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Abstract— This work was performed to investigate the 

effects of different nanofillers on the structure and dielectric 

properties of polypropylene (PP) nanocomposites. This work 

considered studying three types of nanofillers, namely, 

magnesium aluminate (MgAl2O4), calcium carbonate (CaCO3), 

and surface-modified calcium carbonate (CaCO3T). PP 

nanocomposites containing MgAl2O4, CaCO3, and CaCO3T 

nanofillers were prepared using a Brabender melt mixer.  The 

samples were melt pressed using a hydraulic laboratory press at 

180 °C to produce thin-film samples of 100 µm thick. The 

prepared samples were subjected to Fourier transform infrared 

(FTIR) spectroscopy and scanning electron microscopy (SEM)  

for chemical and morphological analysis. Meanwhile, the DC 

breakdown test was carried out to analyzed the dielectric 

properties of the evaluated samples. The results showed that 

PP/MgAl2O4 nanocomposites possessed lowered breakdown 

strength compared to unfilled PP. In contrast, PP/CaCO3 

nanocomposites possessed a higher breakdown strength over 

PP/MgAl2O4  nanocomposites. Meanwhile, PP/CaCO3T 

nanocomposites possessed the highest breakdown strength 

among the nanocomposites. Possible mechanisms governing 

these property changes are discussed.  

Keywords—nanocomposites, polypropylene, magnesium 

aluminate, calcium carbonate, breakdown 

I. INTRODUCTION  

Polypropylene (PP) material has a huge potential to be 
used as a high voltage cable insulation. Previous research 
shows that PP is thermally stable and could be operated at 
high-temperature conditions [1-3]. This was mainly due to its 
characteristics such as having high melting temperature, low 
dielectric constant, and high mechanical strength and reduced 
space charge accumulation. Besides that, PP is classified as a 
thermoplastic material that can easily be recycled compared to 
the conventional cross-linked polyethylene (XLPE) cable 
insulation. 

Currently, single metal oxide nanofillers have been added 
to PP to improve the dielectric properties of the resulting 
systems [4-6]. For example, Cao et al. [7] found that the 
addition of magnesium oxide (MgO) into PP has restricted the 
electric field distortion and space charge accumulation within 
the PP nanocomposites. In addition, the DC breakdown 
strength of PP nanocomposites improved when added with 
low amount of MgO. Similarly, Zhou et al. [8] revealed that 
the addition of titanium dioxide (TiO2), zinc oxide (ZnO), and 
aluminum oxide (Al2O3) to PP enhanced the DC breakdown 
strength of PP nanocomposites. Besides that, those 

nanoparticles have also improved the DC volume resistivity, 
permittivity, and space charge behavior of PP 
nanocomposites. A similar observation was reported by Zha 
et al. [9] where ZnO nanofiller led to the improvement in DC 
breakdown strength, reduced space charge, and mechanical 
properties of PP nanocomposites. Meanwhile, Mirjalili et al. 
[10] discovered the enhancement in the mechanical properties 
of PP when introduced Al2O3 nanofiller. Of note, all of these 
reports show that the respective nanofiller has been well 
dispersed in the polymer, thus improving the dielectric 
properties of the materials. 

The water shell phenomenon or much related to water 
absorption is a common problem for nanocomposites 
containing single metal oxide nanofillers. Water absorption on 
the single metal oxide nanofillers would degrade the 
nanocomposites by lowering the breakdown strength [11-12]. 
Recently, multi-element oxide nanofillers have shown unique 
characteristics such as having a compact structure with 
supreme thermal, mechanical, and electrical properties 
compared to single-metal oxide nanofillers [13-14]. Samad et 
al [15] found that polyethylene (PE) nanocomposites 
containing magnesium aluminate (MgAl2O4) had greater 
breakdown strength than that of PE containing Al2O3. 
Meanwhile, Virtanen et al [13] reported that calcium 
carbonate (CaCO3) with 150 nm in size and homogeneously 
well dispersed has increased the DC breakdown strength of 
PP. Besides that, the addition of CaCO3  has improved the 
thermal stability of PP [16-17] and poly(vinylidene fluoride) 
(PVDF) [18]. Lin et al. [19] demonstrated that the 
crystallization temperature of PP nanocomposites increased 
with the CaCO3 nanofiller loading level. Similar observation 
was reported by Fuad et al. [20]. Generally, the improvement 
in thermal, mechanical, and electrical properties was led by a 
high specific surface area possesses by the CaCO3 nanofiller. 
Although the use of multi-element oxide nanofillers in 
nanocomposites seems promising, the application of such 
nanofillers is less well explored from the perspective of 
nanocomposite dielectrics.  

