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Abstract: Polypropylene/polycarbonate (PP/PC) nano-
composites containing various proportions of the 
organically modified montmorillonite were prepared 
by extrusion and injection molding process. The mor-
phology of PP/PC nanocomposites was characterized by 
transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), and X-ray diffraction (XRD). The 
nanocomposites with 3 or 5 wt% of nanoclay (NC) show 
a uniform dispersion of the NC as pointed out by two dif-
ferent methods, TEM and XRD. It was shown that the mor-
phology of dispersed phase (PC) is highly dependent on 
the content of minor phase, which was correlated with the 
balance of drop breakup and coalescence. The mechanical 
properties have been investigated by tensile test and Izod 
impact test. The virgin PP/PC samples showed a reduction 
in impact strength and elongation at break and up to 50% 
increase in Young’s modulus by increase in PP content 
comparing with the pure PP. Investigating the effect of 
NC and PC content on the mechanical behavior of PP/PC 
nanocomposites showed increased Young’s modulus and 
decreased impact strength with increasing PC and NC 
loading. An obvious ductile to brittle behavior transition 
at a high content of PC or NC was supported by notched 
Izod impact strength experiments and SEM results.

Keywords: extrusion; nanocomposite; polypropylene; 
organoclay; polycarbonate.

1  Introduction

Heat deflection temperature (HDT), impact strength, and 
stiffness of polypropylene (PP) are inferior in comparison 
with most engineering plastics. There are some different 
approaches to modify these properties, including blend-
ing with another polymer or incorporation of various 
fillers [1].

Blending of two polymers is a useful way to upgrade 
the properties of each individual component. Polycar-
bonate (PC) as an engineering plastic having outstand-
ing mechanical properties and heat resistance has been 
reported to upgrade PP’s performance. PP/PC is an incom-
patible and immiscible blend because of the significant 
difference in the flow characteristics of two polymers 
[1]. A great number of studies based on PP/PC blends are 
reported in literature [2–8]. Dobrzański et al. [4] showed 
that polymer PP/PC blends processed by melt manipula-
tion techniques show improved modulus compared with 
neat PP. Also, the effect of compatibilizer (glycidyl meth-
acrylate) on the morphological, thermal, rheological, and 
mechanical properties of PP/PC blends were investigated 
by Zhihui et al. [5]. The significant improvement in HDT at 
high PC content in PP/PC has been reported by Liang et al. 
[6]. The comprehensive studies by Favis et al. showed that 
viscosity ratio, composition, and processing parameters 
control the morphology and mechanical properties of the 
PP/PC blend [9–14].

Reinforcing polymer matrix with various fillers con-
tinues to be one of most important methods to create 
new materials with improved mechanical, thermal, and 
physical properties [15, 16]. The effects of PC addition in 
red mud (RM)-filled PP on the rheological properties of PP 
showed that the addition of PC in RM-filled PP reduced its 
shear stress and melt viscosity [1]. Montmorillonite clays 
are known as very effective fillers in polymeric matrices 
because of the opportunity to get materials with improved 
mechanical properties, barrier properties, and resistance 
to thermal degradation at low loadings. This is due to 
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the platelet-like (layered) structure of these nanofiller in 
combination with the high aspect ratio, which enables 
significant improvement of properties at low filler con-
centrations if good dispersion of filler in polymer matrix 
is ensured [17, 18].

Polymer nanocomposites based on nanoclay (NC) and 
polymer blend matrix have been widely investigated by our 
group [19–23], but up to our knowledge, there is no suffi-
cient quantitative data published on nanocomposites based 
on the PP/PC blend. In the present work, an analysis of the 
morphology and mechanical properties of PC/PP nanocom-
posites prepared by melt blending method is presented, and 
the effect of different weight fractions of PC and NC were 
incorporated on the final properties of PP is discussed.

2  Experimental

2.1  Materials

The commercial-grade iso-tactic PP homopolymer 
(SEETEC H5300) used in this study was supplied by LG 
chemical Co., South Korea. PC, Makrolon® 2858, was 
purchased from Bayer Co, Germany. Cloisite 15A, natural 
montmorillonite modified with a quaternary ammonium 
salt (dimethyl, dehydrogenated tallow ammonium), was 
obtained from Southern Clay Products, USA [24]. Details of 
the materials used in this study are given in Table 1.

Table 1: The properties of polymer matrix components and NC.

