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Abstract: Advanced polymer materials typically is used as an 

insulator in the electrical cable, especially in medium and high 

voltage applications. Cross-linked polyethylene (XLPE) is 

preferred due to its excellent insulation character despite its 

deficiency on the higher water absorption ability by the composite 

has exposed the material toward electrical treeing forming and 

shorten the lifetime of the material against electrical charges. The 

intention of this study is to observe the surface free energy and 

wetting behaviour of XLPE with the combination of surface 

modified nanosilica and nanoclay by using contact angle 

assessment with water and methylene iodide as the solvents. The 

analysis shows that the incorporation of organoclay with XLPE 

has a greater non-wetting behaviour up to 5 wt % of nanoclay, as 

well as a decreasing pattern of the surface free energy by 36% 

compared to the neat XLPE system. Results of the study suggest 

that the improvement on the hydrophobicity of the 

nanocomposites is contributed by the microstructure 

development, in which the latter is also related to the dielectric 

response enhancement. 

 
Keywords : Contact angle, Dielectric, Hydrophobicity, 

Wettability, XLPE.  

I. INTRODUCTION 

Polymer composites have become a popular choice in the 

electrical cable industries as the main material of insulation 

for decades. The main function of insulation is to resist the 

electric current flowing through the material, as well as 

protecting the user from the electrical leakage. Polymer not 

only possess a good mechanical strength, but it also has an 

excellent flexibility and high resistance to chemical reaction, 

which is important qualities for the insulation of electrical 

cable. However, continuous and increased use of electricity 

that is in line with development have a long-term impact on 

the durability of the insulator itself.  

Engagement of nanofillers with XLPE has further exposed 

the enhancement of the properties of the mixture and reduced 

the incompatibility issue between matrix and inorganic fillers 

[1], [2]. Studies have shown that the incorporation of 

nanofillers, such as silica (SiO2), zinc oxide (ZnO), calcium 
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carbonate (CaCO3), silicon carbide (SiC), boron (BN), 

titanium oxide (TiO2), and aluminium oxide (Al2O3) has the 

ability to modify the dielectric properties of polyethylene [1], 

[3]–[6] and improve the mechanical and thermal properties of 

the nanocomposites [2], [7], [8]. Study on the adoption of 

modified nanoparticles in nanocomposites blend was found to 

be able to assist in providing higher compatibility between 

polymer and nanofiller [9]. 

In recent times, contact angle is a notorious and 

uncomplicated character to represent the tendency of fluid to 

be spread on the solid surfaces. Contact angle helps 

researcher to analyse various elements on the surface of the 

composite, such as the hydrophilicity and hydrophobicity of 

the composite, roughness of surface, liquid surface tension, 

and the surface energy of the solid [10], [11]. It is a simple 

method of measurement, where the importance lies in how the 

liquid is used in determining wettability of the solid surface by 

observing the angle between the tangent of liquid-vapour 

surface and solid-liquid surfaces, as depicted in Fig. 1. 

Meanwhile, the surface tension is related to the amount of 

force needed for the molecules at surface to engage with one 

another to retain the structure of liquid.  

 

 
Fig. 1: Interpretation of surface tension on solid-liquid 

(SL), liquid-vapour (LV) and solid-vapour (SV) surfaces. 

 

Wettability is well known as the degree of dispersion of 

fluid on the solid material surface. In context of XLPE 

nanocomposites, the water spreading rate on its surface would 

be used to determine the interfacial capabilities by viewing 

the contact angles between liquid and XLPE surface. Surface 

energy of liquid is important in measuring the wettability, as 

the extent of liquid spreading on the XLPE surfaces depends 

on the magnitude of solid surface energy. 
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 Higher surface energy compared to the surface tension is 

needed to spread the water on the surface of the polymer.  

Lower wettability of polymer is favourable for dielectric 

material, especially for insulation application, so there will be 

minimal risk of water leaching effect, in which the water 

leaching effect could turn into water treeing initiation and 

growth, thus, leading to mechanical deterioration [12]. 

Application of nanofiller, especially for the electrical power 

industry, has shown a tremendous or significant advancement 

on the dielectric behaviour [13], [14]. Less wettability of the 

polymer materials increases the effectiveness of insulation 

material, as its opposing water ingress into the polymer 

nanocomposite network due to the hydrophobicity increment 

by the solid surfaces.     

