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Microstructure models are developed to computationally analyze the interactions between the
constituents in heterogeneous materials and electromagnetic pulses (EMP). The models are used to
explicitly simulate the material breakdown process by tracking the transition of dielectric constituents

from non-conductive to conductive states. The focus is on the electric fields induced in the materials
and the conditions for dielectric breakdown (defined as the onset of avalanche) caused by an artificially
induced EMP excitation. The materials analyzed contain different combinations of dielectric and

conductive constituents, a material made of cellulose-based KRAFT paper and mineral oil, PEEK 450G,
and a gasket material (Parker Chomerics 1287). It is found that the electric field levels in the materials and
the breakdown behavior are significantly affected by microstructure heterogeneities. The breakdown

strengths of these materials depend on the microstructures, the dielectric constants, breakdown
strengths, and the post-breakdown conductivity of the constituents.

Electromagnetic pulse (EMP) wave interaction with both conduc-
tive and non-conductive materials has been of scientific interest
for the better part of the past century. With the advent of nuclear
weapons in the 1940s, EMP effects were quickly identified as a
dangerous byproduct of nuclear detonation [1]. Other naturally
occurring phenomena are also capable of producing these effects,
such as lightning and geomagnetic storms caused by solar flares
[2-4]. The artificially produced EMP events can have three dis-
tinct components, E1, E2, and E3. The component investigated
in this research is E1, which can be characterized by a sharp peak
that can last up to a few nanoseconds prior to decaying. E1 pulses
are particularly damaging to the circuitry in computers and elec-
tronics devices, as the voltages and the induced currents happen
too quickly for traditional surge protection to function properly.
The sharp peak can also cause large voltages in non-conductive
materials and high currents in conductors. The high voltages and
high currents can cause damage to the insulation material, sen-
sitive materials adjacent to it, semiconductors, and conductors.
The damage to insulators and semiconductors occur via

dielectric breakdown in which the material becomes conductive.
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The damage to conducting materials is via high voltages and
currents. Microscopically, most materials are heterogeneous due
to the presence of different constituents, complicated constitu-
ent morphologies and sizes, and defects such as voids, cracks,
and interfaces. The heterogeneities cause the local electric field
(E-field) conditions to be magnified relative to the macroscopic
incoming field conditions, thereby significantly increasing the
likelihood of material damage and failure. Sun et al. [5] added
periodic and random sets of circular inclusions to study the
effect on the electric field, where the randomness of the particles
not only affected the local increase in electric field but also the
energy transmitted by the material. Chen et al. [6] and Kort-
Kamp et al. [7] studied the electric field distribution in different
microstructures and analyzed how the local field increases in
grains allowed for higher heating rates and energy absorption.
It is important to understand and quantify how local fields in
the materials are affected by microstructure and dissimilar con-
stituent properties. In particular, it is important to understand
how local field enhancement due to the microstructure and
microstructure constituent heterogeneities affect the dielectric

breakdown of the materials.
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The microstructure-level breakdown process is of interest to
engineers who must design components that may be subject to
EMP. For example, an engineer designing a power transformer
for a region with frequent lightning storms would need to ensure
that the dielectrics chosen for the transformer will not fail when
subjected to EMP from nearby lightning strikes. The breakdown
behavior, and more importantly, the breakdown strengths of
materials are often studied experimentally. Although experi-
ments can quantify the behavior and allow comparisons, it is
costly and time consuming to fully characterize a material over
multiple possible situations; in addition, experiments are incapa-
ble of yielding insight into the internal responses of materials to
an EMP. Further, experiments cannot be performed on materials
that do not yet exist and, therefore, are incapable of enabling
systematic exploration of the design of new materials. Com-
putational simulations, on the other hand, can allow detailed
internal material responses, including the E-field, current, heat-
ing mechanisms, temperature evolution, and breakdown, to be
analyzed. In addition, the analysis can also allow the breakdown
strength of the materials to be computationally determined. In
this paper, we develop a computational approach for explicitly
analyzing the microstructure-level response of heterogeneous
materials to EMP. The method may serve as a template for those
wanting to computationally evaluate the effect of EMP pulses on
their materials of choice. The approach also allows computa-
tions to be performed on theoretically designed materials with
systematically varying microstructure attributes and constituent
properties to enable identification of new materials configura-
tions with desirable properties for specific applications.