  Condition   Unit   Value

PP      
 Melt flow index (MFI)   230°C/2.16 kg   g/10 min   3.5
 Rockwell hardness   R-Scale   –   100
 Vicat softening point   1 kgf   °C   152
 Heat deflection temperature (HDT)  4.6 kg/cm3   °C   104
 Density   23°C   g/cm3   0.9
 Tensile modulus   ISO 527/23°C   MPa   1400
 Izod impact strength   ASTM D256   J/m   25
PC      
 Melt flow index (MFI)   230°C/1.2 kg   g/10 min   1.2
 Glass transition Temperature (Tg)   10°C/min   –   145
 Vicat softening point   10 N   °C   145
 Heat deflection temperature (HDT)  1.8 MPa   °C   125
 Density   23°C   g/cm3   1.2
 Tensile modulus   ISO 527/23°C   MPa   2400
 Izod impact strength   ASTM D256   J/cm   9.60
Cloisite 15A      
 Cation exchange capacity (CEC)   –   mEq/100 g  125
 Aspect ratio   –   –   75–100
 Density   23°C   g/cm3   1.66

Table 2: Sample codes and compositions.

Sample code  PP (wt%)  PC (wt%)  Cloisite 15A (wt%)

P90C10N0   90  10  0
P85C15N0   85  15  0
P80C20N0   80  20  0
P70C30N0   70  30  0
P87C10N3   87  10  3
P85C10N5   85  10  5
P83C10N7   83  10  7
P80C10N10   80  10  10
P80C15N5   80  15  5
P75C20N5   75  20  5
P65C30N5   65  30  5
P100C0N0   100  0  0

2.2  Preparation of nanocomposites

PC, PP, and NC particles were kept in an air circulat-
ing oven at 100°C for 24  h for drying before being used 
to minimize hydrolytic degradation. The nanocomposite 
samples were compounded according to the formulations 
presented in Table  2 using a twin-screw extruder. The 
extruder was a corotating, intermeshing, self wiping, with 
a modular 2-cm screw and an L/D ratio of 40 (Brabender, 
Germany). Screw speed was kept constant at 75 rpm. All 
the components were mixed mechanically and then fed to 
the extruder. Temperatures of feed, compressive, meter-
ing zones, and die was fixed between 255°C and 260°C. 
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Continuous strands obtained from the die of the extruder 
were granulated after cooling in a cold-water bath. The 
extruded pellets were injection molded into standard 
mechanical test sample molds using an injection-molding 
machine (ENGEL, Denmark) after drying in a vacuum oven 
at 80°C for 20 h. The temperature in the injection-molding 
machine was kept at 180°C and 240°C from hopper to die. 
The mold temperature was fixed 40–50°C, and the injec-
tion pressure was 100 bar.

2.3  Physical and mechanical analysis

To investigate the performance of polymer components 
under thermal conditions of processing, thermogravi-
metric analysis (TGA) was conducted under atmospheric 
conditions with a heating rate of 5°C/min. Tensile test 
was conducted on dumbbell-shaped specimens obtained 
from injection molding according to ASTM D638 by tensile 
testing machine (Instron 8511, UK) with a crosshead sepa-
ration speed of 50±10 mm/min. An impact Izod Tester 
(Zwick 5102, Germany) was used at room temperature to 
measure the impact resistance of the samples according 
to ASTM D256.

2.4  Morphological analysis

The dispersion state of layered silicates is analyzed by 
small angle X-ray scattering (SAXS). X-ray diffraction 
(XRD) data are collected on a Philips X’Pert PRO (The 
Netherlands) with a CuK radiation of wavelength of 1.54 Å 
using an accelerating voltage of 40 kV. Diffraction spectra 
are obtained over a 2θ range of 2°–10°, and the interlayer 
spacing (d001) is calculated using the Bragg’s equation, 

001 max/2sin ,d λ θ=  where λ is the wavelength and d001 is 
the interlayer spacing of silicate layers. Scanning elec-
tron microscopy (SEM) was performed using a scanning 
electron microscope (Tescan VEGA-II, USA) after a gold 
sputtering of 100–500 Å. PC part was extracted from the 
cryofractured surface with selective extraction method 
using chloroform. Choloroform is a suitable solvent for 
PC/PP blend because of its inability to swell or penetrate 
through the PP [17]. The phase structure of PC/PP/NC was 
examined by a Philips (Netherlands) CM120 transmission 
electron microscopy (TEM) using an acceleration voltage 
of 120 kV. The ultrathin sections were cut from the injec-
tion-molded samples by ultra-microtome equipped with 
a diamond knife (approximately 100  nm thick) in liquid 
nitrogen.
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Figure 1: Effect of temperature on weight change (TGA plot of virgin 
PP and PC).

