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ABSTRACT This study combines comprehensive analyses of design parameters with encapsulation solu-
tions of Direct Copper Bond (DCB) substrates used in high voltage power converter modules, focusing on
partial discharge (PD) activity under varying pressures for aerospace applications. A detailed PD investiga-
tion on triple junction points as the main culprit of the failure in power electronics was conducted, and the
design and material aspects through experimental and simulation analysis were examined. PD initiation
and extracted information are presented for three common pad geometries on two types of substrates
(AIN and G-10/FR4). The results reveal better performance of the AIN that has higher permittivity, i.e.,
20-30% and 10-20% higher PD inception voltage (PDIV) than G-10/FR4 at ambient and low pressures,
respectively, and 40-65% lower PDIV at low pressures due to the higher rate of gas ionization compared to the
ambient pressure. The study also explores the impact of pad geometric design such as corner smoothness and
spacing on electric field intensity, with an introduced pressure- and temperature-dependent ionization model
coupled with 3D finite element model to quantify the impact of the pressure on the gas ionization and PD
initiation. Furthermore, an extensive experimental and numerical study of PD on liquid and gel encapsulated
DBC substrates at ambient and low pressures was also conducted. Two silicone gels (Dowsil™ 3-4170 and
Sylgard™ 527) and one refrigerant dielectric liquid (fluorinert FC40) were investigated as encapsulating
dielectrics for high voltage applications. The results reveal that different silicone gels, despite similar
dielectric properties, can exhibit drastically different PD resistance due to intrinsic bulk properties and self-
healing capabilities, outperforming liquid-based encapsulants. This highlights the significance of dielectric
fluid and gel insulations characteristics to the performance of HV modules for acrospace applications.

INDEX TERMS Aerospace application, direct copper bond (DCB) substrate, electrical insulation, encapsu-
lation, fluorinert, high power converters, partial discharge (PD), silicone gel.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and The successful transformation towards pure electric vehicles
approving it for publication was Ravi Mahajan. enkindles the endeavor to develop full electric airplanes that
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go beyond the more-electric aircraft (MEA) with promise of
fuel consumption reduction of up to 25% [1], [2]. Despite
the introduction of different robust architecture and elec-
trical interconnection topologies for parallel/series hybrid
and electric propulsions, the significant power and energy
requirements of commercial and long-range airplanes raise
the concerns and technology challenges of three main sub-
systems: energy generation and storage, electrical machines,
and power electronics [3]. Different technologies of power
switching transistors, especially the wide-bandgap (WBG)
semiconductors such as Gallium Nitride (GaN) and Silicone
Carbide (SiC) provide largely expanded ranges of operating
frequency, voltage, temperature, and current for the fast-
growing markets [4], [5]. Miniaturization and high-power
demands for efficient, compact, and reliable system design
necessitate the special dielectric encapsulation treatment of
the electronic module packages to protect the power mod-
ules against environmental and electrical stresses, as well as
degradation and premature failure.

In a real operating condition, the triple junction points
where the metalized conductors, substrate, and encapsulating
medium meet is where the higher electrical stresses lead to
PDs and degradation of the insulation [6], [7]. The harsh envi-
ronmental condition facilitates the initiation of the discharges
in these weak areas. Direct bonded copper to dielectric sub-
strates often with high thermal conductivity is a widely used
and time-tested technology for the main structure of elec-
tronic boards in power electronics with strong high voltage
withstand while providing high thermal conduction and heat
dissipation. In this design, two dissimilar electronic materials,
i.e., copper and ceramic, are directly bonded and the copper
pads are soldered to the transistor terminals. Different elec-
trode designs are applied based on the operating conditions
and converter technology to ensure efficient heat dissipation,
optimal current flow, minimal losses, robustness, and ease of
integration [8], [9], [10]. Therefore, a detailed study of the
impact of different design parameters on PD activity at vary-
ing environmental conditions is of the utmost importance in
the manufacturing process of the power electronic packaging
for aerospace applications.

On the other hand, for effective encapsulation of the
electronic components without imposing further mechanical
forces on the bonding wires and weakly soldered terminals,
liquid and semi-solid forms of dielectric materials are intro-
duced. The cross-linked adhesive and resilient gels that have
physical properties between liquid and solid provide a more
benign packaging solution compared to the liquids. Pros and
cons of using gels compared to liquids including the claimed
self-healing property or irreversible permanent damage of
the gels due to the high electrical stresses in high power
devices are arguable. However, the consequential degrada-
tion of the dielectric material and higher electrical stresses
due to the formation of the voids from locally ignited PDs
cannot be overlooked. Not only voids and electrical trees
are present inevitably inside the solid and liquid dielectrics,
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the occurrence of PD has been reported as another cause of
the formation of these voids inside the gel along the tree
propagation. Salvatierra et al. [11] have studied the impact of
different mixing ratios of the transparent liquid components
for two commercially available cross-linking gels in terms
of the presence and rate of collapse of the bubble-shaped
cavities attached to the filamentary branched electrical trees
inside the gel. However, they pointed out that the electron
injection at the branch tips more specifically might be con-
sidered the dominant factor causing the liquid phase of the
cured gel to heat up, vaporize, and form the bubbles. Also,
Mancinelli et al. [12] have discussed the impact of space
charge injection on tree propagation inside the silicone gel at
different voltage waveforms and frequencies. Experimental
motion observations reported by Nakamura [13] and vis-
coelastic analysis of Sato et al. [14] from the same research
group showed the impact of the frequency, rise time, and
polarity of the voltage impulse as well as the charge accumu-
lation and surface conductivity on the void shape along the
discharge tracks across the solid dielectric surface enclosed
with the gel. Besides the abovementioned PD impact on
the void formation inside the gel, Semenov et al. [15] have
investigated the impact of bipolar and unipolar square voltage
waves on the charge memory effect of voids introduced to the
silicone liquid as an alternative to the silicone gel. In addition
to these works, a few PD studies have been conducted on
different types of dielectric liquids (such as mineral and
synthetic oils, Novec, and fluorinert fluids [16], [17], [18])
to represent the capability of these dielectrics in protecting
the electronic board “‘at ambient conditions”.

