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Abstract

We present an experimental and theoretical exploration of well-dispersed, distinctively stable,
fumed SiO, crosslinked polyethylene (XLPE) nanocomposites. The mechanical properties of
fumed SiO, /XLPE nanocomposites were assessed with different concentrations of fumed SiOz,
which had noticed that network morphology was immensely influential for the performance of
mechanical properties. A reasonable exploration of micromechanical models of composites
indicated that the theories of Nicolais—Narkis, and Pukanszky provided an excellent fit to yield
strength data of the composites considering the effect of the interphase between XLPE and SiOa.

Furthermore, it highlights that the experimental data can be superimposed with the static



micromechanical models of Nicolais—Narkis, and Pukanszky. Owing to the proper dispersion of
the SiO2 nanospheres in the XLPE matrix, the filler-polymer interactions are found to be enhanced.
Moreover, it resulted in the excellent insulation properties of the nanocomposites, which makes it
a better candidate for electrical cable insulating materials. The combined results of structural
characterizations by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD),
Differential Scanning Calorimeter (DSC), Dynamic Mechanical Analysis (DMA), Atomic Force,
and Transmission Electron Microscopy (AFM, TEM) confirmed the role of fumed SiO; as a

reinforcing mediator in the current system.
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1. Introduction

The primary purpose of insulation is to prevent electrical leakages.= It helps to maintain the utility
of the wire and assure that the conductors are separated electrically and physically within the cable.
Therefore, both the safety and effectiveness of the wire or cable depending on the materials are
used for insulation. Initially, paper insulation was used in the power industry; however, it was
replaced by plastics (thermosets and thermoplastics) later. Crosslinked polyethylene, abbreviated
as XLPE, is widely used for insulation purposes because of its high operational temperature,
reliability, high dielectric strength, low dielectric loss, chemical resistance, and durability.*®
Several studies were reported on XLPE based materials for medium and high voltage cable
insulation purposes, and these reports were mainly focused on electrical properties like breakdown
strength, partial discharge, electrical treeing, etc.”*® To pick the first-class material for the
electrical insulation purpose, thorough research on electrical properties and mechanical properties

is inevitable.16-18

Spherical inorganic SiO2 nanoparticles can depict innovative and promising nanomaterials due to
their unique mechanical, electrical, and thermal insulation properties.’®2! The outstanding
properties of SiO. can help make functional and novel engineered polymer nanocomposites for
several applications. Fumed SiO> based polymer nanocomposites have exceptional mechanical
stability, significant electrical and thermal insulation properties at a moderately low concentration
of fumed SiO2. Therefore, fumed SiO> based polymer nanocomposites are suitable for cable

insulation purposes.

In recent years, many research works contributed to understanding the factors that control the
morphology-property connection in the polymeric nanocomposites.?? Parameters such as the type
of nanofiller, the volume fraction, the aspect ratio, the dispersion, and the interphase characteristics
like strength and modulus will impact the mechanical performances of polymer
nanocomposites.?®2* Also, the large surface area of the nanoparticles aids the formation of a high
level of interphase in the nanocomposite, which may provide a powerful interplay between the
polymer matrix and the nanofiller (at a low content level).?* Theoretical studies could help gather
more understanding about the interphase and interfacial relations in polymer nanocomposites.?>2
For the complete interphase property determinations, micromechanical models have been

employed in Young's modulus and tensile strength predictions (mechanical properties of polymer



nanocomposites).?”?8 Various techniques have been formulated for modeling purposes in this
arena. Pukanszky?® (1990) developed a semi-empirical formula to predict the effects of filler
volume fraction and interfacial interactions on the yield strength of polymer composites. The
Pukanszky model is effectively applied for polymer nanocomposites, including nanofillers such as
SiO,, CaCOs, clay, etc.?”*%32 From the Pukanszky model?®%, the interaction parameter (B) can
be determined from the yield strength of nanocomposites. The parameter ‘B’ represents the

capability of stress transfer between the polymer matrix and particles.

This work divulges how the interfacial parameters influence both static and dynamic mechanical
properties of XLPE/ fumed SiO2 nanocomposites with the help of micromechanical models. This
article has proved that filler's reinforcing effect can enhance the mechanical and dielectric
properties of polymer systems. XLPE-SiO> and SiO2-SiO; interfaces are critical elements in
predicting the filler reinforcing effect. The mechanical properties are correlated with the theoretical
predictions of Pukanszky’s model. The structural characteristics of nanocomposites have been
studied by Fourier transform infrared spectroscopy (FTIR), X-Ray Diffraction (XRD), and
Differential Scanning Calorimetry (DSC). Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM) data indicated the dispersion of fumed SiO> and the interactions of
the SiO2 network in SiO2 /XLPE nanocomposites.

2. Materials and experimental techniques

Crosslinked polyethylene, density: 0.9-1.0 g/cm?® provided by Borealis AG (Vienna, Austria) was
used for this study. Fumed silica (Cab-O-Sil Ts-720 fumed silica, density: 2.2-2.3 g/cm?®, particle
size 40 to 130 nm, obtained from Cabot Corporation, United States) was used as the filler. Dicumyl
peroxide (DCP) was used as the cross-linker for forming XLPE. Brabender unit is utilized to mix XLPE
and fumed SiO> at 150 °C and 60 rpm for 12 minutes. Details for the fabricated nanocomposites

are shown in Table 1.

