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Abstract

In this work, synthesized Fe, O3, TiO, and NiFe,O,4 nanoparticles dispersed high density polyethylene
(HDPE) polymer matrix based Fe,O3;/HDPE, TiO,/HDPE, NiFe,O,/HDPE and
(Fe,O3/TiO,/NiFe,O,/HDPE) nanocomposites were fabricated. A comparative study on their
thermal properties, mechanical properties, optical properties, and DC electrical properties were
performed. The highest Young’s modulus was found in the Fe,O3/HDPE composite which is 30.47%
higher than the pure HDPE polymer alone. Hardness was improved in all composites, except for
NiFe,0,/HDPE nanocomposite. Decreased resistivity was observed in NiFe,O,/HDPE composite
only. The highest light absorption in UV—vis range was found in (Fe,O5/TiO,/NiFe,O0,)/HDPE
composite, also, the lowest optical band gap energy was found in TiO,/HDPE nanocomposite which
is 48.88% lower than the pure HDPE polymer alone. All HDPE based nanocomposites showed
improved thermal, mechanical, electrical and optical properties and they can be used in biomedical
and electronic devices.

1. Introduction

Inorganic nanoparticles dispersed polymeric composites possess unique and excellent properties because of the
synergic effect of nanoparticles and polymer matrix. With the improvement of mechanical properties of host
polymer the nanoparticles also help to induce variable electrical, optical, mechanical and thermal properties [1].
This induced novel physio-chemical properties make them a popular candidate for several applications. The
recent development of nanoscience and nanotechnology has enabled the production of various nanoparticles.
Therefore, a variety of nanoparticles can be added to polymer matrices in order to produce polymer
nanocomposites with desirable properties for increasing application.

High density polyethylene (HDPE) is one of the most demanding engineering plastics which expanding its
application continuously due to its regular chain structure, flexibility, low cost, low processing energy, easy to
process by most methods, excellent biocompatibility, good chemical resistance, weatherproof and good
mechanical strength [2]. Generally pure HDPE has been used as plastic bottles, toys, chemical containers, pipe
systems, ballistic plates, fuel tanks and plastic surgery. Also, HDPE based nanocomposites have been used in
food packaging, barrier applications, dielectric material, conducting composite and biomedical applications
[3,4]. However, several properties of HDPE can be improved by the addition of nanoparticles into this polymer
matrix and can be used as potential materials in both industrial and biomedical sectors [5].

Iron oxide i.e. hematite («-Fe,O3) is the most stable form of iron and extensively used as filler material in
nanocomposites for low cost, biocompatibility, corrosion resistance and non-toxicity properties [6]. Due to
having different physical and chemical properties, iron oxide-based nanocomposites have been used as magnetic
and microwave absorber, electrode for supercapacitor, EMI shielding, bioanalytical sensors, refrigeration and
high-density information storage [7, 8].
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Titanium dioxide (TiO,) belongs to the family of transition metal oxides. It is inert, non-toxic and cheap in
nanocomposite fabrication [9]. Nanocomposites based on TiO, nanoparticles are being used successfully in
solar cells, coatings, electron transport layer, membrane distillation, and food processing sectors [ 10, 11]. Nickel
ferrite (NiFe,O,) is one of the most important spinel ferrites that have been studied. It exhibits distinctive
physical and chemical properties when its size is reduced to nano size. This ferrite is particularly attractive to
researchers due to its high magnetocrystalline anisotropy, high saturation magnetization, unique magnetic
structure [12] magnetic separability, chemical stability and photocatalytic property [13]. It exhibits distinctive
physical and chemical properties when its size is reduced to nano size. At nano size nickel ferrite exhibits
distinctive physical and chemical properties, therefore, composites based on these nanoparticles have been used
extensively as electrodes for super capacitor, drug delivery, modifier for electrochemical sensor, cholesterol
biosensor and microwave absorber [14, 15].