A study reported by Huang et al. [15] has shown that the 

implication of nanosilica in the linear low density 

polyethylene (LLDPE) composites has a vital progression on 

the dielectric permittivity, as well as water treeing growth 

suppression. Josmin et al. [16] asserted that the fusion of 

modified silica and clay had certainly improved the 

hydrophobicity of the XLPE matrix due to the contribution of 

interaction between the nanofiller and the XLPE composite in 

the interfacial region. Therefore, the focus of the present 

study is to understand the effect of nanofiller on the 

wettability of XLPE nanocomposites and at the same time, to 

reveal the optimum formulation that can help in improving the 

properties of the nanocomposites. This specific effect was 

linked to the dielectric properties of the nanocomposites, 

where the interfacial region of polymer matrix contributes to 

the dielectric enhancement.  

II.  MATERIAL AND METHOD 

A. Sample Preparation 

First, there are five types of raw materials involved in this 

study, which are low density polyethylene (LDPE), 

polyethylene with 0.1% maleic anhydride (PE-g-MAH), an 

antioxidant Irganox, a cross-linking agent dicumyl peroxide 

(DCP), and the organically modified clay, CLOISITE-10A 

that was obtained from Southern Clay Products, India.  

Modified silica was prepared by dispersing silica in ethyl 

alcohol solution, with the addition of bis-(triethoxysilypropyl) 

disulfide (TESPD) as a coupling agent. Ultrasonic dispersion 

was used after 30 minutes of stirring process of the mixture. 

The mixture was then centrifuged. Finally, the modified silica 

particles were dried in a vacuum oven at 190°C.   

Nanocomposites are prepared by melt mixing technique 

using dicumyl peroxide as the curing agent. The 

nanocomposites with 0.5, 1, 2, 2.5, 5, and 10 wt % 

nanoparticles are prepared. The PE-g-MAH 5 wt %, 

cross-linking agent, DCP 1.5 wt % and antioxidant 0.5 wt % 

are used. The mixing process is carried out in a Haake mixer 

at 160°C at 60 rpm for 12 minutes. The mixed 

nanocomposites are compression-moulded into a sample of 2 

mm in thickness using a hydraulic press at 180°C for 5 

minutes with the maximum pressure of 200 kg/cm
2
. 

Composite of XLPE are also prepared as a references sample 

by the same method and ingredient as above, and without the 

addition of any nanocomposites. 

B. Contact Angle Measurement 

The specimens were cut into a rectangle shape, with a size 

of 1×1×0.2 cm
3
 for each of the formulation, including the neat 

samples. The testing was carried out using SEO Phoenix 

instrument with distilled water and methylene iodide (MI) 

were used as a solvent in this study. Higher attention in 

handling the sample is required, especially on the surface of 

the specimen to ensure low risk of contamination. The volume 

of water drop was standardised at 5 µL per drop for all 

sessions and the measurement was done within ~40–60 s after 

the water is dropped onto the surface of the specimen. 

 

Table I: Sample used in the contact angle measurement. 

Samples Types of 

Nanofiller 

Nanofiller Weight 

Percentage, wt % 

XLPE — — 

Silica 1 Silica 0.5 

Silica 2 Silica 1.0 

Silica 3 Silica 2.0 

Silica 4 Silica 2.5 

Silica 5 Silica 5.0 

Silica 6 Silica 10.0 

Clay 1 CLOISITE-10A 0.5 

Clay 2 CLOISITE-10A 1.0 

Clay 3 CLOISITE-10A 2.0 

Clay 4 CLOISITE-10A 2.5 

Clay 5 CLOISITE-10A 5.0 

Clay 6 CLOISITE-10A 10.0 

  

C. Theory and Calculation of Contact Angle 

Measurement 

All of the equations mentioned in this section were used to 

calculate the parameter required in this study and these 

equations have been verified by previous studies [11], 

[16]–[18]. In many cases, a finite contact angle, θ, will be 

created when a smooth solid surface is in contact with the 

liquid. As the liquid reaches the equilibrium, it will form two 

tangent planes between solid-liquid and liquid-vapour phases, 

as shown in Fig. 1. Young [19] has derived a basic equation 

that expresses the connection between solid, liquid and 

vapour in the Equation (1): 

 

cosS SL L                   (1) 

 

where, γS and γL are the surface free energy of solid and liquid, 

respectively, while γSL is the interfacial energy between liquid 

and solid. The contact angle between the solid and liquid 

region is referred as θ. In term of wettability, technically, the 

pattern of liquid droplet is driven by the surface tension at the 

solid surface. Fig. 2 shows three conditions of the contact 

angle with different shapes of the liquid droplets.  

When the contact angle is less than 90°, it indicates that the 

solid surface has a favourable wetting behaviour, while 

droplet with a contact angle of more than 90° behave as nearly 

to a non-wetting property with minimal contact and spreading 

of liquid, as illustrated in Fig. 

