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Abstract. The presented work investigates the effect of Halloysite Nanotubes (HNTs) doping on the 

electrical and thermal transport behavior of polyurethane (PUR) systems designed for advanced electro-

insulating applications. Three representative PUR compounds: VUKOL N22, VUKOL N22 Magna Blue, 

and VUKOL N70 were selected as model matrices due to their established use in encapsulation and potting 

materials for power electronics. Each system was modified with 2 wt.% and 5 wt.% of HNT nanofillers in 

order to analyze the extent to which tubular aluminosilicate nanoparticles alter charge conduction and heat 

dissipation within the polymer bulk. Electrical measurements revealed that the inclusion of HNTs strongly 

affects the conduction process, primarily through enhanced interfacial polarization, carrier trapping, and 

modification of percolation pathways between polymer chains. Thermal conductivity analysis showed a 

moderate but systematic increase, indicating more efficient phonon transport and partial formation of 

thermally conductive microchannels mediated by well-dispersed nanotubes. The results confirm that 

controlled HNTs incorporation enables precise tuning of both electrical and thermal properties of PUR 

systems, offering new perspectives for the design of multifunctional insulation materials with improved 

dielectric stability and thermal management, particularly suitable for emerging high-voltage, high-

temperature, and energy-dense power devices.  

1 Introduction 

Two-component polyurethane (PUR) resins are widely 

used as encapsulation and insulating materials in power 

electronics, high-voltage systems, and aerospace 

equipment because of their strong dielectric strength, 

mechanical stability, and resistance to environmental 

stresses. As operational requirements continue to 

intensify in the form of higher temperatures, increased 

electrical loading, and repeated mechanical 

deformation, conventional PUR formulations are 

approaching their functional limits. This trend 

highlights the need for advanced polymer systems 

whose properties can be deliberately adjusted for 

multifunctional performance [1 - 4]. 

A promising strategy for improving the behavior of 

polymeric insulation involves the incorporation of 

nanoscale fillers. HNTs, naturally occurring 

aluminosilicate minerals with a hollow tubular structure, 

have attracted significant attention due to their low cost, 

biocompatibility, and favorable surface chemistry. Their 

outer siloxane and inner aluminol surfaces enable 

selective interactions, controlled chemical modification, 

and stable dispersion within polymer matrices. 

Halloysite may exist in hydrated or dehydrated forms 

depending on thermal treatment, and this variability 
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influences its interfacial behavior. Although HNTs 

resemble multi-walled carbon nanotubes in geometric 

form, they are more environmentally compatible, easier 

to process, and significantly more cost effective. Their 

high aspect ratio and characteristic mesoporous 

architecture support mechanical reinforcement and 

create tortuous pathways that suppress charge transport 

while enhancing thermal conduction [5 - 7]. 

Previous studies have demonstrated that HNTs can 

improve thermal stability, dielectric robustness, and 

conductivity behavior in a variety of polymer systems 

including epoxies, polyethylene, and conducting 

polymers. These enhancements have been associated 

with interfacial polarization, modified carrier dynamics, 

and the formation of filler mediated networks. Recent 

theoretical and experimental findings emphasize that the 

interphase surrounding HNTs strongly influences 

mechanical and electrical behavior, indicating that 

HNTs act as active structural elements that shape the 

overall multifunctional response of nanocomposites [5 - 

7]. Our earlier investigations involving ZnO, Al2O3, 

SiO2 and MgO nanoparticle filled polyesterimide and 

polyurethane systems further confirmed that even low 

nanofiller loadings can shift dielectric relaxation 

processes, alter polymer chain mobility, and improve 

resistive and thermal characteristics [8 - 10]. 
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Despite these promising results, the influence of 

HNTs on commercial two-component polyurethane 

systems remains insufficiently explored. Most 

published work concerns thermoplastics or epoxy-based 

materials, leaving critical questions unanswered 

regarding the dielectric, thermal, and mechanical 

behavior of PUR HNT composites processed under 

industrial curing conditions. Important structure 

property relationships involving interfacial polarization, 

filler network formation, and matrix chain dynamics are 

not yet adequately understood in these widely used 

commercial PUR systems. 