Brabender melt-mixed XLPE nanocomposites were compression molded in an SHP-30 model
hydraulic press with a pressure of 100 kg/cm?at 180 °C for 5 minutes.’343%



Table 1: Formulations of XLPE /fumed SiO2 nanocomposites

Sample name XLPE (%) Fumed SiO2
XLPE 100 0
0.5% 100 0.5%
1% 100 1%
3% 100 3%
5% 100 5%
10% 100 10%

Tensile properties of the nanocomposites were assessed through Universal Testing Machine
(Tinius Olsen) at a crosshead speed of 50 mm/min. Dumbbell-shaped samples with sizes of 33 mm
in length, 6 mm in width, and 2 mm in thickness were used for the tensile analysis according to
ASTM D 638. Dynamic mechanical properties were evaluated through a temperature sweep
method (Mettler Toledo, star system software). The temperature sweep of the testing was -140°C
up to +100°C with a constant heating rate of 3 °C/min and at 1 Hz frequency according to ASTM
D 4092. Wide-angle XRD analysis was conducted through a PANalytical powder x-ray
diffractometer with CuKa radiation, diffraction angle from 5 up to 50°, and a scanning rate of 2
°C/min. The FTIR spectra were taken by a Nicolet iS5 spectrometer with the reflection mode in
the range 700 up to 4000 cm™ (Nicolet, SMART Multi-bounce HART). Differential scanning
calorimetry (DSC) studies were conducted using the DSC Q100 TA instrument, coupled with a
Refrigerated Cooling System (RCS). The calibration in temperature and heat flow is performed
using standards like Indium. The experiments were conducted under an inert nitrogen atmosphere
with a flow of 50 mL/min. The samples were heated up to 160°C to erase the thermal history, and
cooled down to -60 °C at a cooling rate of 10 °C/min. Then, the samples were heated a second
time up to 160 °C at a heating rate of 10°C/min. The cooling and the second heating are analyzed
in this work. AFM (A-100 SPM, APE Research Nanotechnology, Italy) was used to study the
surface morphology of filler and composites. Images were recorded in contact mode using a silicon

nitride probe. Nanocomposites' surface morphology and tensile fractured surfaces were performed
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on a Zeiss LEO 1530-FESEM. All the samples were coated with a thin film of carbon black prior
to Scanning Electron Microscope (SEM) analysis. The morphology and dispersion of fillers in the
nanocomposites were analyzed through TEM (JEOL, JEM-2100). Ultrathin sections of Cryo-cut
specimens (~100 nm thickness) prepared using an ultramicrotome (Leica, Ultracut UCT) were
embedded on a 300 mesh Cu grid. Dielectric spectroscopy measurements were performed using a
Wayne Kerr 6500B dielectric instrument. The sample thickness was around 2 mm in all cases.
Permittivity was recorded in frequencies ranging from 20 Hz to 30 MHz at room temperature. The
silver paste was applied to the front and rear surfaces of the samples. Thermogravimetric analysis
(TGA) was carried out using a TGA Discovery instrument from TA INSTRUMENTS. The
analyses were carried out under nitrogen (25 mL/min) in the 30-800 °C range, at 10 °C/min
scanning rate, on 5-10 mg samples. The thermogram analysis determined the onset degradation
temperature (Tonset), the temperature corresponding to 5% mass loss, and the final residue at 800
°C.

3. Results and Discussion

3.1. Torque analysis
The torque variations that occurred during the mixing of these composites are represented in Figure
1. The torque vs. time plot (Figure 1) gives the nanocomposites' rheological property and
processing superiority. The total value of torque directly reflects the chemical and physical
characters and apparent viscosity. Torque versus time plot also gives the degree of uniformity
of the mixture. All the compositions showed a similar processing tendency, as noted from the
curves (Figure 1). With the addition of cold solid XLPE pellets, the torque shoots up initially.
As soon as the melting process initiated, the torque started decreasing, and this trend continued
to be the same for all the samples below up to 100 seconds. Upon further mixing, the torque
increases due to crosslinking of the XLPE by peroxide present in the compound, and finally,
the torque levels off after 400 seconds, indicating a good level of mixing and the completion of
the crosslinking process. The addition of the nanofillers increases the torque of all the filled
nanocomposites compared to neat XLPE, and 10% fumed SiO. nanocomposites showed the
maximum torque. After the addition of fumed SiO, a sudden increase in torque was observed

due to the increased viscosity of the system. Pang et al. (2015) reported a similar type of torque



plot in the LLDPE/PVOH blend.®® The inset plots indicate the weight percentage of fumed SiO;
versus the maximum and equilibrium torque. Higher SiO> loading leads to restricting the free space
for the movement of the XLPE matrix and subsequently increases the viscosity of the composites.
Composites with 10% fumed SiO> showed the highest equilibrium torque value.
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Figure 1: Time versus torque graph of XLPE /fumed SiO, nanocomposites

3.2. Structural characterization by FTIR
FTIR spectroscopy is utilized to extract information on the composite material structure. The FTIR
spectra are shown in Figure 2. In Figure 2, fumed SiO; exhibits the peak at 1020 - 1110 cm™ due
to the Si-O-Si asymmetric stretching vibration, and the peak at 800 cm™ is endorsed to the
asymmetric bending and stretching vibration of Si-OH,*” which are not present in XLPE. There is
no change in the peak at 2921 cm™, which indicates the peak of -CH group?®, namely -C-(CH>)-
C-(n>4)n. The peaks at 1463.5 cm™ and 719.7 cm™ are characteristic peaks of the C-H bond in the



crosslinking agents and XLPE/ fumed SiO2 nanocomposites. The FTIR spectra clearly show the
presence of Cab-O-Sil Ts-720 fumed silica in the XLPE matrix.
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Figure 2: FTIR spectra of XLPE/ fumed SiO2 nanocomposites.