In previous studies, many researchers fabricated high density polyethylene based polymer composites such
as Hydroxyapatite/HDPE [16], SiO,/HDPE [17], MMT/HDPE [18], MWCNTs/HDPE [19], BN/HDPE [20],
and clay/HDPE [21]. However, minor importance was given to investigate the synergic effect of Fe,O3, TiO, and
NiFe,0, nanoparticles in a polymeric system. Therefore, in view of mentioned advantages and vast utility above,
itis necessary to investigate the individual and mutual effect of those nanoparticles in HDPE polymer composite.

The aim of this work is to fabricate high density polyethylene based nanocomposites using 5 wt% of
synthesized Fe, 03, TiO,, NiFe,0, as well as (Fe, O3 /Ti0,/NiFe,0,4) nanoparticles as reinforcement. Also,
perform a comparative study to evaluate the mechanical, thermal, electrical and optical properties of those
fabricated composites. According to the applications and scopes discussed above, these newly fabricated
nanocomposites could be potentially useful for biomedical as well as many industrial purposes.

2. Materials and methods

2.1. Materials

The chemicals and materials used in this research were: anhydrous ferric nitrate Fe(NOs); (Merck, India),
anhydrous citric acid C4HgO7 (Merck, India), titanium isopropoxide Til[OCH(CH3), 14 (Sigma-Aldrich,
Germany), iso-propyl alcohol (CH3),CHOH (Sigma-Aldrich, Germany), Anhydrous nickel chloride NiCl,
(Merck, India), anhydrous ferric chloride FeCl; (Merck, India), sodium hydroxide NaOH (Merck, India), high
density polyethylene (HDPE) (Nasim Chemicals Ltd, BD).

2.2. Synthesis of nanoparticles

Iron oxide nanoparticles were synthesized chemically following modified sol-gel method [22] by dropwise
addition of 200 ml (0.1 M) iron nitrate (Fe(NOs3)5) and 800 ml (0.1 M) citric acid (C¢HgO-) solution under
vigorous stirring. This mixture was heated to 70 °C under continuous stirring until the gel formation and the gel
was then dried by evaporation. The dried gel was annealed at 250 °C for 2 hours, cooled, and grinded by mortar
and pestle to get Fe,O3 nanopowder.

Titanium dioxide nanoparticles were synthesized chemically following modified sol-gel [23] method by
mixing 15 ml titanium isopropoxide (TifOCH(CH3),]4) and 100 ml iso-propyl alcohol ((CH3),CHOH) and
stirred 10 min vigorously. Further, dropwise 10 ml de-ionized water was added to the mixed solution for gel
formation under continuous stirring for 2 hours. The gel was then left for 24 hours in a dark place for aging.
After ageing it was dried in an oven and annealed at 550 °C for 2 hours to get white TiO, nanopowder.

Nickel ferrite nanoparticles were synthesized chemically following modified co-precipitation method [24]
by mixing 100 ml (0.2 M) nickel chloride (NiCl,) and 100 ml (0.4 M) ferric chloride (FeCl;) solution. Later, 3 M
solution of sodium hydroxide (NaOH) was added dropwise under vigorous string until a p" level >12 was
reached and the mixture solution was heated for 60 min at 80 °C with vigorous stirring. The produced black
precipitate was filtered using filter paper. The product was then washed several times with distilled water and
ethanol as well as dried overnight above 80 °C. Later, the dried product was annealed for 4 hours at 250 °C and
grinded to get fine NiFe,O4 nanopowder.

2.3. Fabrication of nanocomposites

Synthesized Fe, O3, TiO,, and NiFe, O, nanoparticles based HDPE polymer matrix nanocomposites were
fabricated by hot compression molding method (Carver-4128, Model 30-12 H, USA) at temperature 155 °C. To
prepare a composite sheet, Fe,0; nanopowder (5 wt%) and HDPE granules were placed between two brass
plates. When the temperature of both upper and lower plates reached 155 °C, the sample was melted for 8 min
and then 5 tons pressure was applied for 3 min. After proper cooling the pressure was released and the fabricated
sample was taken out. As the HDPE polymer is in granular form and Fe, O3 is in powder form, therefore, for well
dispersion of nanomaterials in polymer matrix the fabricated sheet was cut into very small pieces and repeated
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the method as described above. Thus, the polymer nanocomposites of 1 mm thickness were fabricated, where
the thickness was confirmed by using a digital caliper (Mitutoyo, Series: 500/300 mm, Japan).

