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Nonlinear Polymer Nanocomposite for Field Grading in Medium-
Voltage Power Converters under High-Altitude and Humid Environ-

ments

Zachary Zintak

(ABSTRACT)

This thesis presents the development and characterization of a nonlinear resistive poly-
mer nanocomposite (PNC) coating designed to enhance insulation within medium-voltage
(MV) power modules and suppress flashover on printed-circuit boards (PCBs) at high al-
titudes. Electric field simulations of the triple-point (TP) region revealed strong E-field
intensification at conductor-ceramic-silicone and conductor-FR4-air interfaces, leading to
premature partial discharges and breakdown. To mitigate these effects, a PNC coating
composed of a polymer matrix with dispersed conductive nanoparticles was applied as a
conformal field-grading layer. Electrostatic force microscopy (EFM) measurements exhibit
an average distance of 135 nm between nanoparticles within the polymer matrix. Finite
element simulations conducted in COMSOL demonstrated that the nonlinear conductivity
of the PNC effectively redistributed the local electric field, reducing the peak intensity at
the TP by approximately 50% compared to an uncoated interface. Experimental valida-
tion through partial discharge inception voltage (PDIV) and breakdown voltage (BV) tests
confirmed that the PNC coating increased surface flashover voltage by approximately 30%
under both ambient and low-pressure conditions when exposed to air. Humidity aging and
condensation tests were performed to assess the long-term reliability of the coating within
power modules. The PNC maintained its insulation improvement ability under prolonged

high-humidity exposure, showing no measurable degradation in insulation strength. Overall,
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this work demonstrates a robust and environmentally stable nonlinear coating for surface
field grading in MV power modules and converters. The PNC provides a promising path-
way toward improving partial discharge immunity and insulation reliability in high-power,

high-voltage electronic packaging applications.
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Nonlinear Polymer Nanocomposite for Field Grading in Medium-
Voltage Power Converters under High-Altitude and Humid Environ-

ments

Zachary Zintak

(GENERAL AUDIENCE ABSTRACT)

This thesis presents the development of a polymer nanocomposite coating that improves
electrical insulation and prevents breakdown in medium-voltage power systems. These sys-
tems are increasingly used in electric vehicles, aircraft, and renewable energy converters,
where compact, reliable insulation is essential, especially at high altitudes where electrical
breakdown is more likely to occur. In these environments, strong electric fields can form
at specific regions called triple points, where different materials meet, leading to surface
discharges and insulation failure. To address this challenge, a specially formulated coating
made of a polymer mixed with conductive nanoparticles was developed and applied as a
thin, conformal layer over these triple points. This coating has a unique property called
nonlinear resistivity, meaning its ability to conduct electricity changes with the strength of
the electric field, allowing it to smooth out localized field concentrations and prevent dis-
charges. Simulations and experiments confirmed that the coating reduced electric field stress
by about 50% and increased surface flashover voltage by roughly 30% under both normal and
low-pressure conditions. The coating’s reliability was also tested under high-humidity and
condensation conditions to simulate real-world operating environments within power mod-
ules. Results showed that the material maintained its insulating performance and did not

degrade after prolonged exposure. Overall, this work demonstrates a durable and adaptive
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insulation coating that can significantly enhance the safety and reliability of next-generation

medium-voltage power modules and high-altitude electronic systems.
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Electrification and Medium-Voltage Power Electronics

Rapid electrification of transportation, renewable energy systems, and industrial power
conversion has driven the need for reliable medium-voltage (MV) power modules capable
of handling higher voltages, temperatures, and switching frequencies [1]. Electric vehicles
(EVs), electric aircraft and grid-tied converters increasingly rely on compact and reliable

power electronics to enable clean and sustainable energy technologies.

Wide-bandgap (WBG) semiconductors such as silicon carbide (SiC) and gallium nitride
(GaN) have allowed us to achieve these advances due to their superior electrical and thermal
performance compared to traditional silicon devices [2]. They allow for higher blocking
voltages, seen in Fig. 1.1, and faster switching speeds, which reduce conduction and switching
losses and enable higher power density designs [3-9]. As MV SiC power devices rated above 2
kV become more common in electric traction and aerospace systems, the demand for compact

insulation solutions with high reliability has become increasingly critical [10-15].

While WBG-based power modules enable improved system efficiency, they also impose

new challenges in insulation design. Higher operating voltages produce intensified electric
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Figure 1.1: Comparison of power device on-resistance and breakdown voltage [2].

fields within encapsulants, substrates, and at air-solid interfaces, often leading to partial
discharge or dielectric breakdown [16-20]. These failure modes are particularly problematic
in high-altitude and high-humidity environments, where reduced air pressure lowers the
breakdown voltage of air and moisture can invade insulation materials, increasing the risk

of partial discharge and insulation degradation [21, 22].

1.1.2 Partial Discharge and Breakdown at Triple Points

Partial discharge refers to a localized electrical discharge that only partially bridges
conductors within a dielectric. As partial discharge events occur, the dielectric begins to
degrade and can eventually lead to full dielectric breakdown [19, 23-25]. Breakdown refers
to the process that occurs when a dielectric is subjected to a high enough voltage that it
suddenly becomes a conductor and current can freely pass through it. Both processes often
begin with localized electric field intensification at geometric discontinuities and material

boundaries known as triple points (TPs) where a conductor and two insulators meet. At
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these locations, not only are these rapid material property changes, but TPs are also regions
more prone to defects, such as sharp corners or voids within the dielectric as shown in Fig.

1.2a [19, 20, 26, 27).

Figure 1.2: (a) A sharp protrusion left by chemical etching of a direct-bonded copper (DBC)
substrate [27]. (b) An electrical tree formed within a power module’s encapsulation material
after experiencing PD.