The broadening of Si-O-Si peaks in the XLPE-fumed SiO2 nanocomposites is clear evidence for
the secondary interactions. Furthermore, there are no additional peaks identified in the FTIR
spectra of XLPE nanocomposites other than the peaks of Si-O-Si, C-H, Si-OH, and -C-(CH,)-C-
(n>4)y; this indicates the lack of chemical bonds in the XLPE nanocomposites.

3.3. X-Ray Diffraction analysis

XRD data reveal the amorphous and crystallinity nature of the composite material. Figure 3 shows
the XRD pattern of XLPE/ fumed SiO2 nanocomposites. In Figure 3, the inset plot shows the X-
ray Diffraction spectra of fumed SiO», and the characteristic diffraction broad peak centered at 21°
(20) confirmed its amorphous nature. It is clear that by increasing the filler content, the crystal face
(110) at 21.61° and (200) peak at 23.81° decreases.®**' This is mainly due to the better
incorporation of the amorphous nanoparticle into the XLPE matrix. The crystallite size is
calculated using with Scherrer formula® and is reported in Table 2.

D = 0894/ 5 150 reeserere e (1)



where D is the crystallite size, B indicates the full width at half-maximum (FWHM), A the
wavelength at 1.5406 nm, and 6 symbolizes the Bragg angle.
The crystallinity degree X. is computed from Eq. 2 and is reported in Table 2.

where Ic, and la represent the integrated peak area of the crystalline portion, and the integrated

area of the amorphous part, respectively.
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Figure 3: XRD spectrum of XLPE/ fumed SiO> nanocomposites

Table 2: Crystallite size Dsize and Crystallinity degree X of XLPE/ fumed SiO2 nanocomposites

Sample Dsize (NmM) Crystallinity degree X (%)
XLPE 2.85 44

1% 1.98 38

3% 1.45 34

10% 1.21 30




The crystallinity degree of XLPE/ fumed SiO2 nanocomposites decreases with the increase of SiO>
content, and 10% fumed SiO2/XLPE nanocomposite shows the minimum crystallinity degree
(30%). Crystallite size is also related to the crystallinity degree. Here both the crystallite size and
the crystallinity degree decrease because of the development of crosslinking, which enhances the
amorphous part, reduces the crystalline portion, and also the effects of amorphous nanoparticle—
matrix interactions. Noberga et al. stated that the crystallinity degree decreases with the formation

of crosslinking, which initiates the amorphous portion and reduces the crystalline part.*3

3.4. Isothermal crystallization from Differential Scanning Calorimeter results

Figure 4 shows the heating (a) and cooling (b) cycles of DSC analyzes of fumed SiO,-XLPE
nanocomposites. The melting and crystallization peak temperature are tabulated in Table 3a. A
slight difference in the melting peak temperature and crystallization peak temperature is observed
with different concentrations of fumed SiO>. XLPE shows the melting peak temperature at 110
°C, and the 3% fumed SiO>-XLPE nanocomposite shows a higher melting peak temperature (113
°C) compared to other systems. The crystallinity degree of fumed SiO>-XLPE nanocomposites
decreases with the addition of fumed SiO., and the values obtained from DSC experiments are
almost equal to the values obtained from XRD analyses. The lamellar thickness values (Table 3a)

of freshly prepared XLPE and its nanocomposites agree with reported values.*
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Figure 4. Differential scanning calorimetry analyses of XLPE/ fumed SiO;

nanocomposites: (a) heating, (b) cooling.

Table 3a: Parameters obtained from DSC (heating and cooling) analyses on XLPE/

fumed SiO2 nanocomposites

Sample Tm (°C) Tc (°C) AT(°C) Crystallinity | Lamellar

name degree Xc (%) | thickness
(nm)
XLPE 110 97 13 42 8.28
0.5% 110 98 12 42 8.36
1% 112 98 14 39 9.00
3% 113 99 14 36 9.22
10% 113 99 14 35 9.07

Tm corresponds to the melting peak temperature, T to the crystallization peak temperature, AT =

Tm-Tc is the degree of supercooling, the crystallinity degree X, = i% %X 100 (%), the lamellar
f

200 TS

thickness is given by the Gibbs-Thomson equation**#*: T, = T.0 T
f

where, AH}’ is the

melting enthalpy of an ideal polyethylene crystal per unit volume, AHs is the observed melting
enthalpy, Tm is the observed melting temperature (K), T;3 is the equilibrium melting temperature
of an infinitely thick crystal, e is the bottom and top fold surface free energy, and | is the lamellar
thickness. The constant values used for the calculations are ce = 93x1073J/m? is the well-known
value for polyethylene which was obtained from polymer nucleation theory,*>* T2 = 414.6 K,
AH}’ = 2.93 x 108 J/m? (it is assumed that density for the perfect crystal of polyethylene is 1

g/cm3).46'47

For the calculation of the isothermal crystallization, samples were annealed at annealing

temperature (Ta) = 150 °C for 1 min, followed by cooling at a rate of 20 K/min to the respective
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crystallization temperature (Tc) (ranging from 100-110 °C) and held until crystallization was
complete. The half-time of crystallization (to.s) was determined at Tc = const. The same procedure
was applied for the determination of the melting temperature. After crystallization, the samples
were heated up to 150 °C with a rate of 10 K/min. The kinetics of crystallization for neat XLPE

and XLPE-fumed silica nanocomposite were analyzed using Avrami’s equation.