Therefore, it is important to study the effect of different 
multi-element oxide nanofillers on the dielectric properties of 
PP. In this work, three different types of multi-element oxide 
nanofillers, i.e., MgAl2O4, CaCO3, and surface-modified 
CaCO3 nanofillers, were considered. The developed 
nanocomposites were characterized and tested by means of 
scanning electron microscopy (SEM), Fourier transforms 
infrared (FTIR) spectroscopy, and DC breakdown testing. 



II. RESEARCH METHOD 

A. Sample Preparation 

The PP used was a PP blend composed of 50% PP 
homopolymer and PP impact copolymer. The product grade 
of these PPs were TITANPRO 6531M and TITANPRO 
SM340, respectively, and were obtained from Lotte Chemical 
Titan. Besides that, MgAl2O4 nanofiller was obtained from 
Sigma Aldrich. According to the manufacturer, MgAl2O4 has a 
size of less than 50 nm. Meanwhile, CaCO3 and CaCO3T 
(surface modified) were obtained from SkySpring 
Nanomaterials. The obtained calcium carbonate has a particle 
size of 15-40 nm. 1, 2, and 5 wt% of nanofiller loading levels 
were chosen. PP nanocomposites containing MgAl2O4, 
CaCO3, and CaCO3T were prepared by using a Brabender 
melt mixer. The temperature, rotational speed, and duration 
were set at 180 °C, 50 rpm, and 10 min, respectively. The 
hydraulic laboratory press was used to obtain thin-film 
samples with 100 µm in thickness. The temperature and 
pressure were set to 180 °C and 3 ton, respectively. The melt 
pressed samples were then left to cool down naturally under 
laboratory ambient conditions. For convenience, all samples 
were designated using the general notation “P/F/A”. In this, P 
refers to the polymers, F signifies the nanofiller type, and A 
represents the amount, as indicated in Table I.  

B. Scanning Electron Spectroscopy 

The morphological structure and dispersion state of the 
MgAl2O4, CaCO3, and CaCO3T within PP were obtained 
using Hitachi TM3000 SEM. As such, the voltage and 
working distance were set to 15 kV and 38 mm, respectively. 
The fracture surfaces of the samples were then sputter-coated 
with platinum using Quorum SC 7620 automated platinum 
sputter coater at 15-18 mA for 1 min to minimize charge 
accumulation and poor resolution during SEM. 

C. Fourier transforms infrared 

Fourier transform infrared (FTIR) spectroscopy 
(Shimadzu spectrometer model IRTracer-100) was used to 
obtain chemical information pertaining to the materials. Thin-
film samples (nominally 100 µm in thickness) were 
characterized for this purpose and the spectral data were 
collected from 500 to 4000 cm-1 over 8 scans at 4 cm-1 
resolution. 

D. Electrical Breakdown 

DC breakdown tests were performed using a dielectric 
strength tester. The schematic diagram of the experimental 
setup for the DC breakdown strength test is illustrated in Fig. 
1. The thickness of each test sample was approximately 100 
µm. The samples were sandwiched between two steel ball 
electrodes and were immersed in mineral oil to prevent surface 
flashover. A DC step voltage of 2 kV every 20 s was applied 
until breakdown. 15 breakdown points were recorded for each 
sample type, and the breakdown  

TABLE I.  SAMPLE DESIGNATION 

Samples (P/F/A) Polymer (P) Filler (F) Amount (A) 

PP/0/0 PP No filler 0 wt% 

PP/MgAl2O4/1 PP MgAl2O4 1 wt% 

PP/MgAl2O4/2 PP MgAl2O4 2 wt% 

PP/MgAl2O4/5 PP MgAl2O4 5 wt% 

PP/CaCO3/1 PP CaCO3 1 wt% 

PP/CaCO3/2 PP CaCO3 2 wt% 

PP/CaCO3/5 PP CaCO3 5 wt% 

PP/CaCO3T/1 PP CaCO3T 1 wt% 

PP/CaCO3T/2 PP CaCO3T 2 wt% 

PP/CaCO3T/5 PP CaCO3T 5 wt% 

 

 

Fig. 1. Schematic diagram illustrating the experimental setup for DC 

breakdown test 

data were analyzed using the two-parameter Weibull 
distribution. 