TiO,, NiFe, 0y, and (Fe,05/Ti0,/NiFe,0,4) nanoparticles filled polymer nanocomposites were fabricated
following the same method as described above, where TiO, (5 wt%), NiFe,O, (5 wt%), and 1.66 wt%
Fe,O5 + 1.66 wt% TiO, + 1.66 wt% NiFe,O,4 nanoparticles were used as filler materials respectively instead of
Fe,03 nanoparticles.

2.4. Characterization
Synthesized nanoparticles were characterized by XRD, SEM and EDS analysis. XRD patterns of the synthesized
nanoparticles were taken by an x-ray diffractometer (BRUKER D8 ADVANCE, GERMANY). The diffraction
patterns were recorded at room temperature using Cu Ko radiation (A = 1.5406 A) for Bragg’s angle varying
from 10° to 70°, and particles size were measured using Debye-Scherer equation, wherek = 0.94 and
A = 0.154 06 nm [25, 26]. The surface morphology of the nanoparticles was observed using FE-SEM (JEOL,
JSM-7610F, JAPAN) operated at 10 kV. During the SEM test, EDS data was taken from the same sample.
Fabricated nanocomposites thermal, mechanical, micro-hardness, DC electrical, and optical properties
were also characterized. The mechanical properties i.e. tensile strength, elastic modulus and fracture of the
fabricated composites were measured by a universal Testing Machine (HOUNSFIELD, H10KS, UK) with a
2 mm min~ ' speed and 25 mm gauge length. The hardness of the nanocomposites was investigated using micro
hardness tester SHIMADZU, HMV-2,JAPAN) at 98.07 mN, 245.2 mN, and 490.3 mN load range for 10 s
indentation time with 5 times repetition for each sample. The DC analysis was done by an electrometer
(KEITHLEY, 6517B, USA) varying voltage from 0 to 40 V to measure output current. The DC electrical
measurement was done by following two probe method. The optical absorption was measured using UV—-Vis
spectrophotometer (SHIMADZU, UV-1601, JAPAN) in the range of 190-1100 nm and optical band gap energy
was calculated using Tauc’s plot [27].

3. Results and discussion

3.1. XRD analysis of nanoparticles

All XRD spectra for synthesized Fe, O3, TiO,, and NiFe,O, nanoparticles are illustrated in figure 1 and the
obtained data is tabulated in table 1. According to the figure 1, the peaks appeared at the 26 range can be indexed
to crystalline hematite (a-Fe,O3), anatase (Ti0,), and inverse spinel structure of NiFe,O, respectively by
comparison with JCPDS Card File No. 33-0664, 21-1272, and 10—-0325 respectively. The particle size (D) of
synthesized Fe,O3; was 11.45—42.40 nm, TiO, was 4.69—-7.16 nm, and NiFe,O, was 8.53—111.98 nm. The average
particle size (D,,) for Fe,03, TiO,, and NiFe,O, was found to be 28.68, 5.72 and 56.65 nm respectively.

3.2. SEM analysis of nanoparticles

The SEM image of fabricated Fe,O3, TiO, and NiFe,O, nanoparticles are represented in figure 2. The SEM
image confirms the formations of nanoparticles which agrees with the result found from the XRD analysis. The
figure represents that the produced Fe,0; and NiFe, O, nanoparticles are irregular in shape, whereas, TiO,
nanoparticles is almost spherical in shape. Although some particles are agglomerated, most of the particles can
be identified by the nanometer scale are termed as primary particles. Typical nanoparticles are agglomerates of
several primary particles. The agglomerates are termed as secondary particles. They formed when primary
particles are held together by weak surfaces forces (soft agglomerates) such as van der Waals or capillary forces or
by strong chemical bonds (hard agglomerates).