X(t)=1—-exp [—KAl/"t] ............................................................................ 3)

Here X(t) is the degree of conversion, defined as the ratio between the crystallinity degree at time
t and the final crystallinity degree. Ka is the rate of crystallization and n the Avrami’s exponent

(value of n depending on the nature of nucleation and the growth dimension).

Table 3b: Avrami’s parameters for XLPE-fumed SiO, nanocomposites

fumed SiO2 | tos n Ka r
(%)
0 1.23 1.84 0.47 | 0.9996
0.5 1.91 1.91 0.40 | 0.9996
1 3.03 1.89 0.23 | 0.9991
3 3.59 2.03 0.19 | 0.9998
10 4.13 2.16 0.17 0.9982

It can be noticed from Table 3b, the values of n (Avrami’s exponent) are between 1.8 and 2,
indicating the thermal nucleation with two-dimensional crystal growth formation in XLPE- fumed
SiO2 nanocomposites. The crystallization rate (Ka) shows a decreasing trend in the addition of
fumed silica, indicating the nucleating behavior of amorphous fumed silica. Thermogravimetric
analyses (TGA) of the XLPE nanocomposites are provided in the supporting information (SI)

section Fig. S1.

12



3.5. Morphological study by AFM and TEM

AFM is used to analyze the surface morphology of the nanocomposites. Significant changes in the
surface morphology of fumed SiO> filled nanocomposites were observed in Figure 5, which could

be due to the formation of the higher interfacial area with SiOz loading. The roughness of filled

nanocomposites was due to the enhanced interfacial adhesion between XLPE and SiO:

nanoparticles. Focussed ion beam scanning electron images (FIBSEM) of XLPE-fumed SiO>
nanocomposites confirmed the presence of fumed SiO> nanoparticles in the XLPE matrix and are
provided in the supporting information (SI) section Fig. S2. Thus, the increase of the mechanical

achievement with the filler concentration can be clarified using the theoretical models proposed

by Nicolais—Narkis, and Pukanszky.
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Figure 5: AFM images of fumed SiO>-XLPE nanocomposites.
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TEM images of nanocomposites with different concentrations of fumed SiO, nanoparticles are
depicted in Figure 6. In 0.5% fumed SiO2 nanocomposites (lower concentration), the amount of
fumed SiO- is inadequate to develop a 3D network morphology in the XLPE matrix when the
volume of fumed SiO- touches at 3%, isolated nanospheres are in interaction with each other, and
the number of nanospheres is enough for the expansion of network morphology in XLPE. The
inset TEM image 3% fumed SiO2 shows the network formation of fumed SiO (shown in Figure
6b). The schematic diagram shows the dispersion of fumed SiO> and the formation of networks
represented in Figure 6¢. The fine dispersion of nanospheres in the XLPE matrix is well explained
with the models proposed by Nicolais—Narkis, and Pukanszky. However, for higher loading of
SiO2 nanoparticles (10% SiO.), a well-interrelated network arrangement of SiO is established in

the XLPE matrix, but the presence of filler-filler agglomeration reduces the mechanical properties.
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Figure 6: TEM images of fumed SiO,- XLPE nanocomposites (a) and their schematic

representations (c).

3.6. Mechanical Properties

Mechanical properties indicate the interphase adhesion and the interactions in polymer
nanocomposites, and the reinforcing impact of nanoparticles. The stress-strain plots of XLPE
nanocomposites having 1, 3, 5 and 10wt% fumed SiO> are shown in Figure 7a. Observing the
stress-strain curves, 3 and 5wt% show higher stress than the other systems, but the highest filler-
loaded system, 10wt%, shows a decreasing trend due to higher fumed SiO»-SiO> interactions than
XLPE/fumed SiO; interactions. As anticipated, tensile strength and modulus of XLPE
nanocomposites increase with increasing concentration of fumed SiO; at a given strain, and the
results show the good incorporation of fumed SiO2 on the XLPE matrix. There is a gradual increase
in tensile strength and Young's modulus of all the samples up to 3wt% of fumed SiO>. After that,
there is a reduction in tensile strength and Young's modulus. This is due to the effect of filler-filler
interactions.*® This enhancement reveals the better reinforcing power of fumed SiO2 and, thereby
strong secondary bond between fumed SiO. and the XLPE. Tensile strength values increase with
the concentration increasing of fumed SiO2 and achieve up to 22.1 £ 0.5 MPa (3% fumed SiO>)
from 16.0 £ 1.0 MPa (XLPE). The enhancement in mechanical properties is attributed to (a) the
remarkably high strength of nano SiO2, (b) the improved dispersion of nano SiO: in the XLPE
matrix by Brabender melt mixing assisting the bonding between polymer and nanospheres. Other

mechanical properties like toughness, yield strength, etc., are summarized in Table 4.
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Table 4: Mechanical properties of XLPE/ fumed SiO2 nanocomposites