In power modules and printed-circuit boards (PCBs), TPs are commonly found at the
terminations of the conductors. At these locations, nonuniform field distributions can exceed
3 times the average electric field (E-field) within the dielectric, leading to partial discharge
[18]. Once initiated, discharges can erode the insulation or inject charges into the dielectric,

seen in Fig. 1.2b, eventually resulting in catastrophic breakdown [25].

Some mitigation strategies involve geometric field control (such as rounded electrodes)
[27], trench structures [28], thicker dielectrics [29], or field-plates [30]. However, these so-
lutions increase package volume, increase manufacturing cost and complexity, or are not
linearly effective. Therefore, a material-based approach that can dynamically respond to the

electric field distribution is desirable for future MV insulation systems.



1.1.3 High-Altitude Insulation Challenges

Power electronic converters designed for aerospace, such as electric aircraft and satel-
lites, must operate under reduced atmospheric pressure [10, 21]. As altitude increases, the
density of air molecules decreases, lowering the dielectric strength of air and consequently the
voltage at which electrical breakdown occurs [31]. This relationship is described by Paschen’s
Law, depicted in Fig. 1.3, which shows that the breakdown voltage of air decreases with
decreasing pressure-distance [32, 33]. At pressures typical of altitudes between 5 and 15 km,

the breakdown voltage can be less than half that at sea level.
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Figure 1.3: Paschen’s curve experimental data for air [21].

Under these conditions, surface flashover, a form of breakdown that travels along the
interface between a solid insulator and air, becomes a dominant failure mechanism [34].
The reduced dielectric strength allows small irregularities or charge accumulation at TPs to
trigger premature discharge. Once initiated, surface discharges can extend across the surface

and evolve into a complete flashover, permanently degrading the insulation material.
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High-altitude environments therefore pose significant challenges to maintaining insula-
tion reliability in MV converters and printed-circuit boards. To mitigate these effects, an
increase in the creepage distances between conductors is a typical method to mitigate this

problem. However, this method increases the volume and weight of the system.

1.1.4 Humid Environment Insulation Degradation

Power electronic converters are often being deployed in harsh and humid environments,
such as offshore wind turbines, railway traction systems, and electric vehicles. In these sys-
tems, long-term exposure to moisture and condensation can impact the electrical insulation
materials used for encapsulation [22, 35, 36]. As the industry moves toward higher volt-
age operation and denser packaging, environmental reliability has become one of the most

critical challenges to ensuring safe and stable performance over the converter’s lifetime.

Silicone gels are widely used as encapsulants in MV power modules due to their excellent
flexibility, thermal stability, and dielectric strength. Their soft, conformable nature allows
them to fill voids and protect interconnects and chips from vibration and mechanical stress.
However, silicone materials are permeable to moisture, and studies have shown that they
can absorb water molecules from the surrounding atmosphere during extended operation in

humid conditions [37].

Once absorbed, moisture can alter the electrical and chemical properties of the encapsu-
lant. Reports in [22, 35, 36] indicate that prolonged humidity exposure leads to a reduction
in electrical resistivity and increased leakage current. The formation of conductive pathways
along the polymer—filler interfaces. Additionally, under high-field stress, the absorbed water

can promote partial discharges at voids or interfaces, accelerating electrical aging.



1.1.5 Field Grading and Nonlinear Resistive Materials

Nonlinear resistive materials exhibit field-dependent conductivity, allowing them to act
as self-regulating field-grading layers. When the local electric field increases, their conduc-
tivity rises, redistributing charge and reducing the field gradient in high-stress regions [38—
40]. This concept has been widely used employing ZnO-based ceramics as filler materials
[41, 42]. However, these rigid and brittle materials are unsuitable for conformal coatings in

power modules or PCB applications.

The polymer nanocomposite (PNC) offers a flexible alternative by combining an in-
sulating polymer matrix with dispersed conductive nanoparticles. The resulting material
maintains a low viscosity < 10,000 cps, allowing for it to be applied to tight regions such
as TPs [16]. Recent studies on the PNC has shown that nanoparticle inclusion can enhance
partial discharge resistance, increasing partial discharge inception voltage by > 85% when
applied to the TPs of direct-bonded copper substrates [43-45]. Despite these advantages,
limited work has focused on exposing the PNC coating to reduced pressure or humid envi-

ronments.

1.2 Significance of This Work

This research introduces and investigates the application of the PNC coating as a in-
sulation enhancement layer for MV power modules and PCBs within reduced pressure and

humid environments.

Finite element simulations were performed to analyze the electric field distribution at
TP regions with and without the coating. The results demonstrated that the nonlinear

conductivity of the PNC can effectively redistribute the field, reducing peak electric field



stress by approximately 50% compared to uncoated surfaces. Experimental flashover testing
confirmed that the PNC improved surface insulation performance by roughly 30% in both

normal and low-pressure environments.

In addition to electrical performance, this work investigates the environmental durability
of the PNC through humidity aging testing. The PNC maintained its insulating performance
after prolonged exposure to high humidity, demonstrating potential for use in real-world MV

applications where moisture is unavoidable such as off-shore wind farms.

By integrating materials characterization, electrical testing, and finite element simula-
tion, this thesis provides a comprehensive understanding of how nonlinear nanocomposite
coatings can be used to enhance field control and insulation reliability in next-generation

MYV power electronics.

1.3 Thesis Structure

This thesis is organized into six chapters.

Chapter 1 introduces the motivation for this project. Driven by WBG semiconductors,
the need for improved insulation in MV systems is described and the problem of partial
discharge and breakdown is emphasized. Nonlinear resistive materials for field grading and

reliability enhancement are highlighted as a promising material for addressing this need.

Chapter 2 presents the electrical characterization of the PNC coating, including sur-
face morphology and nanoparticle distribution analysis using electrostatic force microscopy

(EFM) data.