The vulnerability of the dielectric encapsulants to PDs as
revealed by prior research can be further intensified by impu-
rities in power modules under high voltage applications. Bear
in mind that these key devices are used to interconnect both
AC and DC subsystems and to protect the DC loads in hybrid
and electric aircraft, so their safe operation under high volt-
ages and harsh environmental conditions have not been fully
validated. Our prior experimental studies on commercially
available high voltage/high current power modules indicated
the risks of untimely initiation of the PDs at low pressures
and high temperatures in the operating range of the modules,
and the insufficient safe margin of these components for
aerospace applications [19].

The aim of this study is to systematically and com-
prehensively evaluate the performance of power electronic
modules in relation to partial discharge activity and high-
altitude operation. Our analysis commences with a detailed
exploration of various influencing design factors and material
selections, including the dielectric/ceramic insulator, bonded
copper onto the substrate, following by delving into PD
resistance performance of gel/liquid-based insulation encap-
sulants and PD source identification. The effect of pressure
on PD initiation in encapsulated samples using two dif-
ferent silicone gels, Dowsil™ 3-4170 (abbreviated as SiG
4170) and Sylgard™ 527 (abbreviated as SiG 527), and one
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refrigerant dielectric liquid, Fluorinert FC40, across different
designs is investigated and discussed.

The results show that encapsulating the DCBs can effec-
tively increase PDIV by 15% to 50%. However, four major
factors—encapsulating material, operating pressure level,
dielectric substrate, and pad shape—play a crucial role in
defining the amount of PDIV variation for the modules. AIN
substrates exhibit 10% to 55% higher PDIV compared to
G10/FR4 substrates, with a greater difference observed at
lower pressures. When the pressure is reduced to 20 and
10 kPa, the PDIV decreases on average by 25% and 35%
for fluoroinert-encapsulated samples and by 25% to 45%
for silicone gel-encapsulated samples compared to ambi-
ent conditions. Comparing different silicone gel materials is
complex, as factors such as gel cross-linking, hardness prop-
erties, and adhesiveness must be carefully evaluated. This
study shows that SiG 527 has 15% to 75% higher PDIV than
SiG 4170, depending on the pressure and DCB configuration.

This assessment aims to evaluate the altitude readiness
of commercial power modules and commonly used encap-
sulation materials, considering the aforementioned factors
through thorough analysis. Detailed technical specifications
of the selected materials are provided in Section II. Addi-
tionally, the general properties and intrinsic characteristics of
the two liquid and gel-based encapsulants used in power con-
verter modules, which are studied in this paper, are illustrated
below.

A. SILICONE GEL

This special class of encapsulants is formed via the
cross-linking process of two different chemical groups: vinyl
end-terminated polymers and silane group carried by func-
tional oligomers. Wide bond angle and free bond rotation
between the silicon and oxygen atoms result in high flexibility
of the polymer chain, high free volume, and in turn softness
of the chemical compound [20]. Generally, two transparent
liquid reaction components are mixed in a 1:1 ratio, then
degassed, and cured at a specific temperature. Silicone gel has
high chemical, thermal, and electrical stabilities over a wide
range of temperatures —45°C to 200°C beyond the maximum
operating temperature of the electronic and semiconductor
components. Great adhesion of the gel to the electronic com-
ponents without imposing undesirable mechanical stresses
on the connections as well as the self-healing quality of
the gel against physical and electrical damages makes it
a competent dielectric form of encapsulant for the power
modules. However, different commercial components each
with its own distinctive electrical, chemical, and thermal
properties present varying capabilities against the PDs under
harsh environmental conditions.

B. FLUORINERT

Different variants of perfluorinated compounds (PFCs) have
been used as effective electronic refrigerant liquids, i.e.,
the emerging passive two-phase immersion cooling of
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data-center servers. They generally have a lower boiling point
than silicone gels which depends on the molecular formu-
lations. The main features of these electrical insulation and
stable fluids are high dielectric strength, non-flammability
and non-corrosiveness, and good compatibility. Test results
reported in [17] by Fabian et al. show a higher potential
gradient, and consequently, a higher electric field intensity
in their simulated AIN power module substrate encapsulated
with fluorinert compared to silicone gel and Novec fluid
(HFE-7500). Also, Xu et al. [21] have presented the PDIV
values for fluorinert at liquid and boiling conditions which
shows the bubbles at boiling condition repel from the strong
electric field area due to the dielectrophoretic force. There-
fore, in our study, it was expected the possible bubbles
generated around the pads at low pressures and the ambient
temperature does not have a significant impact on the PDIV
values compared to the silicone gel, and the test results can
provide a clear impact of the altitude/pressure on the PDIV
values for silicone gel compared to the fluorinert fluid.

Il. EXPERIMENTAL SAMPLE DESIGN AND TEST
FRAMEWORK

A. TEST SAMPLES AND MATERIALS

In this study, we have designed three main types of conductive
pad structures, using the copper foils attached to the top of the
substrate, which represents the different possible weak areas
between them on electronic modules. The sample design
layout is shown in Fig. 1. The width and thickness of each
copper pad are 1.5 cm and 60 yum, and they are separated by
2 or 4 mm. Also, the backside of the substrates is covered
with a copper clad. The same geometry was designed with
sharp and round (radius curvature of around 1.5 mm) edges.
Hereinafter, the denotation of A_B_C will be used to define
each specific configuration where A is the geometry (LS, RS,
or RR as given in Fig. 1), B is the edge shape (s for sharp
and r for round), and C is the distance between the pads
(2 or 4 mm). For example, LS_r_2 is the denotation of the
geometry shown with a dashed blue squared area in Fig. 1.

1:_59:'355,(93)

Copper foils

Rect.- Square (RS)

T T
Rect.-Rect. (RR)

AIN or G-10/FR4

FIGURE 1. Design of the test sample for different geometries.

The base substrates studied in this paper are aluminum
nitride (AIN) and glass-reinforced epoxy resin laminate
(G-10/FR4) with the same thickness of 1.5 mm. The ceramic
has been widely used in power modules because of its high
thermal conductivity and FR4 is the commonly used solid
material in printed circuit board (PCB) fabrication because of

125737



IEEE Access

T. Shahsavarian et al.: Unveiling Insights Into PD and Design and Encapsulation Challenges

TABLE 1. Electrical and thermal properties of substrates.