2(c).  
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Fig. 2: Sketch of liquid drop with different contact angle. 

Owen-Wendt’s [20] theory propose that the polar attraction 

and solid dispersion forces are essential to represent the total 

surface energy of a solid due to the significance of both 

elements in influencing the interaction between the solid 

molecules. The equation is described as: 

 
d p

SS S                    (2) 

  

where, γS
d
 and γS

p
 represent the solid surface free energy for 

the dispersion component and polar component, respectively.  

Wu [21], on the other hand, introduced another method in 

determining the interfacial energy between polymer-polymer 

or polymer-liquid interaction, based on the reciprocal mean 

equation. This method has been confirmed by a few studies, 

as he suggested to merge the polar and dispersion element into 

Equation (2) in order to set the γS value.  

However, this approach is only applicable when used with 

at least two different testing liquids with different polarities. 

For the present study, water and methylene iodide were used 

to find the γS of the XLPE nanocomposites, as both liquids 

have been recommended by other researchers [18], [21]–[25]. 

The equations for both liquids are expressed as below: 

 

(1 cos ) 4
d d p p

W S W S
W W d d p p

W S W S

   
 

   

 
   

  
    (3) 

  

and, 

 

(1 cos ) 4
d d p p

MI S MI S
MI MI d d p p

MI S MI S

   
 

   

 
   

  
   (4) 

 

where, γS
d
 and γS

p
 for each of the nanocomposite were worked 

out by mathematical solver software. All data for water and 

methylene iodide can be found in  Table II. 

The calculation for the work of adhesion was done by using 

Equation (5): 

 

(1 cos )A LW                  (5) 

 

In this case, the WA value is the interpretation of the amount 

of energy change needed to isolate the two different phases: 

liquid and nanocomposites surfaces. 

For interfacial tension energy, the γSL and spreading 

coefficient, SC were calculated based on Equation (6): 

 

SL S L AW                   (6) 

 

and Equation (7): 

 

C S SL LS                    (7) 

 

where, the spreading coefficient indication was used to 

observe the tendency of water and methylene iodide to be 

dispersed on the surface of the sample. 

In contemplation of conceiving the interaction between the 

nanocomposite surface and water/methylene iodide, the 

Girifalco-Good’s interaction parameter, Φ, was used, as 

shown below: 

 

1/2

(1 cos )

2( )

L

L S

 

 


                (8) 

 

Table II: Data of surface energy of water and methylene 

iodide [21], [26]. 

Liquid γL 

(mJ/m
2
) 

γL
d
 

(mJ/m
2
) 

γL
p
 

(mJ/m
2
) 

Water  72.8 21.8 51.0 

Methylene Iodide 50.8 49.5 1.5 

III. RESULTS AND DISCUSSION 

The contact angle measurement of liquid droplet on the 

surface modified XLPE nanocomposites was conducted. All 

measurement and experiment were carried out in room 

condition. Contact angle value is essential for this study as all 

the parameters such as interfacial energy, work of adhesion, 

spreading coefficient value and Girifalco-Good’s interaction 

parameter were derived from this data. Fig. 3 and Fig. 4 

display the comparison of contact angle between the 

XLPE/nanosilica and XLPE/nanoclay with water and 

methylene iodide as solvent. 

Based on the result shown in Fig. 3, the adoption of 

nanosilica as filler in the XLPE show a decrease in 

inclination, where both of the solvent measurements show a 

similar declining graph. This result reflects that the 

hydrophilicity of the polymer increases with the increase of 

the nanofiller loading, compared to the neat XLPE. The 

lowest contact angle reading was the Silica 4, where the 

contact angle recorded is 67° and 43° for water and methylene 

iodide solvent, respectively. 

However, a different outcome was seen in the 

XLPE/nanoclay nanocomposites. The graph displays an 

increasing trend upon increment of CLOISITE-10A 

concentration for both solvents. The contact angles for neat 

XLPE of water solvent are 82° and 99° with methylene 

iodide. The surge of the contact angle in XLPE/nanoclay 

nanocomposites pointed out that the incorporation of 

nanoclay has raised the hydrophobicity of the XLPE. Poor 

wetting conditions were disclosed, as the polymer 

nanocomposites surfaces repelled the polar liquid water up to 

5 wt % of formulation. At 10 wt % of CLOISITE-10A 

loading, the nanocomposites surfaces show a small downturn, 

and this is due to the higher compactness of nanofiller in the 

XLPE composite that affects 

the dispersion of nanofiller on 

the polymer matrix.  
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Fig. 3: Contact angle comparison for XLPE/nanosilica 

with water and methylene iodide as solvent. 