Chapter 3 details electric field modeling of triple points using finite element simulation,

comparing coated and uncoated configurations to evaluate field suppression mechanisms in



air and within a power module.

Chapter 4 describes partial discharge inception voltage (PDIV) and breakdown voltage
(BV) testing under both ambient and reduced-pressure conditions. Sample configuration

and testing for air environments is detailed in this chapter.

Chapter 5 investigates humidity aging reliability of the PNC within a power module.

Aging procedure and sample test flow are described within this chapter.

Chapter 6 summarizes the key findings, highlights the contributions of this research,
and discusses future work toward integrating PNC coatings into commercial MV module

packaging and power converter systems.



Chapter 2

Characterization of the Polymer

Nanocomposite Coating

Understanding the electrical and morphological properties of the PNC coating is essen-
tial to ensure the quality of the coating and suppress discharge in medium-voltage insulation
systems. The PNC’s ability to mitigate electric field intensification depends strongly on its

nanoparticle dispersion, microstructure, and cross-sectional analysis.

This chapter presents material characterization study of the PNC coating, focusing on
its surface morphology and nanoparticle distribution. Scanning electron microscopy (SEM)
and EFM are used to analyze particle dispersion and interfacial structure, while the non-
linear conduction behavior is evaluated through DC current-voltage measurements. Surface
topography and roughness are also quantified using profilometry and atomic force microscopy

(AFM) to assess coating uniformity and quality.

2.1 Experimental Setup

2.1.1 Sample Preparation

The PNC coating was formulated by dispersing conductive nanoparticles into a polymer

matrix to form a low viscosity (< 10,000 cps) paint solution, seen in Fig. 2.1. After creating

9



the mixture, the solution is degassed to remove trapped air before application. The solution

is able to be easily applied via paint brush along TPs.

Figure 2.1: Uncured PNC solution.

For this chapter, there are two different types of samples investigated. For SEM imaging
and surface profilometry, PCB samples used for air electrical testing used in 4 are investi-
gated. The TP is investigated on the surface as well as a cross-section. For EFM, the PNC
is applied on the surface of a diced silicon wafer, metalized with titanium and silver to make
the surface electrically conductive. Each sample was thermally cured at 180°C for forty

minutes to promote crosslinking. Both types of samples are seen in fig 2.2.

2.1.2 SEM and Surface Imaging

Scanning electron microscopy (SEM) was used to examine the adhesion, voiding, and
thickness at the interface of the PNC coating and the FR4 substrate. SEM imaging was
performed on a JEOL JCM-7000 microscope operating at an accelerating voltage of 15 kV

and a working distance of approximately 12 mm.

Surface morphology measurements were carried out using a Keyence VK-X3000 3D sur-

face profilometer and Oxford Jupiter XR AFM. The profilometer provided coating thickness

10
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Figure 2.2: (a) PCB sample with PNC applied to the smaller upper electrode. (b) PNC
applied to the surface of diced silicon wafers.

and overall surface profile over a 2 mm scan area, while AFM offered nanoscale surface

topography over a 10 ym x 10 pum area in tapping mode.

The average surface roughness (R, ) and root mean square roughness (R,) were extracted
from AFM scans to quantify the coating smoothness. A low R, value ensures uniform electric

field distribution across coated electrodes.

2.1.3 EFM Overview

Electrostatic force microscopy (EFM) was utilized to analyze the nanoscale electrical
uniformity and local potential distribution of the PNC coating. Measurements were con-

ducted using the Oxford Jupiter XR AFM in Non-contact AC Potential (NAP) mode.

During EFM scanning, the conductive tip first traces the surface topography in AC
mode in air and then re-scans the same line at a constant lift height Az, following along
the previously measured topography, while a DC bias is applied between the tip and the

sample. By lifting at this constant height Az, the cantilever is able to be decoupled from

11



the topography of the sample and only be affected by electric fields. Phase data shows the
electrostatic induced shift in resonance frequency. This technique allows visualization of
conductive nanoparticle distribution within the polymer matrix. A visual of the NAP mode

utilized by the EFM is pictured in Fig. 2.3.

2\

Drive AC
Signal

Cantilever

200 %0 0% Az VvV ) bC

1 PNC Surface Bias

Figure 2.3: NAP mode conducted by the AFM. Topography is first measured (1), then the
probe follows the topography a set height Az above the measured topography (2).

2.2 Results and Discussion

2.2.1 Cross-Section SEM and Surface Morphology

Representative cross-sectional SEM micrographs of the PNC coating are shown in Fig.
2.4. The coating exhibits a dense, continuous structure with no voids or delamination at
the interface between the PNC and substrate. The embedded nanoparticles appear well
distributed throughout the polymer matrix. From this image, we also measure the thickness
of the PNC to be 60 um at the thickest region to just to the left of the copper trace and 40

pm above the trace.
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Figure 2.4: Cross-section SEM image of PCB sample. Lower region shows the FR4 and the
mound to the right shows the 1 oz copper trace. The darker region surrounding the copper
trace shows the PNC with particles distributed throughout.

Fig. 2.5 presents the surface topography of the cured PNC coating on a PCB substrate.
Profilometry confirmed an average coating thickness of 60 pum, while AFM measurements
yielded an average roughness (R,) of ~700 pm and an R, of 1.3 nm in an area of 100 um?.
AFM topography measurements are included in Fig. 2.6a. The resulting surface remains
sufficiently smooth for conformal coverage on copper electrodes and is unlikely to induce
additional electric field distortion. These results confirm that the coating process yields a
morphologically stable and electrically uniform layer suitable for power module encapsulation

and field-grading applications.