Properties AIN G-10/ FR4
Thermal conductivity [W m™! K] 170-220" 0.29
Maximum Operating Temperature [K] 973 538
Coefficient of Thermal Expansion [1/K] 4.5x10° 9.9x10°
Dielectric Constant at IMHz 9 5
Dissipation Factor at IMHz 0.0003 0.019
Breakdown Voltage [kV/mm] 15 31
*[22]

its good electrical insulation property between the copper lay-
ers minimizing interferences and supporting signal integrity.
Their main electrical properties have been summarized in
Table 1.

Additionally, two different brands of two-part silicone
gels (DowsilTM 3-4170 and SylgardTM 527), as well as a
fluorinert fluid (FC40) were obtained from the Dow Chem-
ical Company and 3M, respectively. Note that, comparing
these two specific silicone gel products, the overall hard-
ness of each is an indicator of the level of cross-linking
and inversely the level of the anticipated self-healing quality.
Sylgard 527 is slightly harder than Dowsil 3-4170, therefore
more crosslinked.

The main properties of these dielectric materials are given
in Table 2. The selected silicone gels (after screening tests of
many gels) have high dielectric strength, extreme stress relief
property, low viscosity, as well as a good performance at low
pressures, which make them the best options for our study.
Fluorinert, with an average dielectric strength compared to
the gel samples, has lower dielectric constant and higher
volume resistivity.

TABLE 2. Technical data of the dielectric materials used in this study.

Dowsil™ Sylgard™ Fluorinert
3-4170 527 FC40
Viscosity (cP) 425 465 4.1
Dielectric Strength
(kV/mm) 20 17 18
Dielectric Constant 2.85 2.85 1.9
Volume Resistivity 14 s is
9.5x10 2.75x10 4x10
(Q.cm)
Dissipation Factor
-at 100Hz 0.0016 0.002 | Not rfgorted
-at 100kHz 0.00007 0.0001
Operatin -40 to 140
peratng 450200 | -45t0 150 | (165 boiling
Temperature (°C)
temp)

The DBC substrates designed for this study are made of
two different base dielectric materials (AIN and G-10/FR4)
and three different pad geometries (i.e., L-square (LS),
rectangle-rectangle (RR), and rectangle-square (RS) shapes).
They are designed on the top surface of the solid dielectric
base plates, with and without back side uniform ground pad,
as introduced earlier. The test voltage was applied between
the pads through the soldered insulated wires to the pads. The
containers including the test sample were filled with silicone
gel/fluorinert and went through the degasification and curing
processes before the tests.
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B. ENCAPSULATION AND CROSS-LINKING PROCESSES

In order to effectively apply the well-mixed silicone gel to
the components, while avoiding the formation of bubbles
and thermal expansion of the mixed encapsulant inside the
container during curing, the following steps were followed
and are recommended:

- The substrate is well attached to the container to avoid
creating any gaps between them, or a uniform gap between
them, to be considered to allow the gel to flow and fill the
gaps under the substrate.

- The dispensing gun and mixing nozzle are used for
efficiently mixing of the two-part component without bubble
formation as suggested by the manufacturer.

- For an effective curing process of the gels and to reduce
the chance of bubble formation under low pressures, one extra
step of curing at low pressure might be needed in addition to
the guidelines provided by the manufacturer.

- If needed and suggested by the manufacturer, compatible
primer coating should be applied to the substrate and cop-
per pads before dispensing the silicone gel to ensure proper
attachment of the gel to the substrate.

For each encapsulant, the following specific steps were
taken:

e Fluorinert FC40: The test sample was degassed at room
temperature under 2kPa for 15 minutes.

e Dowsil 3-4170: The encapsulated sample was degassed
at room temperature under 2kPa for 15 minutes. The first step
of curing was performed at 60°C and 20kPa for 30 minutes.
The final curing step was at ambient pressure under 100°C
for 10 minutes.

e Sylgard 527: The first step was degassing at room tem-
perature under 2kPa for 15 minutes. The final curing step was
at ambient pressure under 125°C for 2 hours.

C. TEST SETUP AND PROCEDURE

The PD tests were conducted inside a Faraday cage based
on the circuit design introduced by IEC 60270. It provides
highly sensitive detection capability (as low as 2pC) using
a wide bandwidth data acquisition unit (16kHz-48MHz in
addition to a 2.5MHz high pass software filter). The voltage
was applied to different pad geometries through the soldered
insulated wires to the copper foils. The test sample was con-
nected in parallel with the coupling capacitor and measuring
impedance needed to complete the sensing circuit loop for
generated PD pulses. In order to perform the tests at low
pressures, the samples were placed inside a low-pressure
chamber connected to a mechanical pump. Fig. 2 shows a
complete circuit design for the PD test in this study.

IIl. EXPERIMENTAL ASSESSMENTS AND TEST RESULTS
A. GEOMETRIC PAD DESIGN AND SUBSTRATE MATERIAL
EXAMINATION FOR PD INITIATION

The PD tests for each group of the geometries designed on

both types of substrates were performed at three pressure
levels, i.e., 100 kPa, 20 kPa, and 10 kPa, corresponding
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Resistor
— )

: For low pressure tests
Coupling
Capacitor

Power

Supply
Measuring
Impedance

=

Y.
’ Data Acquisition Unit
S

FIGURE 2. PD test setup for DBC board study at different pressures.

to the pressures at sea and the altitudes of around 38 kft
(11.6 km) and 52 kft (15.8 km), respectively. It is expected
that the power modules experience these pressure levels in
commercial airplanes during stable cruise mode for a consid-
erable period of time after takeoff. The AC voltage with an
increasing rate of 100 V/s was applied between the pads until
a consistent and stable PD activity is detected. In addition to
the PDIV and its corresponding phase resolved PD (PRPD)
pattern, the voltage was increased to record surface flashover
voltage. These values are presented in the figure with a bar
with a gradient color from a bright low value (PDIV) to a
dark high value (flashover voltage). In some cases, at low
pressure, especially at 10 kPa, the flashover occurs at low
voltages before detecting the PDIV which is shown with a
short black bar in the plots. The test for each type of design
and scenario was repeated up to five times on new samples to
obtain consistent results to represent the statistical plots.

