making the material more 
rigid. 

 
Figure 4. The effect of rotor rotational speed on the elongation at 

break of neat PP and a PP/MCM-41-HA nanocomposite. 

The comparison of mechanical properties of neat 
PP with PP/MCM-41-HA nanocomposites shows 
that tensile strength, tensile modulus, flexural 
strength, and flexural modulus of PP/MCM-41-HA 
nanocomposites were increased, and the elongation 
at the break decreased in proportion to neat PP. By 
adding nanoparticles to the PP matrix, greater in-
teraction occurred, and it caused a lower elongation 
at break and increased mechanical characteristics. 

Table 1 shows the percentage increase for me-
chanical properties of PP/MCM-41-HA nanocompo-
sites in proportion to neat PP. Approximately 17%, 
32%, 42%, and 43% increases in tensile strength, 
tensile modulus, flexural strength, and flexural 
modulus were observed for the samples, respective-
ly. 

Adding MCM-41 to the blend allows the mixture 
to adsorb polymer matrix on its surface because of 
its high surface area. As the surface area increases, 
filler-matrix adhesion improved and caused an in-
crease of mechanical performances compared to 
neat PP [25]. In addition, the three-dimensional 
MCM-41 networks provided a rigid inorganic 
framework that improved mechanical strength and 
modulus [26]. 

Because of the porosity of MCM-41-HA, the 
chains of PP form in the mesopore channels, which 
restrain the agglomeration of MCM-41-HA particles 
[5]. The PP phase in the nano-sized pores extended 
along the channels to the openings, which can en-
hance the interaction through the entanglement and 
inter-diffusion between the matrix and the particu-
late, improving the tensile and flexural properties. 
Moreover, the hydrophobicity properties of the 
nano-sized MCM-41-HA, due to the polymer on the 
outer surface of the MCM-41-HA particles, would 
improve filler/matrix miscibility [27].  

 



 

78 A.R. Albooyeh et al. / Mechanics of Advanced Composite Structures 3 (2016) 73-82 

 

High rigidity, large aspect ratio, and the mechan-
ical interlocking effect of HA nanoparticles led to 
better reinforcement of PP/MCM-41-HA nanocom-
posites. Other researchers have reported similar 
results [6, 9, 28]. Adding the HA nanoparticles en-
hanced the pore walls of MCM-41 [4]. These fea-
tures, in turn, caused the good mechanical proper-
ties seen in the PP/MCM-41-HA nanocomposite.  

3.2. Torque Plot 

Mixing torque is an important indicator for eval-
uating the processing characteristics of polymer 
nanocomposites, particularly when internal mixing 
is employed. The mixing characteristics of neat PP 
and PP/MCM-41-HA nanocomposites were studied 
by using the Haake Rheographs. These plots were 
carried out for the temperatures and the rotor rota-
tional speed conditions presented in Table 1. 

Considering the results for the same polymeric 
matrix processed using different conditions, two 
parameters should be analysed: the shear rate and 
the diffusive processes. Figure 5 shows the torque 
diagram versus the mixing time for the PP/MCM-41-
HA nanocomposite. Since the torque diagram of neat 
PP is similar to that of the PP/MCM-41-HA nano-
composite, the torque diagram for neat PP was not 
included. 

From Figure 5, it is clear that the mixing torque 
initially increases rapidly when PP granules and 
MCM-41-HA nanoparticles are charged into the mix-
er chamber because of the increased viscosity of the 
system. As the mixing time increases, PP/MCM-41-
HA granules underwent melting, which resulted in 
the decrease of torque, and then the torque stabi-
lized. 

 

Table 1. Comparison of the mechanical properties of neat PP and a PP/MCM-41-HA nanocomposite. 

Temperature 
(°C) 

Rotor rotational 
speed (rpm) 

Tensile strength 
increase (%) 

Tensile modulus 
increase (%) 

Flexural strength 
increase (%) 

Flexural modulus 
increase (%) 

170 50 14.53 21.48 29.30 41.50 
180 50 16.30 22.77 37.04 42.78 
200 50 8.70 12.40 21.38 28.41 
180 60 9.90 18.10 18.82 24.50 
180 80 13.66 16.66 21.30 26.34 
180 100 14.90 31.40 42.24 36.69 

 

Figure 5. Mixing torque against the time diagram for a PP/MCM-41-HA nanocomposite. 

The instant increase in torque can be attributed 
to the high shear forces generated by the rotor in 
the presence of granules just before their melting 
point. As the granules melt, the viscosity of the 
granules decreased under high temperature; conse-
quently, the mixing torque decreased. Once the dis-
persion was completed, the mixture homogenized, 
and the torque began to stabilize.  