III. RESULTS AND ANALYSIS 

A. Fourier Transformed Infrared Spectroscopy 

The FTIR spectra of MgAl2O4, CaCO3, and CaCO3T 
nanopowders are presented in Fig.2. It can be observed that 
MgAl2O4 has two absorption bands located at 686 cm-1 and 
526 cm-1. These absorption bands are indicative of the 
stretching vibration of MgO4 tetrahedral and AlO6 
octahedralgroups, respectively. Besides that, a weak 
absorption band at about 3400 cm-1 can be observed, which 
representing the presence of surface hydroxyl groups and 
related water molecules on MgAl2O4 [4]. Meanwhile, CaCO3 
and CaCO3T show three absorption bands. Specifically, those 
absorption bands located at 1418 cm-1, 873 cm-1, and 707 cm-

1 spectra, which are indicative of the fundamental bands of the 
calcite structure and asymmetrical stretching vibration peaks 
of O-C-O.  

The FTIR spectra of the unfilled PP and PP 
nanocomposites containing 1, 2, and 5 wt% of MgAl2O4, 
CaCO3, and CaCO3T are shown in Fig. 3. For the unfilled PP, 
the absorption peaks between 2836 cm-1 and 2950 cm-1 
representing the stretching vibration of methyl and methylene 
groups. Meanwhile, the absorption peaks from 844 cm-1 to 
1458 cm-1 show the bending vibration of methyl and 
methylene groups. By adding MgAl2O4 nanofiller into PP, a 
characteristic absorption peak of MgAl2O4 at 686 cm-1 (as 
discussed previously) can be observed, and the peak becomes 
more apparent with increasing MgAl2O4 loading. Meanwhile, 
the addition of CaCO3 and CaCO3T to PP results in additional 
absorption bands that belong to the nanofillers at 873 cm-1 and 
707 cm-1. These demonstrate the successful addition of 
MgAl2O4, CaCO3, and CaCO3T to PP. 

B. Scanning Electron Spectroscopy 

Fig. 4. shows the SEM micrograph of unfilled PP and PP 
nanocomposites containing MgAl2O4, CaCO3, and CaCO3T to 
PP. The SEM micrograph of the unfilled PP as demonstrated  

 

Fig. 2. FTIR spectra of MgAl2O4, CaCO3, and CaCO3T nanopowders. 
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Fig. 3. FTIR spectra comparing unfilled PP and nanocomposites 

containing 5 wt% of MgAl2O4, CaCO3, and CaCO3T. 
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Fig. 4. SEM micrograph of (a) PP/0/0, (b) PP/MgAl2O4/1, (c) 

PP/MgAl2O4/2, (d) PP/MgAl2O4/5, (e) PP/CaCO3/1, (f) PP/CaCO3/2 (g) 

PP/CaCO3/5, (h) PP/CaCO3T/1, (i) PP/CaCO3T/2, and (j) PP/CaCO3T/5 

in Fig. 4a shows that there was no phase separation in this 
system. Nevertheless, the structure of this system is not well 
revealed. Meanwhile, Fig. 4b, 4c, and 4d show SEM images 
of nanocomposites containing 1, 2, and 5 wt% of MgAl2O4. 
Significantly, good dispersion of MgAl2O4  down to ~100 nm 
can be observed  (arrowed), albeit that some agglomeration of 
MgAl2O4 is present (circled). Of note, the agglomeration 
appears more apparent with increasing MgAl2O4 (compare 
Fig. 4b and Fig. 4d). Besides that, Fig. 4e, 4f, and 4g show the 
SEM morphology of nanocomposites containing 1, 2, and 5 
wt% of CaCO3, respectively. Figures 4h, 4i, and 4j contain 
equivalent images obtained from nanocomposites containing 
1, 2, and 5 wt% of CaCO3T, respectively. Again, good 
dispersion of CaCO3 and CaCO3T down to ~100 nm can be 
observed. With a modified nanofiller surface, better CaCO3T 
dispersion in PP can be observed compared to MgAl2O4 and 
CaCO3. The agglomeration of nanoparticles is well known to 
be one of the dominant factors that affect the dielectric 
properties of nanocomposites. SEM analysis suggests that 
nanocomposites containing CaCO3T contain more small 
particles compared to nanocomposites containing MgAl2O4 
and CaCO3. 