1) L TO SQUARE (LS) PAD CONFIGURATION

Fig. 3 shows the PD and flashover voltage values recorded
for LS configuration at different pressures. As can be seen,
at low pressures, the chance of flashover is high, even with
only a small voltage rise above PDIV. Also, slightly higher
values for PD and flashover were recorded for AIN substrate.
To better clarify and discuss the abovementioned parameters
in the plots, the results of the tests were presented for the
LS configuration with only sharp edges. Fig. 4 represents a
comparison between the results obtained for the same geom-
etry with and without backside ground (BSG) connection for
AIN substrate as the main material used in the commercially
available power modules. It shows a significant impact of the
ground connection on early initiation of PD at different pres-
sures. The location of the PDs and flashovers are presented
in the next section.

2) RECTANGULAR TO RECTANGULAR (RR) PAD
CONFIGURATION

This geometry represents a uniform electric field distribution
where the edges are expected to be the weak points. There-
fore, Fig. 5 presents the PD test results for both sharp and
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FIGURE 3. PD test results for LS configuration and both substrates at

different pressures (without BSG connection).
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FIGURE 4. Comparison between the PD test results for LS configuration
on AIN substrate with (yellow color bars) and without (blue color bars)
BSG connection.

round edge corners for the distance of 2 and 4mm between the
pads. The distance has a significant impact on the flashover
voltage at ambient pressure, unlike its negligible impact on
PDIV values. However, both PD and flashover voltages are
significantly decreased at low pressures. The corner smooth-
ness does not affect the results at low pressures, unlike the
changes observed at ambient pressure.

Fig. 6 shows the impact of the BSG connection on the
results. When BSG is connected, both PDIV and flashover
voltages are noticeably decreased. Also, the impact of the
edge shape at ambient pressure is more obvious in a con-
nected BSG configuration due to the higher intensity of the
electric field around the sharp edges.

4 T

T
W AN
35+ s
B G-10/FR4
% 3r q
g
225t g
]
< 2t I R
A |
M1sk §
|
L = u®__ [ -
1 L Lo ] - - |
0.5 B
0 \ . \ . | . \
100 20 10 100 20 10 100 20 10 100 20 10 (kPa)
RR s 2 RR r 2 RR s 4 RR 1 4

FIGURE 5. PD test results for RR configuration and both substrates at
different pressures (without BSG connection).
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35k [ Without backside ground ]
- ™ With backside ground
3H H 1

PDIV/Arc (kVrms)

L L
100 20 10 100 20 10 100 20 10 100 20
RR s 2 RR r 2 RR s 4 RR r 4

10 (kPa)

FIGURE 6. Comparison between the PD test results for RR configuration
on AIN substrate with (yellow color bars) and without (blue color bars)
BSG connection.

3) RECTANGULAR TO SQUARE (RS) PAD CONFIGURATION
This pad geometry represents a smaller impact area between
the pads; however, the small square pad increases the electric
field non-uniformity and decreases the PDIV values. On the
other hand, there is longer distance between the edges of
two pads which carries a higher weight on the PD results.
Therefore, the test result values presented in Fig. 7 for RR
geometry is higher compared to the RR geometry shown in
Fig. 5. Also, same as the previous geometries, the PDIV and
flashover values for AIN is higher than G-10/FR4 substrate.

4 T
B AN
35 B G-10FR4 T
3 1
|
|

15 b
- o - m m

PDIV/Are (kVrms)
~
w o
T T
- |
[—
= |

05 - N

I I I I I
100 20 10 100 20 10 100 20 10 100 20

RS.s 2 RS r2 RS_s 4 RS r 4

10 (kPa)

FIGURE 7. PD test results for RS configuration and both substrates at
different pressures (without BSG connection).

As expected from the previous test results, Fig. 8 shows a
considerably lower PDIV and flashover values for the sample
with BSG connection.

4 T T T T T T T

W Without backside ground
35F " ) 1
[ With backside ground
. 3f i

" == 1 1y

L L 1 L L
100 20 10 100 20 10 100 20 10 100 20
RSs 2 RSr2 RS s 4 RS r 4

PDIV/Arc (kVrms)
N
in
T
[
|

10 (kPa)

FIGURE 8. Comparison between the PD test results for RS configuration
on AIN substrate with (yellow color bars) and without (blue color bars)
BSG connection.
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B. ASSESSMENT OF ENCAPSULANT EFFICACY FOR PD
MITIGATION

After sample preparation and gel temperature equilibrium
per proposed encapsulation instruction in section II-B, the
pressure inside the vacuum chamber was adjusted to the
desired value and PD test was performed on each prepared
sample at different pressures. Unlike the test results presented
in III-A, the voltage was not increased beyond the inception
voltage to avoid any permanent damage to the silicone gels
due to the possible flashover incident. The test for each type
of design and scenario was repeated five times to obtain the
statistical data of the results.

1) FLUORINERT ENCAPSULATION OF AIN BASE SUBSTRATE
The impact of fluid encapsulation on the PD initiation of
three pad designs on AIN substrate was investigated under
different pressures. Fig. 9 shows the PDIV as a consequence
of the high tangential field between the pads separated with a
distance of either 2 or 4 mm without the substrate’s backside
ground (BSG) connection. The test results for round-edge
pads are presented throughout this study; however, approx-
imately 3-8% lower PDIV values were recorded for sharp
edge compared to round edge pad design. The results in
Fig. 9 show that, compared to the ambient pressure, there is a
15-35% and 27-52% reduction of PDIV under 20kPa and
10kPa, respectively.

PDIV (kVrms)
£~
T
==
==
==
|

0
100 20 10 100 20 10 100 20 10 100 20 10 100 20 10 100 20 10 (kPa)
LS 2mm LS 4mm RR 2mm RR 4mm RS 2mm RS _4mm

FIGURE 9. Measured PDIV values for three round-edge pad geometries
with the fluorinert encapsulation without back side AIN substrate
grounding with different distances under different pressures.

The PDIV values for the different geometries and pres-
sures with BSG connection are given in Fig. 10. It shows a
significant reduction of the PDIV (20-45%) compared to the
previous test configuration without BSG. Also, compared to
ambient pressure, a 23-27% and 30-36% reduction of PDIV
under 20kPa and 10kPa is observed, respectively.