2.2.2 EFM Particle Distribution

The EFM measurements provided nanoscale insight into the spatial distribution of

nanoparticles within the PNC coating. Fig. 2.6 shows both the topography and the corre-

13



sponding EFM phase image under an applied 5 V DC bias between the cantilever and PNC
surface. The EFM contrast reveals relative dark regions corresponding to local variations
in electrostatic potential, which are associated with the conductive nanoparticles dispersed
in the polymer. Analysis shows an average distance between from nearest particles of 135
nm, indicative of a homogeneous particle dispersion, consistent with SEM observations. No

evidence of large-scale clustering or percolation paths was observed.

2.3 Conclusion

Cross-sectional SEM imaging confirmed uniform nanoparticle dispersion without voids
or delamination, while surface morphology measurements showed that the coating main-
tained a smooth topography (R, ~ 700 pm) suitable for conformal application. EFM anal-

ysis revealed nanoscale uniformity in particle distribution.

Overall, the results confirm that the PNC coating combines excellent structural unifor-
mity, validating its potential as a field-grading and surface insulation enhancement material

for medium-voltage power modules and high-altitude systems.
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Figure 2.5: (a) Height surface image of the PNC coated on a PCB substrate in a 2 mm x 2

mm area. (b) Profile of the surface through the middle of the image shown in (a).
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Chapter 3

Effect of Conformal Coating on
Electric Field Around PCB Electrode

in Air: Simulation

The purpose of this chapter is to evaluate the effect of the PNC coating on the electric
field distribution at critical TP regions in MV insulation structures. Finite element simu-
lations were conducted to quantify the reduction in electric field intensity achieved by the

nonlinear PNC coating relative to both uncoated and linearly coated surfaces.

All simulations were performed using COMSOL Multiphysics with the electric currents
physics interface under AC 50 Hz conditions. The analysis was designed to replicate the
local electric field environment at a conductor-dielectric-air interface, mimicking the layout

discussing in chapter 4.

3.1 Simulation Setup

3.1.1 Geometry

The simulation domain represents a simplified two-dimensional cross section of a HV

conductor edge, dielectric substrate, and surrounding air, as illustrated schematically in Fig.
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3.1. The geometry dimensions were chosen to approximate the physical test structure used
in PDIV and flashover experiments. The PCB cross-section has FR4 1.5 mm thick and 1 oz
copper, approximately 35 pm thick. The HV trace has a 6 kV AC 50 Hz voltage applied.
Similar to the cross-section measured, the PNC is designed to taper from the TP of the

copper trace and is made to be about 60 um thick near to the edge of the conductor.

Air

10z Copper Conformable Coating

! GND

9.5 mm

Figure 3.1: Geometry of the E-field simulation with a 9.5 mm gap between the HV and GND
traces.

3.1.2 Materials

Material properties used in the simulation are summarized in Table 3.1. Copper was
modeled as a perfect conductor, while FR4 and air were treated as linear dielectrics with

constant permittivities.

Table 3.1: Materials properties used in E-field simulation.

Material | Conductivity (S/m) Relative permittivity

Copper 5.96e7 1
Air le-12 1.000589
FR4 le-14 4.5

MG Coating le-13
PNC o (1+(£))
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The commercial conformal coating was represented by a homogeneous insulating layer
with conductivity of le-13 S/m. The PNC coating was modeled using a field-dependent
conductivity function to capture its nonlinear resistive behavior observed experimentally in

[16]. The relation between conductivity ¢ and the local electric field intensity was defined as

I(E) = do (1 + <E£b)a> ; (3.1)

where dy is the initial conductivity; F is the switching field; and « is the nonlinear coefficient.
Table 3.2 lists the values of each of these variables.

Table 3.2: Values used in Equation 3.1.

Variable ‘ Value

o | le-11 S/m
E, 15 kV/mm
a 7

3.2 Results and Discussion

Fig. 3.2 shows the simulated electric field distribution for the uncoated configuration
where the region in white around the edge of the electrode is E-field stress above the scale of
the image. The profile of the coating is seen in this image but is placed to keep consistency
in the mesh between all simulations. In the uncoated interface, strong field intensification
occurs at the conductor-FR4-air triple point, with a peak field magnitude of 3.8 kV/mm 10
pm above surface of the FR4. This concentrated stress is above the dielectric strength of
air (3 kV/mm) and this region correlates closely with the initiation site of partial discharge

observed experimentally in subsection 4.2.

Application of the commercial conformal coating instead enhanced the maximum electric
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Figure 3.2: FEA simulation results with TP surrounded by air.

field to 10.2 kV/mm, shown in Fig. 3.3. This enhanced electric field may be attributed to
the decrease in conductivity compared to air and However, the high E-field had been mostly
contained within the coating material. Instead, a small location near the coating edge
remained above the dielectric strength of air, continuing to be a point susceptible to PD and

breakdown.

kV/mm

2.5

0.5

4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 mm

Figure 3.3: FEA simulation results with TP surrounded by the commercial MG material.

In contrast, the PNC-coated interface exhibited a significantly more uniform field dis-
tribution seen in Fig. 3.4. The peak field was reduced to approximately 2.5 kV/mm, corre-

sponding to nearly a 50% reduction relative to the uncoated case. The nonlinear conductivity
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of the PNC allowed for controlled charge transport within the coating, dynamically redis-

tributing potential near the triple point and flattening the local field gradient.

mm
.75 ‘ KV/mm
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0

Figure 3.4: FEA simulation results with TP surrounded by air.

Fig. 3.5 compares the electric field profiles along the air-dielectric interface for the three
cases 10 um above the FR4 surface. The PNC-coated configuration exhibits the smoothest
potential gradient and the lowest field enhancement factor, consistent with its experimentally

observed suppression of PDIV activity and increase in flashover voltage seen in chapter 4.

3.3 Conclusion

Finite element electric field simulations were conducted to evaluate the field-grading
effectiveness of the nonlinear polymer nanocomposite (PNC) coating at conductor—dielectric—

air interfaces.