Sample Tensile Young's Elongationat | Yield strength Toughness
strength Modulus break
(MPa) (IIM3)
(MPa) (MPa) (%)

XLPE 16.0+1.0 3001 32 16.7+ 1.0 93940 £ 2
1% 17.5+0.7 350+1 244 19.6 +0.5 320992 + 1
3% 22.1+£05 590+ 1 136 21.0+15 262821+ 1
5% 21.1+0.6 467 £ 1 95 20.1+0.7 191225+ 2
10% 18.2+0.8 400+ 1 49 176+0.4 136432 + 1

3.6.1. Tensile fracture surface analysis

SEM observations of tensile fractured surfaces of XLPE-fumed SiO. nanocomposites are
illustrated in Figures 7 b and c. In addition to AFM and TEM analysis, tensile fractured surface
micrographs provide the structure-property relationship of XLPE- fumed SiO, nanocomposites. It
is evident from Figure 7b, XLPE possesses smooth fibrillated morphology due to its higher plastic
deformation nature.**5 It is noticed that roughness increases with increasing concentration of
fumed SiO2, and maximum roughness was found to be for 10% XLPE- fumed SiO;
nanocomposite, which supports Figure 5. However, 10% XLPE- fumed SiO, nanocomposite has
a higher roughness nature which is predominantly due to the filler-filler interactions, which reduce
the tensile strength. 10% XLPE- fumed SiO2 nanocomposite surface has shown flakes, indicating
the deterioration of tensile performance and leading to the catastrophic failure of the matrix, and
SiO2 could not participate in the load transfer process due to the lack of interfacial interaction
between XLPE and SiO.. Interfacial parameter (a) for 10% XLPE- fumed SiO2 nanocomposite is
lower than that of 3% XLPE-fumed SiO> nanocomposite; the lower 'a' value indicates good
adhesion between matrix and filler, which was effectively discussed in reinforcement mechanism
and theoretical modeling section. In connection with Figure 6, the rough fractured surface of 3%
XLPE-fumed SiO2 nanocomposite indicates the uniform dispersion of SiO2 in XLPE. Higher
magnification SEM image of 3% XLPE-fumed SiO2 nanocomposites (Figure 7c) illustrated the

network forming effect of SiO. in the matrix, which was confirmed from TEM images. The
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network forming effect of SiO, effectively transferred the stress to the entire portion of the matrix,
enhancing the nanocomposite's tensile strength. Lower 'a' value for 3% XLPE-fumed SiO;
nanocomposites due to the enhanced network structure formation of SiO; in the XLPE indicates

strong interfacial adhesion between XLPE and SiOx.
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Figure 7b: SEM micrographs of the tensile fractured surface of XLPE/ fumed SiO:
nanocomposites.
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Figure 7c: Higher magnification SEM micrographs of the 3% XLPE/ fumed SiO;
nanocomposites.
Moreover, the addition of SiO2 somewhat ceases the crack propagation pathways was seen in 1%
of the nanocomposite. In 3% nanocomposite, the crack pathways were almost ceased due to the
strong interaction between XLPE and SiO». The high crack propagation rate resulted in the
formation of flakes surfaces in 10% nanocomposite due to the agglomeration of SiO, and poor
interfacial adhesion between matrix and nanoparticles.

3.7. Reinforcement mechanism and theoretical modeling

Several micromechanical theoretical studies on the interfacial/ interphase area have contributed an
ample amount of data that favors the attainment of expected mechanical properties like yield
strength, Young’s modulus, tensile strength, etc. Pukanszky?® established an easy model
connecting the yield strength of polymer composites to interfacial parameters, and it was
successfully applied in various polymer nanocomposites.*”%2°° Here, we successfully applied this
model in SiO>—XLPE nanocomposites for predicting interfacial properties. In this Pukanszky’s
model, 'B' is the interfacial parameter; it indicates the capability of stress transfer from the polymer
matrix to the nanoparticle, as a function of the particle density and specific surface area, thickness,
and strength of interphase.®® The Pukanszky’s model for the yield strength of composites is

presented as:
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where, ‘o' indicates the relative yield strength as oz = O-C/O'm , 'oc’ and 'om' represent the yield
strengths of composite and matrix, respectively.

The term % displays the cut of an effective load-bearing cross-section through filler inclusion.

B= (1+Adyn)m(£j.. ............................................................................................... (5)

where ‘A" denotes the surface area of nanofiller, ‘o' is the nanofiller density, 'ti' and 'ci' are the

thickness and strength of interphase, respectively. Nanocomposites containing spherical particles
'‘Ac' become,

A A amr? 3
Ac e e s S e ettt seeesteesnessteesneesnneesnnesneens(0)
m prd pPf3IT pPsT

where 'A,"'m', 'v" and 'r' are surface area, mass, volume, and radius of nanoparticles, respectively.

Then the Eq. (5) become
B=1+32In(2) oo (T)

By rearranging Eq.(7), 'ti' is calculated by:

B 1
ti =T l@ — El (8)

r =26 nm, obtained from TEM analysis.