The heterogeneous materials considered here have micro-
structures that include both dielectric and conductive constitu-
ents. The models explicitly resolve the microstructure constitu-
ent distributions and the properties of the constituents. The
focuses are on the E-fields and the breakdown process induced
by the E1 pulse. Three commonly used materials are chosen for
this investigation: KRAFT paper impregnated with mineral oil,
polyether ether ketone (PEEK), and Parker Chomerics 1287 (PC
1287) gasket material. KRAFT paper with oil has been widely
used as transformer insulation. PEEK is a high-performance
engineering plastic with outstanding resistance to harsh chemi-
cals and excellent mechanical strength. PC 1287 is a commercial
gasket material that acts as an electrically conductive elastomer.

Material heterogeneities and the transient nature of the EMP
cause the E-field in the materials to be non-uniform in both
space and time. The spatial and temporal variations of the fields
are explicitly tracked. A dielectric breakdown criterion for local
constituents is developed and used to enable explicit tracking
of the dielectric breakdown process in the microstructure. A
statistically equivalent microstructure sample set (SEMSS) with
multiple random samples is generated for each material to per-

form analysis of the variations on the material behavior due to
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microstructure variations. This technique emulates the use of
multiple random samples in experiments.

Dielectric and conductive heating are also explicitly
resolved. It is found that thermal dissipation and temperature
rises are insignificant in all the materials analyzed due to the
extremely short durations of the pulses and the dielectric break-
down processes, which are on the order of picoseconds. As a
result, the analysis carried out primarily focused on the E-field
strength in the materials, evolution of the E-fields, and the over-

all dielectric breakdown of the materials analyzed.

The computational models entail explicit resolution of the het-
erogeneous microstructures of the three materials and the inter-
actions between the microstructure heterogeneities and an inci-
dent E1 pulse. Such models can give insight into aspects of the
interactions that are difficult to obtain in experiments currently.
Although images of material microstructures can be digitized
and directly used in simulations in general [8-10], the lack of
sufficient number of images for specific materials often and in
our case here renders this option impractical. Also, the use of
scanned images is only possible for materials already in existence
and cannot be done for exploration of material configurations
not yet in existence [11]. On the other hand, microstructure
models can be computationally generated or designed to capture
the primary microstructure attributes observed in experiments
[12] as well as track systematic variations in attributes and fea-
tures not observed in experiments. In this paper, because of the
lack of extensive sets of micrographs for the materials of inter-
est and because of the desire to explore trends, microstructure
models are generated for each material based on experimental
observations. The primary features of focus are constituent size,
shape, and volume fractions. In particular, the volume fractions
of constituents are varied systematically. To capture the effects
of random variations at the microstructure level, statistically
equivalent microstructure sample sets (SEMSS) with multiple
samples that conform to the prescribed statistical distribution
observed experimentally are used. The SEMSS allow uncertain-

ties in the predicted material behaviors to be captured.

KRAFT paper and oil

KRAFT paper consists of multiple layers of wooden fibers which
result from processing [13]. Key attributes of the KRAFT paper
microstructure include porosity and fiber orientation, both of
which affect the macroscopic material properties. The fiber
volume fraction ranges from 80 to 20% (therefore, the poros-
ity ranges from 20 to 80%) [14, 15]. The fibers are randomly
oriented such that the overall microstructure is commonly

regarded as being isotropic in-plane. Analysis of the fibers and
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Figure 1: Statistically equivalent microstructure sample sets (SEMSS)
for the KRAFT paper and oil composite with fiber volume fractions of
(a) 45% and (b) 60%, respectively. Each set has five random samples,
allowing the estimation of the range of behavior.

models have been reported. Our model development is based on
experimental images from Marulier et al. (see Fig. 2(a) in [15]).
The fibers have a maximum length of over 6 mm and an average
of 2 mm. The width of the fibers is between 10 and 80 pm with
an average of ~ 30 um. The thickness of the fibers is between 12
and 22 um [14, 16].