 

 
Fig. 4: Contact angle comparison for XLPE/nanoclay 

with water and methylene iodide as solvent. 

 

Neat XLPE portrays a slight wetting behaviour with a 

contact angle less than 90°. Melt blending of CLOISITE-10A 

with XLPE has turned the nanocomposites into a non-wetting 

medium and it has been justified by the contact angle 

recorded. Basically, CLOISITE-10A is organically modified 

montmorillonite and the modifier is known as dimethyl, 

hydrogenated tallow, quarternary ammonium with 

concentration of 125 meq/100g. The used of surface 

modification is to improves the nanofiller distribution by 

lessen the interlayer attractive forces and overcome the filler 

agglomeration issues [27]. 

Work of adhesion generally refers to the energy needed to 

distinguish between the solvent dropped and the surface of the 

nanocomposites. The work of adhesion of XLPE/nanosilica 

and XLPE/nanoclay nanocomposites with water solvent as a 

function of filler loading were plotted in Fig. 5. WA of 

XLPE/nanosilica increases, while the XLPE/nanoclay show 

an upset trend with increment of the filler concentration. A 

gradual declining of WA demonstrates an excellent interaction 

between the polymer and the filler with positive filler 

distribution into polymer matrix, thus improving the 

hydrophobicity of the nanocomposites as well [18], [28].   

Fundamentally, the spreading of liquid happens when the 

spreading coefficient is in positive value, while there will be 

no spreading if the value is in negative value. From the result 

shown in Table III and Table IV, it clearly shows that both 

types of nanocomposites displayed a non-wetting behaviour. 

However, in XLPE/nanoclay, the spreading coefficient 

became more negative compared to the neat XLPE. Thus, the 

data indicated that the XLPE/nanoclay possessed higher 

hydrophobicity upon loading filler, compared to the 

XLPE/nanosilica nanocomposites.  

 

 
Fig. 5: WA of XLPE/nanosilica and XLPE/nanoclay 

against filler loading in water solvent. 

Consequently, this study reported that the XLPE/nanoclay 

composites exhibits low interaction with both solvents 

compared to the neat polymer. Girifalco-Good’s interaction 

parameter is used to understand the intermolecular forces 

acting across the interfaces of the solid and liquid [29]. The 

interaction is considered equal, if the intermolecular forces 

between the both solid and liquid is similar to each other. 

However, the rising of nanoclay filler loading in has caused a 

declining trend of interaction parameter in both solvents, 

especially in methylene iodide, which expressed the low 

interaction between the liquid surfaces and polymer surface. 

This shows that incorporating CLOISITE-10A into XLPE 

matrix as a filler is a practical method for helping in 

developing the hydrophobic character of the polymer 

composite and by altering the surfaces’ hydrophobicity. 

Nevertheless, nanosilica filler has increased the interaction 

of XLPE surfaces with the test liquid as the results show the 

interaction parameter value in methylene iodide increases 

from 0.56 in neat XLPE to the highest interaction value, 0.93 

at 2.5 wt % of the nanosilica loading formulation. The water 

solvent also shows a decreasing trend, but only in a small 

value. Therefore, this result indicated that the nanosilica 

possessed high tendency of interaction with the liquid at the 

surfaces, thus increasing nanocomposites surfaces’ 

hydrophilicity characteristics.  

Surface free energy can be elucidated as surface tension of 

the solid. Theory proposed by Owen-Wendt [20] deduced that 

the surface free energy of a solid comprises intermolecular 

interaction, especially at the region between the solid and 

liquid, where the dispersion forces and polar forces are. 

Surface free energy of a solid helps in determining the sum of 

energy that required by a liquid to break the existing 

intermolecular interaction at the solid surfaces. Based on Fig. 

6, incorporation of nanosilica in the XLPE matrix display a 

rising trend with the increment of filler loading up to 2.5 wt % 

compared to the CLOISITE-10A effect on the XLPE matrix. 

The least surface free energy recorded for the XLPE/nanoclay 

is at 5 wt % of filler, with the value of 18.72 mJ/m
2
. Whereas, 

the surface energy recorded for neat system is 29.16 mJ/m
2
, 

where the percentage decreased by 36%.  
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Table III: Spreading coefficient (SC) and 

Girifalco-Good’s interaction parameter (Φ) of 

XLPE/nanoclay. 