3  Results and discussion

3.1  TGA analysis

To investigate the thermal stability of polymer compo-
nents in the process described previously, thermogravi-
metric examination was performed in the air for PC 
and PC.

Figure 1 illustrates the results of TGA tests performed 
in the air; both mentioned polymers show single-stage 
degradation. The figure shows that the degradation of PP 
started at 260°C while that of PC started at 370°C. The onset 
temperatures of the degradation of these samples indi-
cate that the temperature range of processing is not risky 
because a slight or no thermodegradation is expected.

3.2  PP/PC blends

To evaluate the mechanical properties and morphology 
of PP/PC composites, two categories of samples were pre-
pared. First, PP and PC were blended together at different 
PC contents without any nanofiller as reference samples; 
second, PP was blended with PC in the presence of various 
amounts of NC. The former set is discussed in the next 
section.

To determine the quality of the blends structure, 
PP/PC samples were examined by a scanning elec-
tron microscope. SEM images of the blends with 10 and 
30  wt% PC are shown in Figure  2. A complex variation 
was observed in the morphology of dispersed phase (PC) 
in injection-molded samples by increasing PC content. 
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At low PC content (sample with 10 wt% of PC), the minor 
phase mostly takes up spherical and elliptical shape 
(Figure  2A). At high PC content (sample with 30 wt% of 
PC), the spherical domains of minor phase have enlarged 
and, in some cases, elongated into cylinder-like formation 
(Figure 2B). The droplet size of the minor phase in polymer 
blends obtained from melt blending process depends on a 
balance of two principal forces, normal forces and surface 
tension forces, which are related to two individual phe-
nomenon, drop breakup and coalescence, respectively 
[25]. Furthermore, it is generally believed that the size 
of the dispersed phase escalates by increasing the com-
position due to the greater possibility of phase contacts 
and particle-particle interactions. This would occur until 
particle-particle interactions develop into sufficiently pro-
nounced state results in formation of extended structures 
[13]. This observation is consistent with the morphologi-
cal studies conducted with Favis et  al. [26]. Differences 
between the morphology of dispersed phase in PP/PC 
blends shown in Figure 2 can be attributed to the lower 
viscosity of the PC compared with PP matrix. With the 
increase of PC, the dispersed phase particles will get 
bigger so they can be more easily deformed by the shear 
and elongational stresses exerted to the sample during 
the mold filling [26]. It is also observed that the size of 
the cavities grows with increasing PC concentration. This 
can be attributed to high interfacial tension (low interfa-
cial adhesion) between two polymer phases. It was shown 
that the interfacial tension measured for PC imbedded in 
a PP matrix using the breaking thread method varies from 
17.3 mN/m at 225°C to 13.8 mN/m at 265°C [27].

Figure  3 presents Young’s modulus and elongation 
at break for the entire PP/PC blend molded by injection 
molding. On the basis of mechanical test, it was found 
that the increment of PC content in the PP/PC blend, as 
a rigid phase, causes the increment of Young’s modulus 
values. Moreover, the cylindrical shape of minor phase 
in high content PC samples can significantly improve the 
mechanical properties [11]. Reverse behavior was observed 

10 µm

A

10 µm

B

Figure 2: SEM micrographs of cryofractured surfaces of PP/PC blends. (A) Blend with 10 wt% PC, (B) blend with 30 wt% PC.
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Figure 3: Young’s modulus and elongation at break of PP/PC blends.

for elongation at break, where the increment of PC content 
results in a decrement of elongation at break. The incorpo-
ration of PC into the PP matrix, as a rigid phase, hinders 
the ability of the material to yield. In addition, the big 
droplet size of PP and the weak adhesion between PP and 
PC phases result in crack formation in interface leading 
to low elongation at break [28]. In all amounts of PC, the 
fracture of the blend occurs in a ductile manner during 
the tensile test. These observations are in agreement with 
those of Dobrzański et al. (2008), which was attributed to 
the increase of flexural modulus of PP/PC having higher 
PC percentage [4].