2) SILICONE GEL ENCAPSULATION OF AIN BASE SUBSTRATE
Separate samples were designed and encapsulated with two
different silicone gels following the procedure described in
section II-B. Figs. 11-13 show the recorded PDIV values for
encapsulated three different pad designs. The impact of the
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FIGURE 10. Measured PDIV values for three round-edge pad geometries
with the fluorinert encapsulation with back side AIN substrate grounding
with different distances under different pressures.

pressure, distance, BSG connection, and applied gel on the
PDIV values are presented in these plots. It is important to
note that the wider variation in the PDIV values in these plots
compared to the results presented for fluorinert-encapsulated
samples is due to the higher likelihood of stable bubble
formation as pressure drops to 20 and 10 kPa. Although
the introduced cross-linking process ensures achieving a
bubble-free encapsulated sample, the formed bubbles at low
pressures, especially at 10kPa, can take up to 12 hours to clear
after pressure rises to 100kPa.

The major observations from the results are as follows:

o The PDIV values for SiG 527 are approximately 15-75%
higher than SiG 4170 with and without considering the BSG
connection under different pressures.

e On average, the PDIVs at 20 and 10 kPa are 15-35% and
35-50% lower than the PDIVs at ambient pressure, 100kPa.
This range of recorded inception values does not show a
significant dependency on the type of gel, pad shape, or BSG
connection. In other words, the impact of pressure on the
PDIV values is consistent.

e Also, the PDIV values for samples with BSG connec-
tion were mainly 30-50% lower than the samples without
BSG connection. Less variation in the PDIV results was
obtained for the samples with BSG compared to without BSG
connection.

e 10-30% higher PDIV was recorded for the pads with
4mm compared to 2mm gap for all designs, and this differ-
ence does not depend on the pressure, or type of applied gel.
However, it is expected to observe the impact of pressure on
this difference when the gels are not properly cured and a high
number of bubbles are produced at low pressures.

3) SILICONE GEL ENCAPSULATED SAMPLES WITH AIN
SUBSTRATE VERSUS G10/FR4 SUBSTRATE

Two commonly used insulation substrates for electronic
design, AIN and G10/FR4, of equal thickness were selected
and encapsulated with the silicone gels introduced in this
paper. Fig. 14 shows the PDIV values obtained for three
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FIGURE 11. Measured PDIV values for encapsulated round-edge LS pad
geometry with two different types of silicone gel with and without back
side AIN substrate grounding with different distances under different

pressures.
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FIGURE 12. Measured PDIV values for encapsulated round-edge RR pad
geometry with two different types of silicone gel with and without back
side AIN substrate grounding with different distances under different
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FIGURE 13. Measured PDIV values for encapsulated round-edge RS pad
geometry with two different types of silicone gel with and without back
side AIN substrate grounding with different distances under different
pressures.

different pad designs on these substrates with two different
types of silicone gel encapsulations.
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FIGURE 15. Cross section view of the electric field intensity and distribution lines between the RR pads inside the cut plane for the substrates: AIN
(a) without and (b) with BSG; and G-10/FR4 (c) without and (d) with BSG for the geometry given in (e).

Generally, the results show 10-50% lower PDIV values for
G-10/FR4 compared to the AIN. The impact of the substrate
on the results is more apparent when the distance between
the pads increases. The tangential field generated between
the pads where the voltage is applied is more electrically
stressful when the bubbles form especially at low pressure.
Therefore, a significant PDIV drop is observed at lower
pressures (almost 30% and 50% lower PDIV at 20 and 10kPa
compared to 100kPa, respectively) for both substrates.

IV. PRELIMINARY ELECTROSTATIC FINITE ELEMENT

MODEL
To study the impact of substrate material and ground connec-

tion on electric field distribution and intensity, a 3D model of
the geometries based on the actual dimensions was designed
using COMSOL Multiphysics 5.6. A constant voltage of 2 kV
was applied to one pad while another pad was grounded.
It was observed that the field intensity for different pad con-
figurations did not vary significantly. However, the presence
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of a BSG increased the field intensity by a factor of two.
Unlike the results without BSG, where the tangential elec-
tric field dominates, the electric field intensity with BSG
connected is significantly increased (approximately twice the
former case), and the vertical component of the electric field
becomes dominant.

To demonstrate the impact of the BSG and substrate mate-
rial on the electric field intensity and distribution lines, the
electric field plots in a perpendicular cut plane between
the pads of RR geometry are presented in Fig. 15 for two
substrates with different permittivity values. By connecting
the BSG, higher distortion and concentration of the electric
field lines and electrical stress across the dielectric under the
high voltage pad are observed. This initial observation of
the locally intensified electric field around the high voltage
pad clearly explains the lower PDIV values for samples with
BSG. However, this electrostatic study does not accurately
reveal the impact of the dielectric permittivity on the electric
field intensity based on the transient PD results obtained for
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two substrates, i.e., AIN and G-10/FR4. The impact of this
parameter on the transient behavior of the PD is discussed in
the next section.

V. NAVIGATING THE RESULTS LANDSCAPE TOWARDS
VALIDATED IMPLICATIONS

A. REFINED COMPUTATIONAL APPROACH: PAIRING
NUMERICAL ANALYSIS WITH FINITE ELEMENT MODELING
While local electric field stress is the primary driving factor
for PD initiation, it alone cannot fully represent the transient
behavior of this phenomenon. Gas ionization, especially in
low-pressure air, is crucial for faster charge generation and
propagation on dielectric surfaces, potentially causing sur-
face tracking and flashover on PCBs.

To account for this factor in our previous studies [23],
[24], we developed an electro-hydrodynamic based streamer
model in 2D representation. This model demonstrated how
electric field-dependent impact ionization in the gas sig-
nificantly affects streamer formation in both positive and
negative voltage polarities.

However, applying these coupled charge particle partial
differential equations (PDEs) as governing relations in a 3D
model is computationally challenging. Therefore, to study the
impact of gas ionization on surface discharge initiation at
low pressures in this work, we have developed a pressure-,
temperature-, and electric field-dependent ionization factor
(x). This factor is derived from the aforementioned model
and allows for more efficient 3D simulations.