3.3. EDS analysis of nanoparticles

The EDS spectrum of synthesized Fe, 03, TiO,, and NiFe,O, nanoparticles are illustrated in figure 3 and
tabulated in table 2. According to figure 3(a) for Fe,O3 nanoparticles, the kinetic energy of the emitted electrons
foriron (Fe) and oxygen (O) atom was found 6.398 keV and 0.525 keV respectively. The weight compositions of
Fe and O were found to be 72.86% and 27.14% respectively, which is in good agreement with the theoretical
values of Fe (69.944%) and O (30.06%) in the a-Fe,O5; compound. According to figure 3(b) for TiO,
nanoparticles, the kinetic energies of the emitted electrons for titanium (Ti) and oxygen (O) atom were found
4.508 keV and 0.525 keV respectively. The weight compositions of Tiand O were found to be 56.43% and
43.57% respectively, which is in good agreement with the theoretical values of Ti (59.93%) and O (40.07%) in
TiO, compound. According to figure 3(a) for NiFe,O, nanoparticles, the kinetic energy of the emitted electrons
for nickel (Ni), iron (Fe) and oxygen (O) atom were found 7.471 keV, 6.398 keV and 0.525 keV respectively. The
weight compositions of Ni, Fe, and O were found to be 19.61%, 69.31% and 11.08% respectively, which is in

3



I0OP Publishing Mater. Res. Express 6 (2019) 085092 M T Rahman et al

200

150

100

50

- N
v o
[= =1

100

Intensity (a.u.)

uv
o

(c)

400

(311)

300

(400)

200

(422)

100

(222)
(511)
(440)

L. (220)

e I W
10 20 30 40 50 60 70
2-theta (deg)

Figure 1. XRD pattern: (a) Fe,O5 nanoparticle synthesized by sol-gel method, (b) TiO, nanoparticles synthesized by sol-gel method,
and (c) NiFe,O, nanoparticles synthesized by co-precipitation method.

Table 1. Fe,0;, TiO, and NiFe,O,4 nanoparticles size calculated from XRD pattern.

Peak position Corresponding crystal FWHM Particle diameter, Average diameter, D,
Nano-particle 26 (Deg.) plane (Deg.) D (nm) (nm)
24.096 (012) 0.20 42.40
33.187 (104) 0.253 34.21
35.643 (110) 0.307 28.38
40.801 (113) 0.24 36.87
43.42 (202) 0.78 11.45
49.43 (024) 0.26 35.12
Fe,05 54.007 (116) 0.29 32.10 28.68
57.45 (122) 0.81 11.68
62.42 (214) 0.42 23.09
63.98 (300) 0.31 31.55
25.31 (101) 1.188 7.16
37.973 (004) 1.806 4.86
TiO, 47.98 (200) 1.39 6.53 5.72
54.55 (105) 1.99 4.69
62.73 (204) 1.81 5.37
27.36 (220) 0.13 65.66
31.703 (311) 0.077 111.98
35.36 (222) 1.02 8.53
45.435 (400) 0.103 87.3
NiFe,0, 56.463 (422) 0.23 40.93 56.65
62.93 (511) 0.85 11.44
66.23 (440) 0.14 70.74
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Figure 2. SEM images at 10 000 magnifications: (a) Fe,O3, (b) TiO,, and (c) NiFe,O, nanoparticles.

4000 —
3600 —

Fe20
3200 2
2800 —
2400 —

2000 —

Fela
FeKa

1600 —

1200 —

800

400

2700

2400

— FeKesc

FeKb

(b

—

TiKa

Tio,

2100 —

OKa

1800 —

Counts

1200 —

-]
8
|
— TiKesc
— Tikb

1100
1000

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 .00 10.0

KeV

Figure 3. EDS spectra generated at 10 kV accelerating voltage: (a) Fe, O3, (b) TiO,, and (c) NiFe,O,4 nanoparticles.

good agreement with those of the theoretical values of Ni (25%), Fe (47.7%) and O (19.7%) in the NiFe, O,
compound. All represented data above confirms the formation of pure Fe,O3, TiO,, and NiFe,O,4 nanoparticles.