Sample SC 

(Water) 

SC 

(MI) 

Φ 

(Water) 

Φ 

(MI) 

XLPE -62.67 -58.68 0.90 0.56 

Clay 1 -67.72 -68.62 0.90 0.46 

Clay 2 -71.53 -74.90 0.90 0.39 

Clay 3 -72.80 -76.76 0.90 0.37 

Clay 4 -77.88 -83.16 0.90 0.29 

Clay 5 -79.14 -84.50 0.90 0.28 

Clay 6 -75.34 -80.17 0.90 0.33 

 

Table IV: Spreading coefficient (SC) and Girifalco-Good’s 

interaction parameter (Φ) of XLPE/nanosilica. 

Sample SC 

(Water) 

SC 

(MI) 

Φ 

(Water) 

Φ 

(MI) 

XLPE -62.67 -58.68 0.90 0.56 

Silica 1 -56.42 -44.08 0.90 0.69 

Silica2 -53.96 -37.82 0.90 0.75 

Silica 3 -50.30 -28.35 0.90 0.83 

Silica 4 -44.35 -13.74 0.90 0.93 

Silica 5 -55.19 -40.97 0.90 0.72 

Silica 6 -58.91 -50.15 0.90 0.64 

 

The low value of surface free energy corresponds to the low 

wettability of the material surface. Therefore, as a result, the 

CLOISITE-10A is the most suitable nanoparticles to shrink 

the surface area of the liquid and reduce the surface free 

energy on the XLPE surfaces, as it helps in promoting 

hydrophobic characteristic of the XLPE. 

The CLOISITE-10A improves the hydrophobicity of the 

XLPE nanocomposites by providing a better dispersion 

between organoclay and the matrix. The maleic anhydride 

compatibiliser used during polymerisation of the 

nanocomposites has provided a significant effect on the 

intermolecular strength of the XLPE/nanoclay. This is due to 

the hydrogen bonds creates by the compliment of hydroxyl 

groups from the CLOISITE-10A silicates layers with the 

carbonyl groups of the maleic anhydride. The schematic 

diagram of reaction is depicted in Fig. 7, and the similar 

finding was found by Kannan et. al [9] upon study on the 

nanoclay filled polyurethanes and polypropylene blends. An 

extremely good dispersion of higher loading CLOISITE-10A 

in the XLPE nanocomposite caused a rise of density in the 

structure of the nanocomposite, thus enhancing the 

water-repellent characteristic. The existence of hydrogen 

bond at the interfacial region of CLOISITE-10A and XLPE 

matrix is potentially able to increase the dielectric properties 

of the material, as this bonding could help in forming the trap 

side for the electron and suppress the charge mobility 

throughout the nanocomposites structure, as depicted in Fig. 

7. The study on adoption of organically modified clay with 

various types of polymers has proven to intensify the 

dielectric behaviour towards the insulation application 

[30]–[33].   

 

 
Fig. 6: Comparison of surface free energy for 

XLPE/nanosilica and XLPE/nanoclay against the 

percentage of filler content. 

 

 
Fig. 7: Schematic of hydrogen bonding between hydroxyl 

group from CLOISITE-10A with anhydride. 

As discussed earlier in the Introduction section, high water 

absorption is one of the causes of breakdown for the 

insulation polymer in the electrical cable, especially 

underground and subsea applications. The absorption of 

water by the polymer is mainly influenced by the 

hydrophilicity nature of the polymer itself. The combination 

of electrical stress and humidity factor could initiate the water 

treeing effect and the water ingress into the polymer matrix, 

making it worse, sooner or later [12], [34]. Therefore, having 

a hydrophobic material as an insulation is crucial to scale 

down the risk of water ingress into the polymer in the event of 

high electrical stress, which could initiate the breakdown of 

the insulation material itself. 

IV. CONCLUSION 

In conclusion, the effect of nanofiller on the wettability of 

XLPE nanocomposites has been successfully observed. From 

the observations, it was found that the addition of 

CLOISITE-10A into the XLPE matrix has reduced the 

contact angle between the test liquid and the nanocomposites 

surfaces. 5 wt % of the CLOISITE-10A is the optimum 

concentration for the filler to achieve a better wettability 

property for an insulation application, such as having high 

contact angle, low surface free energy, negative value of 

spreading coefficient, and exhibiting low interaction with the 

liquid.
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 All the results indicated that the XLPE/nanoclay possessed a 

hydrophobic character in contrast to the neat XLPE and 

XLPE/nanosilica composites. This character is essential in 

improving the dielectric properties of the XLPE, as the 

hydrogen bonding created at the interfacial region of 

nanocomposites can aid in boosting the hydrophobicity of the 

polymer and serve as a charge trap at the same time. 
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