The analytic expression of the pressure and temperature
dependent effective ionization factor, derived from Hart-
mann’s empirical formula in [25], is given below:

_ T 1.15x 107°
x=a|W|=P2 175x 103 | 14 —=

T (54
P Ty
(—0.04) 0.9
'CXp E T —_
%'T_o [1.49+exp (%%)]

T |E| )0.74
P

1.3 x 10°( To = 273K 1)
where «, Wg, E, P, and T are effective ionization coefficient
in m~—!, absolute value of the electron drift velocity vector in
m.s~L, the electric field in kV - mm™!, gas pressure in Torr,
and gas temperature in Kelvin.

The logarithmic values of the electric field-dependent ion-
ization factor given in (1) are plotted for three pressure levels
in Fig. 16. The values of 2.37, 0.46, and 0.23 kV/mm at 100,
20, and 10 kPa, respectively, are the activating field points
of the curves where the ionization factor has a steep rise
from significantly small values (with negative log values)
to beyond 107 particles per second. More importantly, these
plots justify the ratio of the PDIV values obtained from the
experiments at different pressures (see Fig. 3 to 8). In a
non-uniformly distributed electric field between the pads, the
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PD is expected to initiate from locations where the impact
ionization reaches these activating field points.
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FIGURE 16. lonization factor versus electric field at different pressures.

To identify the possible location of the PDs for different
designs and ionization factor intensities under different pres-
sures, the introduced equation was coupled to the electrostatic
equations predefined in the 3D model. Fig. 17 demonstrates
the gas ionization around the boundaries of the high voltage
pad at different pressures. In all designs, the peak value is at
the edges where the electric field intensity is highest.

For LS design, the point ‘c’ has the lowest value, and the
regions between b-c and c-d have higher ionization beyond
10° s~! at low pressures. By connecting the BSG, the regions
between a-b and d-e are excited as well. For RR design,
a similar trend is observed with a constant ionization rate
between b-c with a symmetric and uniform electric field
intensity. For RS design, the ionization increases in the mid
of the b-c line where the ground pad is in close proximity
to the HV pad. It can be concluded that the PD is ignited
when the ionization factor exceeds 108 s~ ! in Fig. 16. Also,
it is expected that the flashover following the PD is observed
in these regions. Our observation from the tests confirms
this analytical explanation for different designs as shown in
Fig. 18.

On the other hand, the gas-filled bubbles impose further
electrical stresses on the encapsulated power modules due to
the electric field enhancement inside the bubble with lower
permittivity compared to the gel. In section I, we presented
the prior research work discussing the bubble formation and
deformation behavior led by discharge filamentary branched
discharge trees. In other words, disregarding the pressure
effect, these bubbles are formed due to local field enhance-
ment in front of the discharge branches on the substrate.
However, bubbles in our study form at low pressures. They
mainly result from incomplete gel attachment to pads and
corners of stacked copper plates on substrates. Microscale
gaps between pads and substrates can also cause bubbles.
These issues lead to higher space charge injection and local
electric field enhancement. Low pressure in these weak areas
causes swollen gaps and bubble formation. In severe cases,
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FIGURE 17. The ionization factor plots (a) along the boundaries of high
voltage pad adjacent to the ground pad at different pressures for: (b) LS,
(c) RR, and (d) RS pad designs with and without BSG.

it can lead to further gel detachment from the substrate. Our
recommendations given in subsection II-B can significantly
help in avoiding the formation of bubbles bigger than a few
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FIGURE 18. Typical location of the observed flashover between the pads
for different designs.

millimeters in diameter and the detachment of gels; however,
the formation of the bubbles around the pads at low pressures
(<20kPa) is inevitable. Fig. 19 shows two typical bubbles
formed around the pads at low pressure. Generally speaking,
more than 70% of the bubbles disappear when the pressure
increases to ambient, while the rest of the bubbles might take
up to 12 hours to disappear.

FIGURE 19. Typical bubbles formed around the corners of the pads in RR
(left) and RS (right) pad designs taken by visible light microscope.

The lower permittivity of these gas-filled bubbles intensi-
fies the local electric field inside the bubble which leads to
PD initiation at low voltages. In addition, the low pressure of
the gas inside the bubble enclosed by silicone gel, affected
by the environment pressure at high altitudes, increases the
ionization rate of the atoms and ions as discussed earlier.
Borghei and Ghassemi [26] have developed a numerical
model to obtain the PRPD patterns for an enclosed void inside
a silicone gel for the study of the impact of low pressure on the
PD repetition rate. Impact of the pressure has been considered
in their PD inception electric field formula introduced by
Niemeyer et al [27]. They have shown that the PD repetition
rate is doubled at half atmospheric pressure. To accurately
scrutinize the impact of the altitude on the gas ionization
inside the bubble formed inside the gel as the key influencing
factor in the PD initiation, we incorporated the ionization
factor formula in (1) in simulated model of bubbles along
the substrate between the pads. We studied the impact of
the pressure on the proposed ionization factor as the direct
indicator of discharge incident inside the gas-filled bubble.

Fig. 20 displays the simulated 3D model in COMSOL
Multiphysics 5.6. A highly refined mesh is defined at the bub-
ble locations. This enables accurate calculation of localized
electric field intensity inside micro-sized bubbles enclosed by
the gel (e; = 2.85). It also allows determination of ionization
factor values at different locations inside bubbles of varying
sizes and positions.
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FIGURE 20. 3D Finite element model of (a) multiple spherical bubbles
with different sizes at different locations between the RR pads
encapsulated by silicone gel: (b) electric field intensity and distribution,
and pressure-dependent ionization factor at (c) 100kPa, (d) 20kPa, and
(e) 10kPa.

As shown in Fig. 20(b), the closer the bubbles are to the
pads and smaller they are, the more intense the electric field
inside the bubbles is. Fig. 20(c)-(e) show the impact of the
pressure on the ionization factor inside the bubbles as well
as the values of this parameter at different locations inside
the bubbles. It indicates that the ionization of the gas atoms
at 20 and 10 kPa corresponding to the approximate altitudes
of 35 and 50 kft can be 1-2 orders of magnitude higher than
ambient pressure. As mentioned earlier, the possible chance
of bubble formation affects the PDIV results recorded in
multiple measurements for the same configuration and gel
encapsulant, which can be one of the main reasons behind the
wider recorded PDIV values given in Fig. 11-14, compared
to the measured values for fluorinert-encapsulated samples
presented in Fig. 9 and 10. Also, it is important to note that the
surface charge modification across the bubbles and its effect
on the local electric field was not considered in this model.