In our model, the pores in the microstructure are filled with
Exxon Univolt 60 transformer oil. The computational models for
the fiber and oil composite capture key features of the micro-
structure morphology, size scales, and constituent fractions.
The generation of the 3D microstructure models involves ran-
dom placement of fibers until the desired volume fractions are
reached. The fibers have random lengths and orientations and a
rectangular cross section of 24 pm x 17 pm. These characteristics
conform to the experimentally observed distributions [15] and
averages [16]. Although simplifications are involved, the models
go beyond models reported in the literature for electrodynamic
analyses (e.g., Huang et al. [14]). To analyze the effect of poros-
ity variations observed in experiments [17, 18], two statistically
equivalent microstructure sample sets (SEMSS) with two dif-
ferent fiber volume fractions (45% and 60%) are generated, as
shown in Fig. 1(a, b). It can be seen that the fibers are randomly
orientated in the paper plane, consistent with the experimental
image. The regions not occupied by the fibers are filled with oil.
Each of the two constituents is assumed to have uniform prop-
erties, as reported in [14] and [19], respectively, and shown in

Online Resource 1.

PEEK 450G

PEEK is a semicrystalline thermoplastic whose material prop-
erties are heavily dependent on its degree of crystallinity. For
a polymer, crystallinity is a measure for the amount of aligned
polymer chains. The crystalline phase in PEEK is spherulites

which are aggregates of polymer chains that form during the
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solidification process. There can be significant variations in the
size, shape, and amount of spherulite regions and amorphous
zones within a sample, depending on the curing temperature
and the formation process [20]. SEM images (scanning electron
microscope) of PEEK 450G containing spherulites from Chu
and Shultz (see Fig. 3 in [21]) are the basis of our microstructure
generation process. The image shows nearly spherical spherulite
particles approximately 2-3 um in diameter embedded a matrix
of base or amorphous PEEK. Spherulite particles are typically
radially symmetric spheres with diameters of 2 to 4 um [21] and
have volume fractions of 10-50% [22].

The computational model for PEEK 450G captures the
overall characteristics above. The spherulites have a diameter
of 4 pm. Five volume fraction levels between 10 and 50% are
considered, as shown in Figs. 2(a—e). A SEMSS with five random
samples is generated and used for each volume fraction, just like
for KRAFT paper and oil. As in the real samples, the particles
can be in contact, a result of the growth process. Figure 2(f)
shows the number of particles in the samples having a certain
nearest neighbor distance for the five SEMSS. The profiles pro-
vide a statistical quantification of the distribution of particles
relative to each other in terms of the shortest distance between
them. Clearly, higher particle volume fractions lead to shorter
interparticle distances on average. The primary difference
between spherulite particles and the amorphous PEEK matrix in
the microstructure lies in their dielectric permittivity. Available
data in the literature concerns only the dielectric permittivity
of amorphous PEEK and the effective dielectric permittivity of
composites of amorphous PEEK and spherulite particles [22],
not the permittivity of spherulite. To determine the permittivity
of spherulite, the Looyenga equation [23],

1/3
eei/f = vas;/3 + vsesm, (1)

is used. Here, ¢, and ¢, are the relative permittivities of amor-
phous PEEK and spherulite, respectively; v, and v, are the vol-
ume fractions of amorphous PEEK and spherulite, respectively.
The value of ¢, so determined and the value of ¢, are given in
Online Resource 2, along with the dielectric breakdown strength

Epq and the electrical conductivity for each constituent.