3.4. Thermal analysis of nanocomposites

Figure 4 represents the TGA curves of all nanocomposite samples and the results are also tabulated in table 3.
According to figure 4 it is seen that this is one step decomposition process. Minor weight loss occurred between
25 t0 400 °C due to evaporation of water and liberation of CO and CO, gases [28]. Significant weight loss
occurred for HDPE between 454 to 501 °C (which is similar to the previously reported results [29]),
Fe,05;/HDPE between 476.9 to 509.5 °C, TiO,/HDPE between 469.6 to 507.9 °C, NiFe,O,/HDPE between
466.9 t0 506.2 °C and (Fe,O5/TiO,/NiFe,0,)/HDPE between 476.2 to 508.3 °C molecular interaction,




I0OP Publishing Mater. Res. Express 6 (2019) 085092 M T Rahman et al

Table 2. Comparison of atomic mass percentage for Fe,O3, TiO, and NiFe,O, nanoparticles obtained from EDS with

theoretical values.
Atomic mass percentage (%)
Nano-particle sample Elements Electron ejection energy (KeV) Calculated value Theoretical value
Fe,O3 Fe 6.398 72.86 69.944
(€] 0.525 27.14 30.06
TiO, Ti 4.508 56.43 59.93
O 0.525 43.57 40.07
NiFe,0, Ni 7.471 19.61 25
Fe 6.398 69.31 47.7
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Figure 4. TGA curve for HDPE and HDPE polymer matrix nanocomposites.

Table 3. Thermal decomposition data for HDPE and HDPE
nanocomposites.

Degradation

temperature
Sample name (°C) Residual (%)
HDPE 454-501 1.8
Fe,O;/HDPE 476.9-509.5 5.2
TiO,/HDPE 469.6-507.9 8.3
NiFe,0,/HDPE 466.9-506.2 12.5
(Fe,05/TiO,/NiFe,0,)/HDPE 476.2-508.3 17.5
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Figure 5. Stress-strain curve for HDPE and HDPE polymer matrix nanocomposites.

complex formation and dehydration of —OH groups in nanoparticles [30]. Above this temperature and up to the
end the weight loss remains constant. The nano-sized particles being present in the polymer matrix reduced the
motion of molecular chain of the polymer [31] by increasing molecular weight of the polymer [32]. Also, the low
thermal conducting nanoparticles acted as barrier medium to hinder the diffusion of volatile products produced
during the decomposition of the composites [33] resulting low thermal degradation of the polymer composite.
Above this degradation temperature ranges the weight remains constant and the residual weights found at
around 594 °C are approximately 1.8, 5.2, 8.3, 12.5 and 17.5% for HDPE, Fe,O;/HDPE, TiO,/HDPE,
NiFe,0,/HDPE and (Fe,05/TiO,/NiFe,0,)/HDPE composites respectively. The nanocomposites left higher
percentages of residues which might be assumed as the weight of the respective loaded nanoparticles and its
organometallic complexes. Among the nanocomposites, NiFe,O,/HDPE as well as
Fe,03/Ti0,/NiFe,0,)/HDPE nanocomposites gave higher residual weights of 12.5 and 17.5% respectively at
the high temperature at around 594 °C, NiFe,O, nanoparticle more preferably interact with fragments of HDPE
units forming a stable metal complex resulting higher residual weight. This phenomenon also reflected more
significantly in the case of (Fe,0;/TiO,/NiFe,0,)/HDPE composite giving 17.5% residual weight. Thus in
presence of nanoparticles, the polymer becomes more thermally stable compared to the pure HDPE polymer.

3.5. Mechanical test of nanocomposites

3.5.1. Tensile test

The stress-strain curve (Tensile) for HDPE based nanocomposites are represented in figure 5. The curves have
two regions- one is the elastic region where composites deform elastically and another is the plastic region from
where plastic deformation starts. The stress of the pure HDPE reaching at maximum (above 20 MPa) falls
quickly to 12.5 MPa and remains almost constant with continuous strain up to the end, whereas, all
nanocomposites showed lower stress and they all fractured within 450% of their strain due to stiffening effect of
nanoparticles.