C. Electrical Breakdown 

Fig. 5. compares the DC breakdown strength of unfilled 
PP and nanocomposites containing 1, 2, and 5 wt% of 
MgAl2O4, CaCO3, and CaCO3T nanofillers; derived Weibull 
parameters are listed in Table II. The DC breakdown strength 
of unfilled PP was 323±18 kV mm-1. By adding 1 wt% of 
MgAl2O4 to PP, the DC breakdown strength was reduced to 
218 ± 10 kV mm-1. A further reduction in the DC breakdown 
strength is observed when added 2 wt% and 5 wt% of 
MgAl2O4 to PP. Meanwhile, adding 1 wt% of CaCO3, the 
breakdown strength increased to 275±11 kV mm-1 and further 
increased to 300±7 kV mm-1 when added 1 wt% of CaCO3T 
into PP. Similarly, the DC breakdown strength of PP 
nanocomposites containing CaCO3 and CaCO3T was reduced 
at higher nanofiller loading levels. This result shows that 
agglomeration can cause severe effects on the DC breakdown 
strength of the evaluated samples. Besides that, the much 
lower DC breakdown strength possesses by PP 
nanocomposites containing MgAl2O4 was also contributed by 
the presence of water. According to Guo et al. [21], the 
presence of water within the nanocomposites enhanced the 
electrical conduction, which subsequently leads to a reduction 
in the DC breakdown strength [22]. 

 

Fig. 5. DC breakdown strength comparing unfilled PP with PP 

nanocomposites containing MgAl2O4, CaCO3, and CaCO3T, respectively 
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TABLE II.  DC BREAKDOWN PARAMETERS 

Sample α (kVmm-1) β 

PP/0/0 323 ± 18 17 ± 8 

PP/MgAl2O4-1/0 218 ± 10 10 ± 4 

PP/CaCO3-1/0 275 ± 11 11±4 

PP/CaCO3T-1/0 300 ± 7 20 ± 7 

PP/MgAl2O4-2/0 176 ± 6 13 ± 5 

PP/CaCO3-2/0 245 ± 12 9 ± 3 

PP/CaCO3T-2/0 271 ± 19 7 ± 2 

PP/MgAl2O4-5/0 137 ± 10 7 ± 3 

PP/CaCO3-5/0 240 ± 6 13 ± 3 

PP/CaCO3T-5/0 249 ± 8 14 ± 6 

 

Zha et al. [11] stated that the conductivity of 
nanocomposites has a proportional relationship with 
nanofiller content. For instance, a low amount of nanofiller 
added to the polymer provides low conductivity of the 
nanocomposites. The lower conductivity, in return, improve 
the DC breakdown strength. On the other hand, the 
agglomeration of the nanofiller will introduce impurities in the 
polymer. The ionization of impurities promotes the 
concentration of free electrons. Hence, reduced the 
breakdown strength. 

IV. CONCLUSIONS 

The current work reports on the effects of different multi-
element oxide nanofillers on the dielectric properties of PP 
The observed reduction in the DC breakdown strength of the 
investigated MgAl2O4, CaCO3, and CaCO3T based 
nanocomposites with increasing nanofiller loading levels is 
associated with the agglomeration of the nanofiller. Besides 
that, the much lower DC breakdown of PP nanocomposites 
containing MgAl2O4 was due to water absorption on the 
MgAl2O4 nanofiller. The increase in the DC breakdown of PP 
nanocomposites containing CaCO3T was attributed to the fine 
and homogeneously distributed nanofillers in PP. 
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