The elongated morphology (cylindrical shape) of 
the PC domains caused by the addition of PC content is 
believed to be the result of an increase in impact strength. 
By contrast, the reduction in interfacial adhesion of sepa-
rated phases leading to poor transfer of exerted energy or 
force from one phase to another results in dropping impact 
strength [29]. Impact results in Figure 4 indicate that the 
positive effect of cylindrical morphology of PC on impact 
strength can be significantly suppressed by a weak inter-
face between PP and PC phases at a high content of PC.
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3.3  PP/PC nanocomposites

The dispersion of the NC layers in the PP/PC matrix was 
examined by XRD, calculating the clay interlayer spacing 
d001 from the 2θ position of the clay (001) diffraction peak 
using Bragg’s law.

Figure 5 shows the series of X-ray diffraction spectra 
of original Cloisite15A and PP/PC/Cloisite15A composites. 
The interlayer spacing (d001) of Cloisite15A calculated from 
Bragg’s equation is 29.52 Å, recalling that the characteristic 
peak occurred at 2θ = 2.99°. For all nanocomposite samples 
with 10 wt% of PC (Figure 5A), the XRD pattern exhibits 
a shift of peak to lower angles, indicating an increase in 
the interlayer spacing of NC. This indicates that the poly-
meric chains can intercalate into the interlayer of NC. The 
results of θ of the characteristic peak and related inter-
layer spacing are summarized in Table  3. The interlayer 
spacing decreases progressively, from 32.34 Å for 3  wt% 
NC to 31.08 Å for 10 wt% NC. However, in the range of 
high amounts of NC, no significant increase in interlayer 
spacing is observed compared with virgin Cloisite 15A. 
The observed broadening of peaks and the reduction in 
intensity can be assumed as the sign of more disordered 
stacks of layered silicates while maintaining their periodic 
structure [30].

Figure 5B shows that in all blend composition, inter-
layer spacing is somewhat higher than the values of 
virgin Cloisite 15A. The XRD diffraction pattern of PP/PC 
nanocomposites with various concentrations of PC (see 
Figure  5B) reveals that increasing PC content from 10 to 
30 wt% reduces the interlayer spacing of NC layers. This 
observation suggests that a significant portion of the PC 
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Figure 4: Effect of PC content on notched Izod impact strength of 
PP/PC blends.
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Figure 5: XRD patterns of PP/PC nanocomposites in which (A) The 
concentration of dispersed phase (PC) kept constant and equal to 
10 wt% and (B) the concentration of NC (Cloisite 15A) kept constant 
and equal to 5 wt%.

Table 3: SAXS-derived 2θmax and related d-spacing for PP/PC 
nanocomposites.

Sample code  2Θmax   d001

Cloisite 15A   2.99   29.52
P87C10N3   2.73   32.34
P85C10N5   2.77   31.87
P83C10N7   2.81   31.41
P80C10N10   2.84   31.08
P80C15N5   2.79   31.64
P75C20N5   2.80   31.53
P65C30N5   2.81   31.30

matrix cannot intercalate into the gallery space of layered 
NC. In fact, the interlayer spacing seems to be confined, 
most likely an outcome of the decreased melt viscosity 
and exerted shear tension with increase in PC content. 
This is in good agreement with previously published data 
on the PP/PC blends [1].

To confirm the intercalation of polymeric chains into 
the gallery space of NC, TEM experiment was conducted. 
The dispersion state of NC is given in Figure 6 in which the 
dark lines are the cross-section of Cloisite 15A layers, the 
lighter areas belong to PC region, and the lightest areas 
are related to PP region (according to related density). 
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TEM result for the PP/PC nanocomposites are agree well 
with XRD measurements, which suggested that interca-
lated morphology was obtained during mixing process.