Better results were obtained using processing 
conditions that maximized the shear stresses (max-
imized torque) and minimized the stabilization time 

exerted on the polymer, which occurred at higher 
rotational speed (100 rpm) and at a barrel profile 
temperature of 180° C. 

Considering the results for the same chamber 
temperature, the increased rotor rotational speed 
led to increased shear stress exerted on the polymer 
and simultaneously decreased the required mixing 
time. The results revealed that the first parameter—
shear stress—has much more influence on the ex-
tent of intercalation and delimitation than the sec-
ond one—mixing time). Therefore, at higher rota-
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tional speeds (100 rpm), the increased shear stress 
caused the diffusion of nanoparticles in the matrix 
better than a lower rotational speed (50 rpm). 

3.3. Morphological Characterization 

The effect of processing conditions on the dis-
persion of nanoparticles in a PP/MCM-41-HA nano-
composite was studied by using SEM. Figures 6(a)–
(d) show the fractured surface micrographs of neat 
PP and 3 wt%-filled nanocomposites for three dif-
ferent processing conditions. These micrographs 

show that dispersion of MCM-41-HA was uniform 
and agglomeration did not happen. 

Comparison between the size of nanoparticles 
shows that the smallest size of measured nanoparti-
cles is about 50 nm for nanocomposites, which were 
produced at a chamber temperature of 180° C and a 
rotor rotational speed of 100 rpm, as shown in Fig-
ure 6(d). Under these conditions, due to the lower 
viscosity, better diffusion was obtained because the 
nanoparticles had enough time to diffuse within the 
PP matrix.  

 

Figure 6. SEM micrographs of (a) neat PP, (b) PP/MCM-41-HA nanocomposite (temperature 170° C and rotational speed of 50 rpm), (c) 
PP/MCM-41-HA nanocomposite (temperature 180° C and rotational speed of 50 rpm), (d) PP/MCM-41-HA nanocomposite (temperature 180° 

C and rotational speed of 100 rpm). 
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The differences in the crystalline structures were 
determined by X-ray diffraction. The X-ray patterns 
of neat PP and PP/MCM-41-HA nanocomposites at 
rotor rotational speeds of 50 and 100 rpm and 
chamber temperature of 180° C are shown in Figure 
7. The intense peaks that appear at 2ϴ = 14.1°, 2ϴ = 
16.9°, 2ϴ = 18.6°, and 2ϴ = 21.2° are the reflections 
of (110), (040), (130), and (111) planes, respective-
ly. The next peak at 2ϴ = 21.9° corresponds to (131) 
and (041) planes. This structure matches α mono-
clinic form of isotactic PP [29, 30]. As shown in Fig 
7, the position of the peaks remained the same for 
all samples, but the presence of fillers within the 

PP/MCM-41-HA nanocomposites cause the intensi-
ties to become lower. This decrease is more obvious 
in samples that were prepared at 100 rpm when 
compared  to the 50 rpm samples. Diffusive pro-
cesses improved with increasing the rotor rotational 
speed, so the possibility of collision X-ray diffrac-
tions with the fillers increased, while the intensity of 
the PP crystalline structure peaks became lower. 
The XRD image shows that additions of MCM-41/HA 
nanoparticles have little effect on the crystallization 
of neat PP. 

 

Figure 7. XRD patterns of the neat PP and PP/MCM-41-HA nanocomposite. 

 

4. Conclusion 

This work showed the significance of adding 
MCM-41-HA nanoparticles in addition to specific 
processing conditions that enhanced the mechanical 
properties of the nanoparticle material over those of 
neat PP. Considering the different processing condi-
tions, the results showed that the shear stress ex-
erted on the polymer had a significant influence on 
the extent of intercalation. The best results for the 
mechanical properties, torque diagram, and mor-
phological characteristics were achieved using pro-
cessing conditions that maximized shear stress, at 
the higher rotational speed of 100 rpm and a cham-
ber temperature of 180° C. According to the torque 
diagram, the mixing time of 3 min was the best 
amount of mixing time. This mixing time was the 
minimum time that allowed for a completed mixing 
process, saving time and energy.  

The PP/MCM-41-HA nanocomposites showed a 
sensible enhancement of the materials’ mechanical 
properties in comparison with neat PP. The porosity 
of MCM-41-HA nanoparticles was an exclusive 
property that caused a chain of the polymeric matrix 
within the channels, which restrained the agglomer-
ation of MCM-41-HA particles. Tensile and flexural 
properties of PP/MCM-41-HA nanocomposites were 
calculated in this paper for the first time. The opti-
mum melt mixing conditions can be used to adjust 

the mixing temperatures and rotor speed of the ex-
truder to obtain even better samples. 
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