The present study addresses these gaps by evaluating 

the effect of controlled HNTs loading on the 

multifunctional performance of commercial 

polyurethane matrices. Special emphasis is placed on 

the interplay between nanoscale dispersion quality, 

interfacial interactions, and their combined influence on 

electrical conductivity and thermal transport. Since 

halloysite is naturally abundant and cost effective, its 

application aligns with both performance driven design 

and sustainability-oriented objectives. The results 

presented in this work contribute to the rational 

development of advanced nanodielectric materials 

intended for next generation power electronics, energy 

systems, and mobility technologies. 

2 Materials studied 

The principal aim of this investigation is to evaluate and 

compare how the incorporation of HNTs influences the 

dielectric behavior of three newly developed two-

component PUR systems manufactured by VUKI a.s. 

The commercial formulations examined in this work 

include VUKOL N22 (Sample A), VUKOL N22u 

Magna Blue (Sample B), and VUKOL N70/2 (Sample 

C). These PUR materials are widely applied in the 

fabrication and protection of electrical components, 

particularly in processes such as the casting of small and 

medium power transformers, encapsulation and sealing 

of capacitors, coils, and other sensitive electronic parts, 

and the production of prototype components and scale 

models where rapid demolding is advantageous. They 

are also employed for potting battery systems, 

embedding assemblies with dissimilar thermal 

expansion coefficients, and filling structural cavities in 

electrical devices where a stress-free insulating 

compound with high elasticity, robust dielectric 

properties, and enhanced thermal conductivity is 

required. Their suitability for electronic encapsulation, 

cavity filling, and transparent UV-resistant applications 

further underscores their industrial relevance [11]. 

HNTs (Sigma-Aldrich, product No. 685445, St. 

Louis, MO, USA) were introduced into each PUR 

formulation at loading levels of 2.0 and 5.0 wt%. HNTs 

are naturally occurring aluminosilicate with the 

chemical formula Al₂Si₂O₅(OH)₄·nH₂O and possesses a 

characteristic multilayer tubular morphology formed 

through the rolling of kaolinite sheets. The nanotubes 

typically exhibit inner diameters of approximately 10 to 

30 nm, outer diameters in the range of 50 to 70 nm, and 

lengths extending from several hundred nanometers to 

multiple micrometers. The presence of hydroxyl groups 

on both inner and outer surfaces enables diverse 

physicochemical interactions with polymer chains and 

allows for targeted functionalization. The high aspect 

ratio, appreciable specific surface area, and intrinsic 

thermal stability of HNTs make them effective 

multifunctional fillers capable of enhancing mechanical 

integrity, modifying thermal transport, and influencing 

dielectric response. Their inherent permittivity can also 

contribute to controlled shifts in the effective dielectric 

constant of the host matrix. 

All nanocomposite samples containing 2.0 and 5.0 

wt% HNTs were prepared using a direct dispersion 

procedure [8 – 10, 12, 13] consistent with 

methodologies established in our prior work, ensuring 

uniform filler distribution and reproducible composite 

structure. 

3 Measurement procedures 

3.1 Volume conductivity 

The determination of volume conductivity (S/m) 

provides a fundamental indicator of charge transport 

behavior in polymer nanocomposites and is essential for 

evaluating their suitability for high-voltage insulation 

systems. This property quantifies the extent to which the 

bulk material permits electrical conduction under a 

sustained direct-current electric field and is highly 

sensitive to interfacial polarization mechanisms, filler 

dispersion uniformity, and matrix-nanofiller 

interactions.  

Volume conductivity measurements were performed 

following the procedures specified in IEC 62631-3-1 

and IEC 62631-3-2. A Keithley 6517A electrometer in 

combination with the Keithley 8009 resistivity fixture 

(Keithley Instruments, OH, USA) was employed to 

ensure precise low-current detection and stable 

electrode contact conditions. Prior to electrical 

characterization, specimens were short-circuited for 24 

hours to minimize transient effects and achieve 

equilibrium charge distribution. For statistical 

validation, five separately fabricated samples were 

evaluated, enabling assessment of measurement 

repeatability and minimizing variability associated with 

sample preparation. 