The SEM micrographs of the fracture surface of PP/PC 
nanocomposites after PC extraction are given in Figure 7. 
As shown, the surfaces of the studied PP/PC nanocom-
posites appeared rough compared with that of virgin PP/
PC blend. The observed phenomenon can be attributed 
to improved interaction between the two phases in the 
presence of NC. On the other hand, it is well known that 
microsized agglomerates increase in size with increas-
ing NC content and can change fracture mode from 
ductile to brittle deformation [31, 32]. Therefore, it would 
be expected that the large amount of NC can act as 
stress concentration sites, leading to much less fracture 
resistance [33]. It is worth to note that when PC content 
increases, the nature of the fractured surface changes 
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Figure 6: TEM image of PP/PC nanocomposites with 10 wt% PC and 
5 wt% NC.
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from rough to smooth. This is due to the higher propor-
tion of the low viscosity phase (PC) and the correlated 
low shear tension exerted to the sample [34]. The voids 
observed in the figure have been related to PC domains 
extracted during etching process. Furthermore, as can 
be seen in Figure 7, the introduction of NC results in very 
small spherical-shaped domains of PC, which are uni-
formly distributed throughout the entire fracture surface. 
The related histograms showed that with increasing NC, 
the peak of the diagram shifts to the smaller diameters. 
In the other words, the number of the extracted PC par-
ticles with a diameter of 750–1000 nm was maximum in 
the case of P80C10N5 sample, whereas the maximum 
was observed at the extracted PC particles with a diam-
eter of 500–750  nm in the case of P80C10N10 sample. 
This observation can be related to the fact that NC addi-
tion increases the shear tension and the melt viscosity of 
polymers, prompting the possibility of droplet breakup, 
which was reported in our previous work [35]. Even at low 
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composites: (A) Effect of NC content, (B) effect of PC content.

NC content (Figure 7A and C), there is a significant effect 
of NC on the size distribution of PC phase.

The effects of NC filler and PC concentration on the 
tensile properties of PP/PC nanocomposites in terms of 
Young’s modulus and elongation at break are shown in 
Figure 8. Comparing the Young’s modulus of PP/PC nano-
composites with results of virgin PP/PC demonstrates that 
Young’s modulus increases when nanocomposites are 
formed (Figure 8A). Such behavior is the direct result of 
reinforcing the effect of intercalated or stacked NC. Not 
only nanodispersion including intercalation and exfolia-
tion determines mechanical behavior of nanocomposites, 
but also microdispersion has a great influence. Micropar-
ticles can initiate failure caused by stress concentration at 
high NC content [31, 36]. For the nanocomposite contain-
ing 3 and 5 wt% NC, the significant increase in Young’s 
modulus was observed, whereas for further amounts of 
NC, improvement gradually decreases. This well agrees 
with the decrease of intercalation for the nanocomposites 
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containing more than 5 wt% of NC (detected at XRD 
results). The brittle mode fracture shown in SEM results 
again verifies the microdispersion existence in nano-
composites with high amounts of NC. The mechanical 
behavior of the PP/PC nanocomposites with increasing PC 
concentration at a constant amount of NC (Figure 8B) is 
reminiscent of that of virgin blend. A significant enhance-
ment in Young’s modulus compared with that of virgin 
PP/PC was observed in all concentration of PC, as illus-
trated in Figure 8B. Tensile test results show that at high 
filler or PC loadings, ductility is reduced, which can be 
indicated by a significantly lower elongation at break for 
both. The observed mechanical results are similar to those 
reported in the literature [31, 32, 36].

Reduced ductility concluded from elongation at break 
data is also evident in Izod notched impact test results. 
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Figure 9: Izod impact strength at break of PP/PC nanocomposites: 
(A) Effect of NC content, (B) effect of PC content.

The variations of impact resistance in PP/PC nanocom-
posites with PC and NC contents are presented in Figure 9. 
To summarize the behavior, it can be noted that the incre-
ment at a weight percent of PC or NC causes the decrement 
of impact strength.

4  Conclusion
A new PP/PC/organomodified clay nanocomposite with 
an intercalated morphology of the NC layers has been 
prepared by melt processing in twin-screw extruder. X-ray 
diffraction patterns and TEM micrographs confirm the 
intercalation of the polymer chains between the NC layers. 
The addition of the NC particles slightly decreases the par-
ticle size of disperse phase (PC) compared with the neat 
PP/PC blend. The Young’s modulus is increased in the 
presence of the NC. Furthermore, the new nanocompos-
ite shows a higher Young’s modulus by increasing the PC 
concentration of the blend.

Impact strength analysis and SEM results confirm the 
brittle fracture behavior of nanocomposites at more than 
5  wt% NC because of the stress concentration phenom-
enon. This weak mechanical performance, i.e. gradual 
decrease in Young’s modulus at more than 5 wt% of NC, 
is attributed to the coalescence of the NC, which prevents 
tension transfer between two polymer phases. Brittle 
manner was observed with increasing PC content because 
of the decreased ease of movement of polymer chain seg-
ments in the PP/PC nanocomposite.
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