Leidner-Woodhams®’ developed a model to compute the interphase yield strength for polymer
nanocomposites as:

m 1 1
o =(O’i+0.83 %)¢f—0i§¢m+0i§+ffm ......................................................... 9)
where ‘oi is the interphase strength of the polymer composites.

By rearranging of Eq. (5), ‘i’ stated as a function of volume fraction of nanofiller (o) as:

oc —om —(0.83 ‘:/—’;‘)d)f

1
(1+—)¢f
B
The adhesion factor 'a' is calculated from Nicolais—Narkis’s*® model for yield strength and is given

below

o; = e (20)
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where 'a' indicates the interfacial parameter, which explains the properties of the
interphase/interface. The value of 'a' is below 1.21, indicating a good adhesion.
Using Egs. (4), (8), (10), and (11) the parameters 'B', 'ci,’ ‘@', and 'ti' are calculated from the

experimental results and are tabulated in Table 5.

Table 5: The characteristics and interphase calculations of the XLPE/fumed SiO2 nanocomposites

Fumed Vol. oz (MPa) | g; (MPa) B a ti (nm)
SiO, wt% fraction of
fumed SiO»

1 0.004 1.09 6.75 24.89 -2.50 62.12

3 0.012 1.35 9.72 28.03 -4.95 45.42

5 0.020 1.29 9.18 16.05 -3.03 47.03

10 0.040 1.15 8.25 7.01 -1.07 56.23

At the initial stage, we placed the experimental data of XLPE/ fumed SiO. nanocomposites in the
Pukanszky’s model (Eq. (4)), subsequently ‘a’ is computed by fitting the experimental results of
yield strength to Nicolais—Narkis’s model (Eq. (11)). The highest interfacial parameter ‘B’ value
corresponds to the best nanocomposite. Indeed, the higher the ‘B’ value, the higher the
interactions, which implies better mechanical properties. The ‘a’ value is a measure of the adhesion
between matrix and filler; ‘a’ value below 1.21 indicates good adhesion.®® From the Table 5, it is
observed that all the ‘a’ values are below 1.21 and maximum decrease is observed for 3wt% silica
content. The values of ‘B’ and ‘a’ predict maximum mechanical properties for 3% SiO», which is
according to the experimental results shown in Figure 7. The decrease in the value of ‘B’ above 3
wt% fumed SiO: can be attributed to the agglomeration of nanoparticles. TEM experiments in

Figure 6 clearly show this nanoparticle agglomeration.
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Figure 8 shows the effect of the volume fraction of nanofiller on ‘B’ and ‘ci’ parameters and

contour plots of fumed SiO>-XLPE nanocomposites. 3% fumed SiO>-XLPE nanocomposite shows

higher ‘B’ and ‘oi’ values according to the graph.
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Figure 8: The effect of the nanofiller volume fraction on ‘B’ and ‘oi’ parameters, and the

contour plots of fumed SiO2/ XLPE nanocomposites

The ‘B’ parameter depends on the nanofiller dispersion, thickness, and strength of interphase ‘ci.’
The value ‘ci’ increases with increasing ‘B’ value, and it is found that ‘ci’ value is higher in 3%
fumed SiO2/ XLPE nanocomposite, due to better interactions of filler and matrix. Figure 9
indicates the relation between the three parameters, namely ‘B,” ‘a’ and ‘og’ in fumed SiO2/ XLPE
nanocomposites. The 't and 'ci' exhibit inverse relations in polymer nanocomposites, i.e., the thicker

interphase shows lower 'c;,' and thinner interphase will be a stronger due to the higher 'ci.'
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Figure 9: The relation between ‘B,” ‘a’ and ‘o’ and their contour plots of fumed SiO2/ XLPE

nanocomposites
3.8. Dynamic mechanical analysis

The dynamic mechanical analysis has been performed to acquire filler loading and temperature
information on the storage modulus and loss modulus of neat XLPE and its hanocomposites
(shown in Figure 10A-B). With the addition of fumed SiO., the storage modulus of XLPE

nanocomposites displayed greater values than that of neat XLPE.
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It is noted that incorporating fumed SiO> produced an upturn in storage modulus values over the
entire temperature range, with the highest modulus for the 3wt% fumed SiO./XLPE
nanocomposite. It upturns dramatically up to 3261 MPa (at -123.15 °C) in the glassy region, which
is three times larger than that (1102 MPa) of neat XLPE, demonstrating that the nanofillers are
evenly distributed and have solid interfacial adhesion with the matrix. The prominent enhancement
in storage modulus by the addition of fumed SiO; clearly demonstrates strong confinement effect
or interface interactions between fumed SiO; and XLPE chains and high restriction of polymer
chain mobility by the adsorption of polymer segments on the surface of nanofillers.>®° The
improved interfacial adhesion in 3wt% fumed SiO> / XLPE nanocomposite facilitates higher stress
transfer between the fumed SiO> and the matrix. In these circumstances, reinforcement executes
the stable constrained region in the polymer segments. The filler can share the load from the matrix,
thereby boosting its mechanics. Loss modulus as a function of temperature for different XLPE
nanocomposites are displayed in Figure 10B. Except for the 10wt% fumed SiO, sample, all the
composites gives a lower value for loss modulus than neat XLPE. The higher loss modulus value
suggests the extreme heat initiation within the polymeric composite system by particle-particle
interactions as suggested by Nielsen and Landrel.?*