The figures 6(a)—(c) show the effect of different nanoparticles addition on tensile strength, Young’s modulus
and fracture energy respectively in HDPE polymer matrix. According to the figure 6(a), the tensile strength of
pure HDPE was found 20.084 MPa (which is similar to the previously reported results [34]) which is higher than
any nanocomposite. The respective tensile strength found for the addition of Fe,O3, TiO,, NiFe,0, and
(Fe,03/Ti0,/NiFe,0,4) nanoparticles into the polymer was 19.64, 18.18 (which is consistent with previously
reported results [35]), 15.97 and 18.14 MPa which is respectively 2.21%, 9.48%, 20.46% and 9.67% lower than
the HDPE polymer alone. The lowest tensile strength was found in the NiFe,0,/HDPE nanocomposite. This
might be due to the bigger size of NiFe,O, nanoparticles which restricted this nanoparticle to fill inter molecular
spaces compared to other smaller nanoparticles. The mechanical properties of nanoparticles dispersed polymer
composites do not always improve [36]. Nanoparticles have high surface energy with a greater tendency to
agglomerate [37] and agglomerated nanoparticles are shown in SEM images. Thus, the agglomerated
nanoparticles which acted as stress-concentrating centres inside the HDPE matrix are responsible for lower
tensile strength in nanocomposites. Some inherent defects were produced such as voids, holes during
fabrication of nanocomposites by simple melt mixing process which is another reason for the reduction of the
tensile strength in fabricated composites [38]. Moreover, inorganic nanoparticles are hydrophilic so they are not
compatible with the hydrophobic polymer [39] such as HDPE; therefore, the interfacial adhesion was not strong
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Figure 6. Effect of nanoparticles addition on (a) Tensile strength, (b) Young’s modulus, and (c) Fracture energy in HDPE and HDPE
polymer matrix nanocomposites.

enough to stand up to large mechanical forces resulting in lower tensile strength [40]. Due to having lower tensile
strength, those composites will tear apart under lower tensile load compared to pure HDPE polymer.

According to figure 6(b), the investigated young’s modulus of HDPE was found 698 (previously reported
606.3 MPa [41]) MPa, which is lower than any nanocomposite. The respective Young’s modulus found for the
addition of Fe,03, TiO,, NiFe,0,4, and (Fe,05/TiO,/NiFe,0,) nanoparticles into the polymer matrix were
1004, 858 MPa[35], 813 and 786 MPa which is respectively 43.83%, 22.92%, 16.47%, and 12.60% higher than
the HDPE polymer alone. The highest Young’s modulus was found in the Fe,0;/HDPE nanocomposite. The
presence of highly stiff nanoparticles in the polymer matrix is responsible for increasing the Young’s modulus of
the HDPE polymer [42]. The deformation of the HDPE polymer becomes reduced, because with nano-size the
particles can easily fill the intermolecular space of the polymer as well as can resist the dislocation movement
which makes the polymer much hard and brittle [37]. Consequently, the composite can bear more loads
compared with pure HDPE polymer resulting in higher Young’s modulus.

According to the figure 6(c), the experimental value of fracture energy for HDPE was found 15.5 ] mm 2,
which is higher than any nanocomposite. The respective fracture energy found for the addition of Fe, O3, TiO,,
NiFe,0, and (Fe,05/Ti0,/NiFe,0,4) nanoparticles into the polymer matrix was 1.05,0.3, 1.38 and 0.99 ] mm 2
which is respectively 93.22%, 97.61%, 91.41% and 93.61% lower than the HDPE polymer alone. The lowest
fracture energy was found in TiO,/HDPE nanocomposite. However, in presence of nanoparticles the matrix
becomes less elastic causing less deformation resulting overall reduction of strain [37]; therefore, less energy is
needed to tear the composites which reduce the total area under the stress-strain curve. Thus the fracture energy
of the nanocomposites becomes lower than the pure HDPE polymer matrix. Due to having lower fracture
energy alesser amount of load will be required to fracture the composite compared to the pure HDPE polymer.

3.5.2. Microhardness test

Figure 7 shows the variation of Vicker’s hardness of the fabricated nanocomposites for the addition of different
nanomaterials in HDPE polymer matrix at same loading. The Vicker’s hardness number of HDPE,
Fe,05;/HDPE, TiO,/HDPE, NiFe,O,/HDPE and (Fe,05/TiO,/NiFe,0,)/HDPE samples under 98.07 mN,
245.2 mN and 490.3 mN load were found {5.09, 5.12, 6.08,4.41,5.03 HV }, {5.54,5.61,5.91,4.40,5.91 HV} and
{5.37,5.42,6.11,4.56, 5.60 HV} respectively. It is observed that due to the addition of Fe,O3, TiO, as well as
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Figure 8. Effect of nanoparticles addition on I-V characteristics in HDPE and HDPE polymer matrix nanocomposites.