The PNC coating reduced the local electric field intensity at the triple point by approxi-
mately 50% compared to the uncoated configuration. The commercial linear coating instead
showed enhancement of the field near the TP, but contained most of this stress within the

material.
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Figure 3.5: FEA simulation results with TP surrounded by air collected in a line 10 um
above the FR4.

These results confirm that the PNC’s nonlinear conductivity enables smoothening of
the E-field stress mitigation while applied in an air exposed environment. Consequently, the

PNC coating is a promising field-grading solution for medium-voltage systems exposed to

air.
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Chapter 4

PNC Enhanced Flashover Voltage of
PCBs at High Elevation

In medium-voltage (MV) power electronics, maintaining reliable surface insulation is
critical to prevent partial discharge (PD) and flashover along air-exposed interfaces [21].
Many methods to suppress surface flashover have been developed in the last 50 years, rang-
ing from electron beam irradiation [46], fluorination [47], plasma deposition [48, 49], and
nonlinear conductivity coatings [31, 50-55]. The development of nonlinear resistive polymer
nanocomposite (PNC) coatings provides a promising approach to mitigate these issues. By
incorporating conductive nanoparticles into a polymer matrix, the coating exhibits field-
dependent resistivity, enabling it to redistribute charge and locally suppress field intensifi-
cation. To assess the coating’s effectiveness, this chapter presents the results of PDIV and
surface flashover BV testing under ambient environments and BV testing under low-pressure

conditions that simulate high-altitude environments.
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4.1 Experimental Setup

4.1.1 Sample Preparation

Printed circuit board (PCB) substrates made from FR4 were chosen for their widespread
use in power electronics. The substrates were patterned with high-voltage copper electrodes
designed to create distinct TP regions, where the conductor, insulating material, and air
meet. Prior to coating, substrates were cleaned using ethanol to ensure optimal adhesion
and minimal contamination to dust. Two types of coatings were utilized for comparison: a
commercial conformal coating and the PNC coating. The commercial coating was formulated
by MG Chemicals and is their 4226A clear insulating varnish, applied via brush. The PNC
coating is formulated by incorporating semiconductive nanoparticles dispersed in a polymer
matrix, also applied via brush and heat cured. Fig. 4.1 shows the PCB sample schematic

and where the coatings are applied.

Figure 4.1: PCB sample schematic with a 9.5 mm gap between the HV and GND electrodes.
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4.1.2 PDIV and Flashover Voltage Measurement Setup

To validate the effectiveness of the PNC coating in suppressing surface discharge and
improving dielectric endurance, partial discharge inception voltage (PDIV) and surface
flashover breakdown voltage (BV) tests were conducted under ambient atmospheric con-
ditions. These measurements were designed to assess the onset of discharge activity and the
ultimate dielectric failure point for PCB test structures with uncoated electrodes, commer-

cially coated electrodes, and those coated with the nonlinear resistive PNC material.

A high-voltage AC power supply was used to apply a step-up voltage to each sam-
ple. The voltage ramping process was controlled to prevent sudden surges and to allow for
monitoring of the PDIV and BV. The detection of partial discharges followed TEC 60270
guidelines, with a PD threshold set at 10 pC. A dedicated PD sensor and detection sys-
tem recorded the voltage at which continuous discharges occurred over a 10-second interval,

marking the PDIV. Fig. 4.2 shows the measurement setup as well as the circuit schematic.

4.1.3 Low-Pressure Flashover Voltage Measurement

To replicate high-altitude conditions, the coated and uncoated samples were placed
inside a calibrated vacuum chamber. The chamber could achieve pressures corresponding to
two different test altitudes: 50 kPa (~5000 m altitude) and 20 kPa (~10,000 m altitude).
Pressure within the chamber was continuously monitored using a digital pressure gauge to
ensure accurate simulation of the targeted environments. The same electrical setup used for
PDIV testing is connected to this chamber for applying and monitoring partial discharge

and breakdown. The chamber used to emulate high altitudes is pictured in Fig. 4.3.
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Figure 4.2: PDIV measurement setup with PD free HV source, coupling capacitor, MPD-600
detection system and sample under test. Circuit schematic is shown on the top left.

4.2 Results and Discussion

4.2.1 Ambient Air PDIV and BV Results

Fig. 4.4 shows the Weibull plot of the PDIV under ambient air conditions while Fig.

4.5 shows the Weibull plot of breakdown voltage as well as an image of its arc. Note that the

flashover occurring in Fig. 4.5b connects with the circular electrode above the midpoint of

the GND electrode. This may be attributed to a distorted electric field from imperfections

in the manufacturing process or defects on the surface such as dust that make the arc favor

a direction. Under 100 kPa pressure, the uncoated test samples exhibited partial discharge

initiation at approximately 7.7 kV, followed shortly by complete surface flashover at 8.4 kV.

This narrow gap between PDIV and breakdown suggests a high electric field concentration
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Figure 4.3: Acrylic vacuum chamber used to emulate high-altitude environments.

at the TP, leading to limited insulation margin and increased susceptibility to discharge
propagation. After applying the MG coating, the PDIV increases to 8.3 kV and flashover
voltage further increases to 9.1 kV. Samples coated with the commercial conformal coating
showed a moderate improvement: PDIV was delayed beyond the uncoated threshold, and
the breakdown voltage increased by more than 1 kV, suggesting that the linear dielectric
layer provided some degree of field smoothing and charge suppression. In contrast to both
of these groups, the samples coated with the PNC material do not experience PDIV before
breaking down at 10.3 kV.

The most significant performance was observed in the samples coated with the PNC.
No detectable partial discharge activity occurred before complete surface flashover, even as

the applied voltage exceeded 10 kV. The PNC-coated structures experienced a clear shift in
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breakdown voltage, demonstrating approximately a 30% increase in surface flashover voltage
compared to the uncoated baseline. The absence of measurable PDIV before breakdown
suggests that the PNC coating effectively dissipated surface charges and mitigated local

electric field intensification, likely through the nonlinear conduction mechanism.