3.9.1. Effectiveness of nanofiller and Degree of entanglement

The effectiveness of the nanofiller on the modulus of the composites (Br) is calculated using the

equation

(EQ/E;> .
f (Eg/Eme

where E’y represents the storage modulus in the glassy region (150 K) while E' is the storage
modulus in the rubbery regions (300 K). The lower Brvalue indicates the excellent effectiveness

of the filler dispersion in the polymer matrix.
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Fumed SiO2 nanoparticles lead to form entanglements in the XLPE matrix. These entangled
networks can restrict the free movement of polymer strings, leading to the confinement effect. The

degree of entanglement is calculated as:

EI

N o (13)

where ‘E’’ denotes the storage modulus in the rubbery region (at 300 K), ‘R’ is the universal gas

constant, and ‘T’ is the absolute temperature at the Kelvin scale.

Table 6: Effectiveness of dispersion, Degree of entanglement of fumed SiO./ XLPE

nanocomposites

Fumed SiO; wt%

Coefficient of

Effectiveness (Br)

Degree of

entanglement

1 1.584 0.108
3 1.372 0.187
5 1.417 0.126
10 1.601 0.122

Table 6 gives the values of the effectiveness of dispersion and degree of entanglement of XLPE
nanocomposites. The minimum value of ‘Bf indicates the higher effectiveness of the filler.
Following conclusions can be made by analyzing the data in Table 6. The effectiveness of filler
shows an increasing trend, and the maximum effectiveness (corresponding to an increase for s
value) is shown by composites loaded with 3wt% fumed SiO.. A decreasing trend is observed
because of the agglomeration of nanoparticles in the polymer matrix. The greater effectiveness of
the 3wt% loaded sample is because of the improved, reinforcing effect of filler and the better load
transfer between filler and matrix at this composition. This result can be correlated with superior
tensile strength and modulus obtained for this composition. The degree of entanglement showed
an increasing trend up to 3wt% fumed SiO», followed by a decreasing trend. The decrement in
entanglement density after this concentration is because of the increased fumed SiO,-SiO>
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interactions over fumed SiO>-XLPE interaction. Moreover, in the rubbery region, the mobility of

polymer chains is enhanced, so the nanoparticles have a prominent role in enhancing mechanical

characteristics.
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Figure 11a: Tan delta curves of fumed SiO2- XLPE nanocomposites

The introduction of nanofillers in the polymer matrix leads to the development of an immobilized
nanoscopic polymer chain on the filler surface. This glassy polymer layer diminishes the inherent
motion of the polymer chains. Constraints implemented on the amorphous phase by crosslinking,
molecular packing, free volume, and crystallinity are the various factors that affect the glass
transition temperature of a polymer.%! Figure 11a shows the addition of fumed SiO; reduces tan &
peak height in fumed SiO.-XLPE nanocomposites. The drop in the tan 6 peak height reveals that
there is restricted mobility of XLPE chains in the presence of fumed SiO2. A schematic model for
the constrained region in the XLPE systems is shown in Figure 11b. The network forming effect
of fumed SiO> connects with XLPE through non-covalent interactions and disperses uniformly in
the XLPE matrix. It is considered that there are ‘constrained regions’ in the nanocomposite, which

are composed of SiO», constrained XLPE chains, and peroxide crosslinks.
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The volume of constrained chains is calculated from this reduction in peak height.®? For
linear viscoelastic behavior, the energy loss fraction of the polymer nanocomposite ‘W is related

to tan § by the following equation.%®

0.9 ==-p Crosslinks Crystallite ===

===> Si0, Amorphous === -~

Figure 11b: Schematic representation of the constrained region in the fumed SiO2-XLPE
nanocomposites

_ mtand
" mtand +1

The following equation gives the energy loss fraction ‘W’ at the tan 6 peak
W =

where Cy is the volume fraction of the constrained region, (1 — Cy) is the fraction of the amorphous
region, and Wo and Co represent the energy fraction loss and volume fraction of the constrained
region for pure XLPE, respectively. The volume fraction of the constrained region Cy of the
nanocomposites are calculated using equation (15) and are tabulated in Table 7. Homogeneous
dispersion of fillers and the good interfacial interaction between fumed SiO2 and XLPE matrix
leads to forming a large constrained region. The XRD spectrum of 3% nanocomposite (Figure 3)
indicates the retaining of moderate crystallinity even with the addition of SiO,. The moderate

crystallinity helps form an extensive SiO2 network in the XLPE matrix, which enhances the
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volume of the constrained region is maximum for composites containing 3wt% fumed SiO>
nanocomposite. At higher filler loading volume of the constrained region is reduced due to the
agglomeration of fillers. Furthermore, the excessive content of SiO> completely reduces the sharp
peak in the XRD spectrum of 10% nanocomposite. It diminishes the matrix's crystallinity, which

supports the reduction of the constrained region in 10% nanocomposite.