For Sample A, the unmodified polyurethane 

exhibited a volume conductivity of 7.28 × 10⁻14 S/m, 

characteristic of insulating-grade PUR systems. 

Incorporation of 2 wt.% HNTs resulted in a decrease to 

8.01 × 10⁻15 S/m, while the 5 wt.% HNTs formulation 

further reduced conductivity to 9.26 × 10⁻15 S/m. These 

reductions reflect the strong capability of HNTs to 

impede charge transport through the formation of 

elongated and highly resistive conduction paths. The 

decrease in conductivity indicates that interfacial 

trapping, dipole immobilization, and the presence of 

deep trap states introduced by the nanotube interfaces 

significantly suppress long-range carrier mobility. 
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Table 1. Electrical Volume Conductivity of Polyurethane 

Samples with and Without HNTs 

Material Conductivity (S.m-1) 

○Sample A  
7.28 10-14 

○Sample A + 2% HNTs 
8.01 10-15 

○Sample A + 5% HNTs 
9.26 10-15 

○Sample B  
2.86 10-14 

○Sample B + 2% HNTs 
1.60 10-14 

○Sample B + 5% HNTs 
8.59 10-15 

○Sample C  
8.80 10-12 

○Sample C + 2% HNTs 
2.76 10-13 

○Sample C + 5% HNTs 
1.07 10-12 

 

 

Fig. 1. Volume conductivity of Sample A polyurethane with 

0, 2, and 5 wt.% HNT. 

Sample B exhibited comparable trends but with even 

more substantial conductivity suppression. The neat 

resin showed a conductivity of 2.86 × 10⁻14 S/m. 

Introducing 2 wt.% HNTs lowered this value to 1.6 0 × 

10⁻14 S/m, and the 5 wt.% composite reached 8.59 × 

10⁻15 S/m, representing the strongest insulating behavior 

among the three PUR matrices. The pronounced 

decrease confirms that the Sample B matrix offers 

particularly favorable polymer–nanotube interactions, 

enabling the development of interfacial regions with 

high polarization potential and deep charge traps. These 

features significantly extend the time required to reach 

ohmic conduction, consistent with absorption-

controlled transient currents and Maxwell–Wagner–

Sillars interfacial processes. 

 

Fig. 2. Volume conductivity of Sample B polyurethane with 0, 

2, and 5 wt.% HNT. 

In contrast, Sample C demonstrated a distinct 

response due to its inherently higher baseline 

conductivity. The unmodified material exhibited 8.80 × 

10⁻12 S/m, which is one to two orders of magnitude 

higher than Samples A and B. Doping with 2 wt.% 

HNTs substantially reduced conductivity to 2.76 × 10⁻13 

S/m, indicating that HNTs incorporation effectively 

disrupts conductive pathways within this matrix as well. 

However, at 5 wt.% HNTs, conductivity increased again 

to 1.07 × 10⁻12 S/m. This reversal suggests the onset of 

agglomeration phenomena at higher filler loadings, 

where nanotube clustering locally enhances charge 

percolation, reduces interfacial areas available for 

polarization, and compromises the uniformity of the 

insulating network. Creation of agglomerations also due 

to the different viscosity value of pure PUR (Sample C). 

 

 

Fig. 3. Volume conductivity of Sample C polyurethane with 0, 

2, and 5 wt.% HNT. 

Across all three PUR systems, long stabilization 

times approaching approximately one hour before 

reaching steady-state current indicate that absorption 

currents dominate the early phase of the DC 

measurement. These transient currents are associated 

with dipolar orientation, charge accumulation at 

polymer-filler interfaces, and delayed carrier drift 

within the bulk material. Such behavior is characteristic 

of highly resistive nanodielectrics that contain extensive 

interphase regions capable of trapping charge carriers. 

The composites exhibiting conductivities below 10⁻¹⁵ 

S/m, particularly Sample B with 5 wt.% HNTs and 

Sample A  with 2 respectively 5 wt.% HNTs, can 

therefore be classified as high-performance insulating 

materials suitable for demanding applications including 

high-voltage encapsulation, potting of power electronic 

modules, and insulation of energy storage components. 