These results strongly support the notion that the PNC does not merely act as a high-
dielectric-strength barrier, but instead participates in dynamic field control. Unlike the
commercial coating, which delays but does not eliminate the early discharge activity, the
PNC appears to prevent the formation of pre-breakdown discharge altogether. This behavior
is consistent with the simulation results, which showed complete suppression of peak electric

field intensity at the TP when the PNC was applied.

4.2.2 Breakdown Voltage Testing in Reduced Pressures

To evaluate the performance of the polymer nanocomposite (PNC) coating in high-
altitude operational environments, surface flashover breakdown voltage (BV) tests were con-
ducted at sub-atmospheric pressures representative of elevated altitudes. The test conditions
were selected to emulate air densities corresponding to altitudes of approximately 5,000 m
(50 kPa) and 10,000 m (20 kPa). These reduced-pressure environments are known to ex-
acerbate surface flashover phenomena due to reduced concentration of air molecules that
increases the mean free path for discharge events [31]. Results for 50 kPa are seen on Fig.

4.6 and 20 kPa is seen on Fig. 4.7.

Across all low-pressure test conditions, neither the uncoated samples nor the coated
samples exhibited partial discharge activity prior to flashover. Instead, each configura-
tion transitioned directly to complete surface breakdown once the critical electric field was

reached. For all samples, this breakdown threshold decreased substantially with decreasing
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pressure, confirming the inverse relationship between air density and breakdown voltage in

surface discharge events.

The application of the commercial conformal coating provided a measurable improve-
ment in breakdown voltage across all pressures tested, although the performance enhance-
ment was moderate and proportional to its ambient-pressure behavior. In contrast, the
PNC-coated samples consistently achieved the highest breakdown voltages at every simu-
lated altitude. Notably, the PNC coating maintained an approximate 30% improvement in
flashover voltage relative to the uncoated baseline, even at the lowest pressure tested. This
consistent performance gain suggests that the nonlinear resistive field-grading mechanism of

the PNC is preserved under reduced air density conditions.

4.3 Conclusion

The surface flashover suppression and discharge mitigation capability of a polymer
nanocomposite (PNC) coating were investigated under both ambient and low-pressure air
environments to enhance the insulation of air-exposed regions in printed circuit boards and
power converters. The results show that the PNC remains effective in improving the sur-
face flashover voltage and eliminating partial discharge activity, even under reduced-pressure

conditions representative of high-altitude operation.

Under ambient conditions, the PNC coating increased the flashover voltage by approx-
imately 30% compared to the uncoated baseline, while preventing measurable discharge
inception before breakdown. When tested at simulated altitudes up to 15,000 m, all samples
exhibited lower breakdown voltages in accordance with Paschen’s Law; however, the PNC
maintained its performance advantage, consistently outperforming both the uncoated and

commercially coated samples. This demonstrates that the nonlinear field-grading mechanism
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of the PNC remains effective even when air density is reduced.
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Figure 4.4: (a) PDIV results in ambient pressure. (b) Corona at the TP of the HV electrode.
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Figure 4.5: (a) BV results in ambient pressure. (b) Arc connecting the HV and GND
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Chapter 5

Effect of Moisture on PNC
Field-Grading in MV Power Modules

Moisture exposure is one of the most persistent reliability challenges for power modules, par-
ticularly when silicone-based encapsulants are used. Although silicone gels and elastomers
provide good electrical insulation under dry conditions, they gradually absorb water vapor
when placed in warm and humid environments [37]. Over time, this uptake can alter their
electrical and mechanical properties, leading to reduced breakdown strength and increased
leakage current [22, 35, 36]. Because the PNC field-grading coating is located at the triple
point (TP), a region that already experiences intensified electric fields, its durability under
humidity becomes critical for long-term module reliability. This chapter investigates the
behavior of PNC-coated and uncoated alumina DBC substrates encapsulated in two silicone
materials during controlled humidity aging and salt-fog exposure. The purpose is to deter-
mine whether the coating retains its ability to redistribute the electric field after moisture
diffusion and whether environmental stressors introduce new degradation pathways that

could reduce PDIV performance.

35



5.1 Experimental Setup

There are two common types of tests for power module reliability in humid conditions:
high humidity, high temperature reverse bias (H*TRB) [22], [56-63] and condensation tests
[37], [64-68]. H3TRB, also known as temperature, humidity, bias (THB) test, is a destructive
test method that soaks the device under test (DUT) in constant conditions of 85°C, 85%
relative humidity (RH), and as high a voltage as possible without significant self-heating from
the power device and is generally used to prove the humidity robustness of power modules
[57, 69]. The period the DUT is typically aged in this test condition is up to 1000 hours.
Condensation tests involve immersing the DUT in less severe conditions such as 35°C, 70%
RH while also cooling the DUT with a cooling element such as a heat sink or cold plate,
inducing condensation within the encapsulant [37, 64, 65]. These tests are conducted over
the course of 20-40 hours without placing the DUT under bias. These test methods are all
used for determining the robustness of power modules and an increase of the power device
leakage current is a typical failure condition. Another aging environment that would evaluate
the robustness of the PNC material in an offshore environment is the salt fog method. This
method can be used to evaluate the effects of salt deposits on the physical and electrical
aspects of the material. The encapsulant insulation capability and how humidity impacts
the PDIV is not typically measured. To measure how humidity and salinity influences the

insulation performance of silicone gel, PDIV is a necessary measurement.

5.1.1 Mass Change Measurements of DBC Substrates

To evaluate the effectiveness of the coating after aging in a humid environment, samples
of alumina DBC substrates were prepared according to the dimensions shown in Fig. 5.1a.