B. PD PATTERN CHARACTERIZATION AND SOURCE
IDENTIFICATION

1) NON-ENCAPSULATED SAMPLES: GEOMETRIC DESIGN
ISSUES

Two-dimensional PRPD patterns are a well-known visual
representation of the PD activity that has been widely used to
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identify the PD source and its type (e.g., corona, internal, and
surface discharges) and have been the main diagram provided
by the conventional PD data analyzers for the insulation
failure analysis. It visualizes the position of the recorded PD
pulse magnitudes in reference to the phase of the applied
AC voltage. We have reviewed the distinctive features of
these patterns in analyzing the different type of defects for
different high voltage apparatus in [28]. Beside the PDIV
values recorded and presented in section III, the PD intensity
based on the repetition rate (number of PDs per second)
and magnitude of the recorded pulses represented in PRPD
patterns should be discussed.

Fig. 3 to 8 present the significant reduction in the PDIV
values at low pressures (20 and 10 kPa). The recorded PRPD
patterns show a lower PD intensity at PDIV under low pres-
sures; however, a small increase of the voltage can lead
to high gas ionization and flashover at low pressures. For
example, Fig. 21 shows the PRPD patterns recorded for LS
geometry.

PRPD pattern PRPD pattern
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PRPD pattern
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FIGURE 21. PRPD pattern recorded for LS_s_2 on AIN substrate at
different pressures (rr: repetition rate).

Although a significant difference was not seen between
PDIV values recorded for pads with 2- and 4-mm distances,
PDs between the pads with a longer distance, initiated at a
higher voltage, have less repetition rate due to the low electric
field intensity between the pads. The recorded patterns for RS
geometry shown in Fig. 22 exemplify this statement.
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FIGURE 22. PRPD pattern recorded for RS design with different distance
between the pads at ambient pressure (rr: repetition rate).

The time-frequency (TF) mapping of the recorded PD
waveforms, discussed in our previous research work [29],
provides further information when the PD pulse waveforms
during the recording time are not similar due to the possible
multiple PD sources and locations. The PRPD patterns and
TF maps extracted for two different pad geometries shown in
Fig. 23 justify the initiation of the PDs at different paths as
observed flashover photos in Fig. 18 indicate. PDIV values
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for LS and RR pad designs given in Fig. 3 and 5 with 2mm
distance and sharp edges are the same and the PRPD pattern
in the following figure shows the same PD repetition rate
for these designs. The multiple concentrated PD pulse data
in their TF maps shown in the right column indicate the
multiple PD paths as shown in Fig. 18 for flashover paths.
A higher concentration of the PD data can relate to a higher
PD intensity at the edges such as highlighted blue region for
RR pad design.
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FIGURE 23. PRPD pattern and T-F maps extracted for LS and RR pad
designs with the same PDIV values.

2) ENCAPSULATED SAMPLES WITH INTERNAL DEFECTS
Unlike gel-encapsulated samples, it is rare for bubbles to form
in fluorinert-encapsulated samples to lead to the steady weak
points igniting the PDs and further degradation of the sam-
ple. As discussed in section I, any possibly formed bubbles
at low pressures are repelled from the strong electric field
area and expelled out of the encapsulant. Therefore, it was
expected the discharges to occur on the surface boundary
between the fluorinert and substrate where the two materials
meet. The consistent PRPD patterns were recorded for the
fluorinert-encapsulated samples as a typical result shown in
Fig. 24. Patterns show a lower magnitude of the PD pulses
and their repetition rate under low applied voltage as pressure
drops.

Although the PDIV values reported for both silicone gel
encapsulants showed considerable differences, the PRPD pat-
terns are not comparable for the same encapsulated design.
However, depending on the likelihood of bubble formation
and the location of the PD, the results can be further dis-
cussed. Our test results showed a similar PD intensity for
three different encapsulants in this study. However, the for-
mation of the bubbles in silicone gel can further intensify the
PDs in the localized area and accelerate the degradation of the
gel at low pressures. As an example, Fig. 25 shows a typical
PD pattern and TF map results obtained for RS pad design
with BSG connection encapsulated by SiG 4170. The higher
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FIGURE 24. PRPD patterns and TF maps for fluorinert-encapsulated
LS_4mm pad design without BSG connection at different pressures (RR:
repetition rate).

intensity and magnitude of the PDs in these results compared
to the results given in Fig. 24 is due to the BSG connection and
closer distance between the pads, although the PDIV values
are significantly lower as well. As discussed, the electric field
intensity between the pads for different studied designs is
approximately the same, while the locations of the maximum
stress are different. Also, Fig. 25 shows multiple clusters of
the data in the TF map as the pressure drops which can be
an indication of the formation of multiple PD sources. On the
other hand, the repetition rate of the PDs does not decrease as
reported for fluorinert, which is a compelling justification for
the formation of bubbles between the pads at low pressures
and having higher gas ionization inside the gas-filled bubbles.

C. MATERIAL-DRIVEN PD BEHAVIOR ANALYSIS IN
SUBSTRATES AND ENCAPSULANTS

1) DIELECTRIC SUBSTRATE

‘We have used both AIN and G-10/FR4, two main base mate-
rials used for power modules and PCBs, as the substrate of the
samples to study their impact on the PD behavior recorded for
different geometries. The excellent heat dissipation or high
heat conduction capability of the AIN, unmatched by FR4,
is considered the main advantage of using this material for
the power modules to prevent module failure due to thermal
stress during the continuous switching of the semiconductor
devices [30]. Even so, regarding the electrical stresses, the
electrical parameters of the dielectric material such as per-
mittivity and breakdown voltage should be further discussed.
Since the capability of the FR4 used as the substrate of PCBs
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FIGURE 25. PRPD patterns and TF maps for SiG4170-encapsulated
RS_2mm pad design with BSG connection at different pressures (RR:
repetition rate).

for high voltage application has not been well addressed by
other works, and has lower permittivity than AIN, the pre-
sented results obtained for different pad geometries shed light
on the impact of material permittivity on the PD behavior.