3.2 Thermal conductivity 

Thermal conductivity is a critical parameter for 

polymer-based insulating materials used in power 

electronics, where insufficient heat transport can 

accelerate thermal aging, induce localized overheating, 

and compromise dielectric reliability. Even modest 

improvements in heat dissipation can significantly 

enhance the operational stability of encapsulated 

components and extend service lifetime under high 

thermal and electrical stress. 
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In this work, thermal conductivity characterization 

was performed using a custom-built measurement 

platform specifically developed for polyurethane 

composite systems [14]. The results were later validated 

with a TPS 2500 S thermal constants analyzer (Hot Disk 

AB, Sweden), which provides high-precision evaluation 

of thermal conductivity, thermal diffusivity, and specific 

heat capacity in compliance with ISO 22007-2. For each 

formulation, five consecutive measurements were 

carried out, and the mean value was reported to ensure 

statistical robustness and measurement repeatability.  

For Sample B (Figure 4, second subplot), the neat 

PUR exhibits a thermal conductivity of 0.200 W·m-1·K-

1. Upon incorporation of 2 wt.% HNTs, the conductivity 

increases to 0.213 W·m-1·K-1, and reaches 0.220 W·m-

1·K-1 at 5 wt.% HNTs. Although the absolute change is 

relatively small, the monotonic increase is in line with 

trends commonly reported for solid polymer composites 

containing thermally conductive fillers. These results 

indicate that HNTs act as effective modifiers of heat 

transport in the polyurethane matrix. Similar behavior is 

observed for samples A and C. In the case of Sample C, 

the thermal conductivity of the pure sample is much 

higher (0.51 W·m-1·K-1) than that of Samples A and B, 

but the trend remains similar.  

 

 

Fig. 4. Thermal conductivity of PUR/HNT composites. The 

data points represent the mean of 10 measurements, and the 

shaded area indicates the confidence band corresponding to the 

standard error of the mean. 

The enhancement in thermal conductivity is 

primarily associated with the intrinsic thermal properties 

of the HNTs and their ability to establish preferential 

pathways for phonon transport within the composite. 

Owing to their higher thermal conductivity compared to 

the host polymer and their tubular morphology, HNTs 

can participate in the formation of partial heat 

conduction networks that facilitate energy transfer 

across the material volume. Literature reports support 

the formation of such filler-mediated conduction paths 

in halloysite-based composites, where nanotubes 

promote more continuous routes for phonons, which are 

the dominant heat carriers in these systems. 

From a statistical viewpoint, the increase in thermal 

conductivity with rising HNTs content is small but 

measurable. Analysis of repeated measurements shows 

that the mean values for 0, 2, and 5 wt.% HNTs exhibit 

limited overlap of their confidence intervals, indicating 

that the observed evolution is not solely attributable to 

measurement scatter. This behavior supports the 

interpretation that HNTs contribute to a progressively 

more interconnected thermal transport network in 

Sample B, even at relatively low filler concentrations. 

4 Conclusion 

The incorporation of HNTs significantly influenced the 

multifunctional performance of the investigated PUR 

systems. For electrical conductivity, all three PUR 

matrices exhibited a marked decrease when modified 

with 2 wt.% and 5 wt.% HNT, confirming that the 

nanotubes effectively suppress charge transport through 

enhanced interfacial trapping and the formation of 

conduction pathways. The lowest conductivities were 

achieved in Sample B and Sample A, both at 5 wt.% 

HNT, positioning these formulations as high-grade 

insulating materials. 

For thermal transport, Sample B showed a modest 

but consistent increase in thermal conductivity from 

0.200 W·m-1·K-1 for the neat resin to 0.213 W·m-1·K-1 

and 0.220 W·m-1·K-1 at 2 wt.% and 5 wt.% HNTs, 

respectively. This trend indicates the formation of 

partial phonon-conducting pathways introduced by the 

nanotubes. Despite the significantly higher thermal 

conductivity of the pure Sample C (0.51 W·m-1·K-1) 

compared to Samples A and B, a similar overall 

behavior is observed for all samples. 

Overall, the results demonstrate that controlled 

HNTs loading can simultaneously reduce electrical 

conductivity and enhance thermal conductivity, which is 

a desirable combination for advanced encapsulation and 

high-voltage insulation applications. [12, 13]. 
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