The copper pattern on the substrate was chemically etched where a 2 mm trench gap is
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typical in MV power modules. The PNC coating was applied to the TP of the high-voltage
(HV) copper pad then encapsulated in a silicone gel pictured in Fig. 5.1b. Two silicone
encapsulants were chosen to test: a soft silicone gel and a harder silicone elastomer. DBC
samples are then placed in a chamber of ambient 70°C/70% RH conditions, aged for up to
500 hrs. The conditions of 70°C/70% RH were chosen after determining they are sufficient
for moisture to intrude into the samples according to [37]. After aging in the chamber
for 200/500 hrs, samples were then removed and weighed to test the mass change. The

measurement would validate that the samples have experienced change after aging in this

environment.
1.6
Units: mm 2.0 N
S T T
0.38 Alumina
o.zsI | Cu
21.0

(a)

Figure 5.1: (a) Schematic of alumina DBC test coupon. (b) Photo of a coated DBC substrate
with silicone encapsulation

5.1.2 PDIV Measurements of DBC Substrates

After testing the mass change of the samples, the PDIV were measured immediately
after. PDIV were tested by connecting the HV copper pad to a PD-free high-voltage 60 Hz
ac source while the other top pad and bottom pad were grounded. The PD threshold level
was set to 10 pC according to IEC 60270 with the PDIV being monitored by a PD detection
system (MPD-600). Fig. 5.2 shows the PDIV measurement setup used in this study. PDIVs

were recorded as the peak RMS voltage when PD levels exceed 10 pC continuously for 10
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Figure 5.2: PDIV measurement setup with PD free HV source, coupling capacitor, MPD-600
detection system and sample under test.

5.1.3 Salt Fog Corrosion of Coated DBC Substrates

The same DBC samples pictured in Fig. 5.1 will also be used in this test. Samples will
be exposed to conditions of 35°C and sprayed with a 5% sodium chloride solution as the salt
spray, where the relative humidity would reach a maximum value of 100% during testing, as
outlined in MIL-STD-810H. The test will be performed over the course of 72 hours, where
the samples will experience wet and dry cycles of 24 hours. After samples experience these
conditions, PDIV will be measured to evaluate the effectiveness of the PNC material as

outlined in the previous section.
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5.2 Results and Discussion

5.2.1 Mass Change Results

Fig. 5.3 shows the average mass change for each encapsulation type and aging times 200
and 500 hrs. The mass increased for all samples by a small amount indicating an intrusion
of moisture into the silicone encapsulants. A small amount of mass loss is seen between the
200 and 500 hr aging times. This mass loss phenomenon is also seen in [22] as mass loss in
85°C/85% RH conditions. Above the glass transition temperature (7}), which is less than
-100°C for silicone gels and elastomers, the absorbed water breaks the bond between the
fillers and the polymer chain [70]. This hydrothermal reaction causes a loss of material in

the form of small particles and, consequently, a decrease in mass.

0.25% 200 hr m 500 hr
° 0.20% 0.17% 0.18%
=
£ 0.15%
% 0.1]1%
2 0.10%
o

0.05%

0.00%

Gel Elastomer

Figure 5.3: Average percent mass change for encapsulated DBC samples for 200/500 hr aging
times.
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5.2.2 PDIV Results

Fig. 5.4 shows the PDIV results of both silicone gel and elastomer encapsulated DBC
substrates with and without the PNC coating applied. For both types of encapsulant, the
PNC remains effective at increasing the PDIV of the encapsulated DBC substrates over
the course of aging in a humid environment for 500 hrs. Even with moisture absorbed
into the gels, the PNC continues to grade the E-field at the triple point in these DBC
substrates. Fig. 5.5 shows the percent improvement to the PDIV from uncoated to coated
DBC substrates. The percent improvement for silicone gel encapsulated samples show a
relatively constant percent improvement over the course of 500 hrs, showing the effectiveness
of the PNC material. For the silicone elastomer encapsulated samples, a decrease in the
percent improvement is seen over the course of 500 hrs. This trend can be explained by
the development of microcracks in the silicone elastomer. Microcracks would have been
generated by the hydrothermal reaction discussed before and retained due to the greater

modulus the elastomer has compared to the gel.

5.2.3 Salt Fog Corrosion PDIV Results

Fig. 5.6 shows the PDIV results of the elastomer encapsulated DBC samples with and
without the PNC coating applied before and after the salt fog aging. After enduring salt
fog conditions, the samples all saw a decrease in PDIV. Uncoated samples encountered a
much lower decrease than those coated with PNC coating. A potential explanation for this
phenomenon is the ingression of sodium and chlorine ions to the PNC coating would cause
an increase in the conductivity of the coating due to an increase in electron carriers. This
increase in conductivity would then cause the PNC to have reduced effectiveness in grading

the electric field.
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5.3 Conclusion

The field-grading effectiveness and reliability of a polymer nanocomposite coating were
studied under humid conditions for improving the electrical insulation of a silicone gel or
a silicone elastomer encapsulated medium-voltage power modules. The results show that
the PNC remains effective in improving the partial discharge inception voltage of medium-
voltage power modules, even after prolonged exposure to a 70°C/70% RH environment. The
mass change results confirm that moisture intrusion occurred within the silicone encapsu-
lants, leading to small mass losses over time due to hydrothermal degradation. However,
despite the moisture uptake, the PNC coating consistently enhanced the PDIV of silicone
gel-encapsulated modules, with minimal reduction in performance after 500 hours of ag-
ing. For the silicone elastomer-encapsulated samples, the performance of the PNC degraded
more over time, likely due to the formation of microcracks caused by the hydrothermal re-
action and the elastomer’s higher elastic modulus. Overall, the PNC showed its promise
for improving electrical insulation of MV power modules under humid conditions. Further
research is needed to explore the PNC’s robustness in other extreme conditions such as in a
low-pressure environment for aerospace applications and verify the hypothesis of an increase

in conductivity of the PNC after salt fog aging.
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Chapter 6

Summary

The electrification of transportation, renewable energy, and aerospace applications has
increased the need for reliable MV insulation systems capable of operating under elevated
electrical, thermal, and environmental stress. WBG semiconductors, such as SiC and GaN,
have enabled higher switching frequencies and voltages but have also intensified electric field
stresses within power module encapsulants and at air-exposed interfaces. These stresses are
particularly severe at TPs, where conductor, dielectric, and air interfaces converge. At such

locations, the E-field can lead to PD or even breakdown of the insulation materials.