(Fe,05/Ti0,/NiFe,0,) nanomaterials in HDPE polymer matrix the hardness number was increased. In this
case, the fillers act as load bearing material, thus, deformation due to indentation was reduced. In addition, well
dispersion of nanoparticles and high binding affinity of the fillers with the HDPE polymer also favoured the
process. Due to increasing hardness, the composite becomes more stable under penetration or scratch. In
contrary, due to addition of NiFe,O, nanoparticles the hardness value decreased. This can be attributed to the
non-uniform dispersion of NiFe,O,4 nanoparticles due to the bigger size compared to other nanoparticles and
agglomeration of this nanoparticles into the HDPE matrix. However, several surface treatments can be done to
prevent nanomaterials from agglomeration to utilize their unique characteristics in composite materials.

3.6. DC electrical studies of nanocomposites
The effect of nanoparticles addition on I-V characteristics curve and resistivity of HDPE polymer is illustrated in
figures 8 and 9 respectively. According to figure 8, it is seen that DC electrical conductance of HDPE increased
due to the addition of NiFe,O, nanomaterials, whereas, the conductance decreased due to the addition of TiO,,
Fe, 03 and (Fe,05/TiO,/NiFe,0,) nanomaterials. Here the current increased almost linearly in response to
increased voltage. The maximum current conduction was observed for the NiFe,O,/HDPE composite,
whereas, the lowest conduction was observed for TiO,/HDPE composite. Due to having lower conductance, the
composite becomes more electrically insulator.

According to figure 9, the resistivity of pure HDPE polymer was found 5.79 x 10'° Q.cm. The resistivity of
Fe,03/HDPE, TiO,/HDPE and (Fe,05/TiO,/NiFe,0,)/HDPE composite were found 6.39 x 10'°,
6.62 x 10'°and 5.98 x 10'° Q.cm respectively, all that are higher than the HDPE polymer matrix alone. In
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Figure 10. Variation of absorbance with wavelength for HDPE and HDPE polymer matrix nanocomposites.

contrast, the lowest resistivity was found in NiFe,O,/HDPE composite which was 5.53 x 10'° Q.cm. Thus, the
nanoparticles make the composites as a good candidate material where electrical insulation is needed.

The lowered conductance can be attributed to the formation of deep traps at the interface between
nanoparticles and matrix material [43, 44]. These interfacial traps were produced during the mixing of
nanoparticles with molten HDPE polymer by hot compression molding method [38]. At the time of current
flow, the charge carriers were captured in the deep tarps and carrier mobility was reduced resulting in higher
resistivity [45]. In contrast, due to percolation threshold [46], NiFe,O, nanoparticles agglomerated to create a
continuous path (percolated path) and formed a conductive pattern. Besides, the bigger size of the NiFe,0,
nanoparticles also helped to form this conductive path. Thus the tunneling effect became responsible for
increasing conductance as well as decreasing resistivity in the NiFe,O,/HDPE composite.

3.7. Optical properties of nanocomposites

The Ultraviolet-Visible light absorption spectra for pure HDPE polymer and fabricated nanocomposites are
presented in figure 10. Itis seen that, due to the addition of Fe, O3, TiO,, NiFe,O, as well as
(Fe,05/Ti0,/NiFe,0,) nanoparticles in the HDPE polymer matrix, the absorption spectra between the UV—vis
range was shifted to higher wavelength resulting in higher light absorption. Most significantly, linear absorption
spectra in the UV—vis range was seen for the (Fe,O5/Ti0,/NiFe,0,)/HDPE nanocomposite, thus, the highest
light absorption was found for this nanocomposite. The higher light absorption proves the higher light shielding
efficiency of nanocomposites in the UV—vis range than the pure HDPE polymer.