Parker Chomerics 1287 (PC 1287)
Parker Chomerics 1287 (or PC 1287) is a commercial gasket

material that comprises a fluorosilicone binder and aluminum
microparticles [24-26], which are approximately spherical in
shape and typically have a 1 um thick silver (Ag) coating on their
surfaces. As shown in the optical microscope image in Fig. 3(a),
the average particle diameter is 80 um with a standard deviation
of ~ 10 um. The particle volume fraction is 69-70%, and there-
fore, many particles are in direct contact with each other. Two
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Figure 2: (a—e) SEMSS with five different spherulite volume fractions between 10 and 50%. Each set has five random samples. (f) Statistical distribution
of spherulites relative to each other.
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Figure3: The microstructure of PC 1287 with silver-coated aluminum particles embedded in a fluorosilicone binder. (a) Optical microscope image and §
(b) computationally generated SEMSS with five random microstructures. Additional SEM images can be found in Online Resource 4. g
£
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SEM images of the fracture surfaces of the materials are shown  coating as reported in [28, 29], and [30], respectively, are listed -
in Online Resource 4, further revealing the size and shape of  in Online Resource 3. g
particles. The overall characteristics are consistent with reports =
in the literature (e.g., [27]) and the statistical information pro- 5
£
vided by the vendor. 2
. >
To capture the overall characteristics described above, a set KRAFT paper and oil
of microstructure models with five random samples are gener-  The electric field distribution within the five equivalent sam-

ated (see Fig. 3(b)). The models explicitly resolve the Al parti-  ples with 45% volume fraction of KRAFT paper fiber and oil is
cles, the fluorosilicone binder, and the Ag coating around the  ghown in Online Resource 8. The fiber has a much higher per-
particles. The properties of the particles, the binder, and the  mittivity than oil (2.4 vs. 6), causing the electric field levels in the
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fiber to be lower relative to those in the oil. The highest field level
is located near the interface between the fiber and oil. This local
increase in the electric field affects where breakdown initiates.
The applied peak pulse intensity E,=50 kV/m. No breakdown
is induced at this applied pulse intensity. The material hetero-
geneities affect the level of electric field level experienced by the
constituents. The highest electric field level in the fibers is 0.89
times the peak pulse intensity due to the fact that the fibers have
higher permittivity than the oil. On the other hand, the highest
electric field level in the oil is 1.9 times the peak intensity of the
applied pulse. However, because the oil's breakdown strength is
much higher than that of the fibers (51 vs. 60 MV/m), break-
down occurs in the fibers, not the oil, as discussed later.

To observe and analyze breakdown, the applied peak E-field
intensity E, is increased successively, until breakdown occurs. The
electric field distribution within the KRAFT paper fiber and oil
microstructure of one specimen (#1 in Fig. 1) at different times
around breakdown occurrence can be seen in Fig. 4(a—c). The
applied E-field intensity E; is 37 MV/m and the post-breakdown
conductivity for the fiber is taken as 10* S/m. Breakdown initi-
ates at approximately 4840 ps, which corresponds to the arrival
of the peak pulse intensity E, for the pulse described in Eq. [2].
The breakdown process is also shown in Fig. 4(d-f) using the
evolution of the electrical conductivity. The breakdown process
initiates at the fiber/oil interface and propagates into the rest of the
material. The breakdown process, from initiation to completion,
can happen over a very short time frame, less than 100 ps [1].