The test results given in Figs. 3, 5, and 7 show higher
PDIV values (20-30% at ambient pressure and 10-20% at
20 and 10kPa) for the AIN with higher permittivity than
G-10/FR4. The simulation results presented in Fig. 15 from
the electrostatic model indicate that the permittivity does not
have a significant impact on the electric field distribution and
intensity. However, Meng et al. [31] and our previous study
on the surface discharge behavior of different dielectric mate-
rials [32] indicate the fact that the dielectric material with a
higher permittivity produces lower local electric field in front
of the streamer branches required for discharge propagation
between the electrodes at a fixed applied voltage and reduces
their velocity. In other words, a higher voltage is needed to
initiate a discharge along a dielectric surface with a higher
permittivity.

2) ENCAPSULANT PROPERTIES IN PD MITIGATION

The silicone gel products used in this study not only have
higher dielectric strength which makes them good candidates
for high-power electronic module encapsulation, but also
retain their physical and chemical crosslinked properties at
low pressures which is required for aerospace application.
However, the effectiveness of both silicone gels and fluid
encapsulants in protecting the devices against PD is signif-
icantly reduced at low pressures. Our test results presented
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in section III show comparably higher PDIV values for SiG
527 compared to SiG 4170. Volume resistivity and dielec-
tric constant are the key factors defining the electric field
distribution under DC and AC voltages, respectively, which
are generally in the same range for these gels at ambient
pressure. However, the resistivity of the gel can be affected
differently by the reduced pressure. Bubble formation as a
result of pressure drop is the main source of internal PD.
It is believed the guidelines introduced in this paper can have
a significant impact on bubble mitigation at low pressures,
however, the surface discharge in the boundary of silicone
gel and substrate/pads is another source of recorded PDs
which depends on the adhesive bonding of the gel to the
substrates/pads and its effectiveness under forces imposed
by surrounded low air pressure at high altitudes. Encapsu-
lated samples with SiG527 in this study have comparably
higher adhesive strength than SiG4170, which can lend to
its superior performance resulting in higher PDIV values for
different designs at different pressures compared to Fluorinert
and SiG4170.

VI. CONCLUSION

In this comprehensive study, we conducted an in-depth inves-
tigation into the complex phenomena of PD and flashover
behaviors across three distinct pad geometries. Our research
focused on two widely used base dielectric substrates -
AIN and G-10/FR4 - which are crucial components in
high-voltage power electronics. By initially testing with-
out dielectric encapsulants, we established a fundamental
understanding of how pad designs, substrate materials, and
BSG connections influence PD at various atmospheric pres-
sure levels. This approach not only revealed the electrically
weakest points in the designs but also demonstrated how
strategic modifications could significantly alter PD character-
istics. Also, we quantified the impact of various parameters
on partial discharge initiation and intensity through rig-
orous experimental methods. Furthermore, we employed
advanced numerical simulations to analyze gas ionization
within trapped bubbles in encapsulants at higher altitudes,
providing valuable insights for applications in aerospace
and high-altitude environments. This multifaceted approach
bridges the gap between theoretical predictions and practical
applications, offering crucial data for the design and opti-
mization of high-voltage power modules in diverse operating
conditions. Key conclusions are:

Pad Geometry and Substrate Materials:

o The PDIV values recorded for three main pad geome-
tries with the same distances between the pads are almost
the same. The simulation results show the same electric
field intensity with different PD locations. Also, the
study shows roughly 2 times higher maximum tangen-
tial electric field intensity with the BSG copper layer
connected.

« The novel analytical model, defined as ionization factor
X, coupled with the 3D model shows that the PDIV can
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be increased by up to 1.25 and 1.5 times by smoothing
out the pad edges for the design without and with BSG,
respectively. Also, the PD intensity is reduced only when
the distance between the pads increases.

o PDIV values at 20 and 10kPa are 40-50% and 55-65%
lower, respectively, than the values at ambient pressure.
The PDIV/flashover values at 10kPa are slightly lower
(about 10%) compared to the values at 20kPa. However,
the detection of PDIV at low pressures is difficult due
to a high gas ionization at low pressure as the proposed
ionization factor demonstrated. Also, the undetectable
drift of the electrons can be increased at low pressure,
and Townsend discharge might be the dominant type
of detected discharges between the pads compared to
Streamer discharge at low pressures due to the above-
mentioned high gas ionization impact.

« The electrostatic study shows a minor impact of the per-
mittivity on the electric field intensity and distribution;
however, the transient behavior of the PD is affected
by this factor. The PDIV values recorded for AIN
substrate with higher permittivity are approximately
10-30% higher than the G-10/FR4.

o The PRPD patterns and T-F maps discussed in this paper
provide information about the PD intensity and occur-
rence of the PD at different locations between the pads.

Encapsulations:

o A 23-27% and 30-36% reduction of PDIV is expected
for a fluorinert-encapsulated sample under 20kPa and
10kPa compared to ambient pressure, respectively. The
differences are 15-35% and 35-50% for the silicone gel-
encapsulated samples.

« Simulation results from a finite element-based 3D model
of bubbles with different sizes at different locations indi-
cate that the ionization of the gas atoms at 20 and 10kPa
can be 1-2 orders of magnitude higher than ambient
pressure. The closer the bubbles are to the pads and
smaller they are, the more intense the electric field inside
the bubbles is.

o Generally, 10-50% lower PDIV values were obtained
for gel-encapsulated G-10/FR4 compared to the AIN
substrate.

« Presence of the bubbles between the pads and multiple
active PD sources can be detected through clustered data
in the T-F map plot and the intensity/repetition rate of
PRPD patterns at different pressures.

« Higher PDIV values for SiG527 compared to SiG4170
can be due to limited surface discharge activity in the
boundary of gel and substrate/pad for this sample with
higher adhesion. SiG527 likely achieves better adhe-
sion to the tested substrates, combine with a balance
of the key gel properties, associated with cross-linking
and hardness; the self-healing quality whilst providing
dimensional stability of a dielectric elastomer. However,
a thorough further analysis is required to determine
which of these properties is most impactful.
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