10



10P Publishing

Mater. Res. Express 6 (2019) 085092 M T Rahman et al

—— HDPE
3,51 0% < 5W1% Fe,0/HDPE
¥ —— 5wl% TiO/HDPE :
3.0x10°] — 5% NiFe,0 /HOPE

— 5wit% (Fe,0/TiO,/NiFe,0,HDPE

2.5x10°4

2.0x10°4

(czhv)?

1.5x10°
1.0x10°

5.0x10%

0.0

1 2 3 4 5 6
Photon energy, hv (eV)

Figure 11. Optical band gap of HDPE and HDPE polymer matrix nanocomposites.

Table 4. Optical band gap of HDPE and nanocomposites.

Optical band
gap

Sample name energy (eV) Decrease (%)
HDPE 45 —
Fe,O;/HDPE 2.5 44.44
TiO,/HDPE 2.3 48.88
NiFe,O,/HDPE 2.7 40
(Fe,03/Ti0,/NiFe,0,)/HDPE 2.4 46.66

The variation in optical band gap energy of fabricated nanocomposites is illustrated in figure 11 as well as
tabulated in table 4. According to the figure 11 itis clear that the addition of nanoparticles is responsible for
lowering the optical bandgap energy in composites. The direct optical band gap energy of pure HDPE polymer
was found 4.5 eV. Due to the incorporation of Fe,Os3, TiO,, NiFe,O,4 and (Fe,O3/TiO,/NiFe,0,) nanoparticles
the optical band gap was found 2.5, 2.3, 2.7 and 2.4 eV respectively, which is 44.44, 48.88, 40 and 46.66% lower
than the pure HDPE.

The transparency of nanocomposites depends upon the size and spatial distribution of nanoparticles in the
polymer matrix. The improved light absorbance is found in nanocomposites due to the successful dispersion of
nanoparticles into the polymer matrix where the particles restrict the light transmission by absorbing, blocking
or scattering the incident light [47]. Additionally, the opacity of nanocomposites can also be attributed to the
formation of a three-dimensional network of nanoparticles within the polymer matrix; in practice, it hinders the
light transmission through the material [37]. Increase in light absorption is responsible for shifting the
absorption spectra to a higher wavelength, which suggests a reduction in the optical band gap energy [48]. Also,
the agglomeration of nanoparticles formed clusters inside the matrix which helps to increase the nanoparticles
size is another important factor for lowering band gap energy [49]. Therefore, it can be concluded that the
agglomeration of nanoparticles inside matrix and light scattering at interface between nanoparticles and matrix
is responsible for lowering the optical band gap of pure HDPE polymer [50].

4. Summary

In this study, 5 wt% synthesized nanoparticles dispersed high density polyethylene (HDPE) based
nanocomposites were fabricated by hot compression molding method to evaluate their mechanical, optical and
electrical properties. Both Fe,O3 and TiO, nanoparticles were synthesized by sol-gel method as well as NiFe,0,4
nanoparticles were synthesized by co-precipitation method. The XRD, SEM and EDS data confirmed the
formation of hematite (a-Fe,03), anatase (Ti0,) and NiFe,O, nanoparticles with the average size 0f 28.68, 5.72
and 56.64 nm respectively. Higher young’s modulus, whereas, lower tensile strength as well as lower fracture
energy was found in all nanocomposites. The highest Young’s modulus, lowest tensile strength, and lowest
fracture energy were found in Fe,0;/HDPE, NiFe,O,/HDPE and TiO,/HDPE nanocomposites respectively.
Hardness was increased in all composites except for NiFe,O,/HDPE composite. Higher electrical conductance
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as well as lower resistivity was found in NiFe,O,/HDPE composite and opposite behavior was seen in the rest of
the composites. The higher light absorbance in the UV—vis range and lower optical bandgap energy were found
in all nanocomposites. The highest absorbance and lowest bandgap energy were found in
(Fe,05/Ti0,/NiFe,0,)/HDPE and TiO,/HDPE nanocomposites respectively. To the end, these newly
fabricated composites can be useful for biomedical applications, electromagnetic wave and UV shielding, super
capacitor as well as other industrial purposes.
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