This research investigated a PNC coating designed as a nonlinear field-grading material
for mitigating electric field intensification in MV insulation systems. The PNC, consisting
of a polymer matrix with dispersed conductive nanoparticles, offers field-dependent conduc-
tivity that redistributes local stress without compromising insulation integrity. Through a
combination of materials characterization, finite element simulation, and experimental val-
idation, this thesis evaluated the effectiveness of the PNC under a range of environmental

conditions representative of terrestrial and aerospace applications.

6.1 Material Characterization and Morphology

Chapter 2 examined the morphology and nanoparticle distribution of the PNC coating.

SEM and EFM confirmed a uniform nanoparticle dispersion with no observable voids or
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aggregation, ensuring homogeneity in electrical response. Surface morphology analysis using
profilometry and AFM revealed a smooth and continuous coating with sub-nanometer surface

roughness, suitable for conformal coverage on PCB substrates and power module electrodes.

The combination of uniform morphology and nanoscale particle distribution enables the
coating to maintain stable dielectric interfaces. These results establish a strong foundation
for the PNC’s use as a conformal field-grading material compatible with standard power

module fabrication processes.

6.2 Electric Field Simulation of Triple Points

Chapter 3 used finite element modeling to quantify the field-suppression effect of the
PNC at TP regions under AC conditions. Simulations of uncoated, commercially coated,
and PNC coated geometries demonstrated that the PNC significantly reduces local electric

field peaks through nonlinear conduction.

The uncoated TP exhibited maximum field intensities exceeding 3.8 kV /mm, surpassing
the dielectric strength of air. A commercial linear coating slightly reduced the field magni-
tude but contained much of the stress internally. In contrast, the PNC coating reduced peak
field intensity by approximately 50% relative to the uncoated configuration and smoothed
the potential distribution along the dielectric—air interface. These results confirm that the
nonlinear resistivity of the PNC enables dynamic field redistribution, directly supporting the

experimentally observed improvements in partial discharge inception and flashover voltage.
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6.3 Swurface Flashover and Low-Pressure Performance

Chapter 4 experimentally evaluated the PNC’s insulation performance in air environ-
ments under both ambient and low-pressure conditions. PDIV and flashover breakdown
voltage (BV) tests were conducted on PCB samples with uncoated, commercial, and PNC

coated electrodes.

Under ambient pressure, the PNC increased the surface flashover voltage by approxi-
mately 30% compared to the uncoated baseline, with no measurable PD activity prior to
breakdown. This result confirms the coating’s ability to suppress pre-breakdown discharge

through field grading rather than pure dielectric blocking.

When tested under reduced air pressures corresponding to altitudes up to 10,000 m,
all samples exhibited lower absolute breakdown voltages consistent with Paschen’s Law.
However, the PNC maintained its relative performance advantage, preserving roughly a
30% improvement in flashover voltage compared to uncoated samples even at the lowest
pressure tested. This consistency under reduced air density demonstrates that the nonlinear
conduction mechanism remains functional in high-altitude environments, making the PNC

a viable insulation enhancement for aerospace and high-altitude power systems.

6.4 Humidity Aging in Encapsulated Modules

Chapter 5 assessed the long-term reliability of the PNC in humid environments, where

moisture absorption typically reduces the effectiveness of silicone encapsulants.

Mass change analysis confirmed moisture intrusion in both silicone gel and elastomer
encapsulated DBC samples aged for up to 500 hours at 70°C/70% RH. Despite this, the PNC

coating consistently increased PDIV relative to uncoated references throughout the aging
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process. The PDIV improvement remained nearly constant for silicone gel encapsulated
modules, while elastomer-encapsulated samples exhibited some reduction over time, likely

due to microcrack formation from hydrothermal stress.

Additional salt fog testing revealed a decrease in PDIV for all samples, with a more
pronounced effect for PNC-coated structures. This behavior may result from ionic contami-
nation altering the conductivity of the coating. Nevertheless, the PNC remained functionally
effective in grading the electric field, even after extended exposure to humid and corrosive

conditions.

6.5 Overall Findings and Future Outlook

From the findings of this work, the polymer nanocomposite coating demonstrated con-

sistent field-grading performance and robust environmental reliability.

These findings collectively demonstrate that the PNC coating effectively mitigates high-
field stress at critical insulation interfaces, providing a material-based approach to enhance
dielectric reliability in MV systems. Its nonlinear conduction behavior enables adaptive field

control without requiring larger insulation distances or significant design modifications.

Future research should extend the evaluation of the PNC to long-term thermal cy-
cling, high-frequency switching environments, and application to other high intensity E-field
regions, such as device edge termination. Additionally, studying the effect of ionic contam-
ination on PNC conductivity and exploring protective overcoats may further improve envi-
ronmental robustness for aerospace and offshore applications. Investigation into changes of
the surface morphology before and after humidity aging and salt fog corrosion could give

insight into how the PNC changes, material or structural, under these conditions.
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Overall, this work establishes the polymer nanocomposite coating as a promising field-
grading solution for next-generation MV power modules, offering a path toward smaller,
lighter, and more reliable insulation systems capable of withstanding both terrestrial and

extreme environmental conditions.
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