Table 7: The constrained region volumes of fumed SiO2-XLPE nanocomposites

Composite Constrained region (Cy)
XLPE -
1% 0.628
3% 0.6840
10% 0.5908

3.9. Dielectric Properties

The values of the dielectric constants of XLPE and fumed SiO2 nanocomposites are shown in
Figure 12. We can observe a decrease of dielectric constants from 3.7 (XLPE) to 2.4 (3wt% fumed
SiO2 nanocomposite). With 5 and 10wt%, we observe an increase from 2.7 to 3. The higher value
obtained in the case of 10wt% fumed SiO2 nanocomposite compared to 3 and 5wt% fumed SiO-
nanocomposites is primarily due to the agglomeration effect of fumed SiO2 nanoparticles in XLPE
matrix, and also the meager interphase interaction between the nanofillers and matrix as observed
by TEM. For insulation, the low value of dielectric constant material has many advantages in cable
insulation. The highlighted observation of this study is the reduction in dielectric constant for 3
wt% fumed SiO. nanocomposite and the invariance of the dielectric constant values with
increasing frequency. The invariance of the dielectric constant values with increasing frequency is
due to the typical characteristic of non-polar polymers. XLPE is a non-polar material, the
polarization of electron displacement arises mainly in its interior, and at the same moment, it does
not vary with the frequency. When SiO> particles are added to XLPE, they will form many

interfaces in the XLPE nanocomposites. The electrical fields change gradually faster when
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increasing the frequency; therefore, the relaxation polarization is too slow to keep abreast of the
electrical fields.54®® In addition to the interface formations, SiO, was effectively trapped in the
XLPE matrix, forming a well-established network structure in XLPE nanocomposites, as shown
in Figures 6b and 7c. Four basic polarization mechanisms exist in response to the applied electric
field, i.e., interface polarization, electronic polarization, ionic polarization, and orientation
polarization. These polarizations have different activation and ceasing frequencies; therefore, the
invariance of the dielectric properties with increasing frequency depends on the nature of materials
and their polarization.®®Although polymers like polyoxafluoronorbornene,®’ epoxy,®, etc., show

the dielectric's invariance with increasing frequency.

The drop in dielectric constant value mainly depends on the polymer chain mobility and
filler loading. The decreased rate of polymer chain flexibility in the XLPE/ fumed SiO;
nanocomposites is due to the physicochemical bonding of XLPE and fumed SiO> nanoparticles.
Several studies imply that some nanometric dimensions were helpful in the creation of the chain
entanglement, which could have a considerable effect on the interaction zone.%®"? As the
nanofillers have a high specific surface area, the interaction area will be more prominent, and it
impedes the polymeric chain flexibility, which further directs to the slashing of the dielectric

constant.”® "
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Figure 12: Dielectric constant of XLPE/ fumed SiO2 nanocomposites (‘M’ stands for mega=10°)

4. Conclusions
A systematic analysis has been made on the structural, thermal, morphological, and mechanical
properties of fumed SiO,-XLPE nanocomposites in this work. This study unlocks a new pathway
for interface analysis on XLPE nanocomposites via the models of Nicolais—Narkis and Pukanszky.
The interphase characteristics and interfacial properties of XLPE nanocomposites have not been
explored so far. Our study is the first in this direction. Therefore, our findings and approaches for
the fabrication of mechanically robust XLPE systems are beneficial for the HVDC (high voltage
direct current) and HVAC (high voltage alternating current) cable applications. The mixing torque
analysis confirmed all the compositions showing a similar tendency of processing torque curves
are perceived, and nanocomposites with 10% fumed SiO2 showed the highest equilibrium torque
due to the higher viscosity of the system. The FTIR spectra of fumed SiO2-XLPE nanocomposites
indicate the presence of asymmetric stretching vibrations of Si-O-Si at 1020 - 1110 cm?, and the

peak at 800 cm™ is endorsed to the asymmetric bending and stretching vibration of Si-OH.
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The XRD analysis reveals the reduction of the crystallinity degree and the crystallite size with the
addition of fumed SiO,. Decreases in crystallinity degree of fumed SiO2-XLPE nanocomposites
were confirmed by DSC analysis. Superior static and dynamic mechanical performance could be
supported by the microstructural developments in the XLPE matrix as verified from microscopic
techniques. The experimental results of mechanical characterizations are in good agreement with
the theoretical models of Nicolais—Narkis, and Pukanszky. The fabricated nanocomposites
demonstrate a better storage modulus than XLPE, particularly at low temperatures, given the
reinforcing effect of nanoparticles on the XLPE matrix. The effectiveness of nanofiller and
entanglement density has been estimated to get more profound knowledge on the reinforcing
mechanism of fumed silica. The amount of XLPE chains confined at the fumed SiO2 nanoparticles
were calculated and quantified using the results attained from the tan delta curves of DMA
analysis. 3% fumed SiO>-XLPE nanocomposites showed maximum volume fraction of
constrained region. The dielectric constant studies prove that 3% of fumed SiO2 nanocomposites
can be used in cable insulation fields.

The incorporation of theoretical modeling removes the discrepancies in the observed
physical properties of polymer materials. In addition, theoretical studies are a timeless and cost-
effective tool that correlates, understands, and predicts physical and chemical properties and gives
new research insights. Unfortunately, only a handful of works correlate theoretical modeling with
the physical properties of XLPE based materials for cable insulation. By this present work, we
recognized the importance of synergy between the theory and the experiments in XLPE based
materials, and this work will be a breakthrough for such studies in XLPE materials for cable

insulations.
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