Each paper and oil microstructure sample in each of the
two SEMSS in Fig. 1 are subjected to E1 pulses with succes-
sively higher peak pulse intensity (E,) levels between 32 and
50 MV/m in order to determine the threshold for breakdown.
Breakdown is considered to occur after more than 1% of the

Conductivity (Avalanche)

(e)
Conductive
Dielectric

(d)

t =4841 ps

total microstructure has become conductive, and the mini-
mum E; value of the incoming pulse required to achieve this
outcome considered the critical pulse intensity (E_,) required
to cause breakdown of the sample and is taken as the break-
down strength of that microstructure sample. This quantifica-
tion is shown in Fig. 5. In Fig. 5(a), no breakdown occurs as
the constituent breakdown strength is artificially set at a very
high level intentionally to explore the behavior for compari-
son. In Fig. 5(b), the constituent breakdown strength is set to
their values in Online Resource 1, and the post-breakdown
conductivity oy,4 is 10> S/m. The breakdown strength (E.,) for
each microstructure can be clearly identified in Fig. 5(b). The
predicted breakdown strengths for each volume fraction of
fiber and at different conductivity levels are shown in Table 1
in the conclusions section of this paper. The general trend is
that the microstructures with the 60% fiber volume fraction
has lower breakdown strengths (34.25-36.25) than those with
45% fibers (34.5-37). Experimental results for KRAFT paper
submerged in oil are around 50 MV/m [31]. The calculated
ranges are lower than experimental, but aspects including
variations in the assumed breakdown strength of the oil and
the effect of the liquid could affect the results. Overall, the
post-breakdown conductivity o, in the range of 10-10° S/m
does not significantly affect the calculated behavior or mate-
rial breakdown strength. This is a positive trend and gives
more credence to the model results, as the true local constitu-

ent oy,4 value is not experimentally available currently.

PEEK 450G

The five levels of crystallinity of PEEK 450G between 10 and
50% in Fig. 2 have been studied. Figure 6 displays the effect of

E-field

(©) t = 4842 ps

Figure 4: Electric field and conductivity changes in one KRAFT paper and oil specimen (sample #1 in Fig. 1) during the breakdown process. The applied
E-field intensity £, is 37 MV/m and the post-breakdown conductivity for the fiber is 10% S/m.

©The Author(s), under exclusive licence to The Materials Research Society 2022

www.mrs.org/jmr

December 2022

Issue 23

Volume 37

Journal of Materials Research

4063



Journal of
MATERIALS RESEARCH

ymr

40

—n '(a)

e 3

KLY J

0F

— S

Percent Reaching Breakdown (%)

42

Peak E Intensity, E, (MV/m)

Percent Reaching Breakdown (%)

40

KLY J

0F

— 3

#s

(b)

S
204
15
e Avalanche
10f initiation (£,,) |
st == Bounds for
SEMSS
44 46 as 50 35 40 45 50

Peak E Intensity, £, (MV/m)

Article

Figure 5: The fraction of material reaching £, for (a) when breakdown is not modeled and (b) when breakdown is modeled. The post-breakdown

conductivity opy is 10° S/m.

TABLE1: Critical E1 pulse intensity
required for breakdown avalanche
(E.) IMV/m].

Opg=10'S/m Opg=10%S/m Opg=10>S/m
Material Range Average Range Average Range Average
Paper and oil 34-35 345 35-38 36.5 36-38 37
(45% fiber)
Paper and oil 34-345 34.25 34-36.5 35.25 35-37.5 36.25
(60% fiber)
PEEK 450G 36.4-36.6 36.5 37-37.6 37.3 34-36 35
(20% spherulite)
PEEK 450G 36-37.4 36.7 37-37.7 37.35 354-35.6 355
(40% spherulite)
PC 1287 500-2200 1,100 2000-3300 2600 2500-16,000 7900

kV/m

Figure 6: Electric field distributions for different volume fractions of PEEK. The applied pulse peak intensity is £,=50 kV/m.
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increasing the crystallinity of PEEK on the electric field distribu-
tion, E, when no breakdown occurs (E,=50 kV/m). The pulse
impinges on the left edge of the samples. Online Resource 9
shows that the overall responses of the five different samples with
the same volume fraction of spherulite (30%) are statistically very
similar (E,=50 kV/m). Therefore, we use the five samples in each
set to quantify the statistical range of behavior but use one sample
at each volume fraction level for trend identification. In general,
spherulites have higher electric field levels than the base PEEK
in a microstructure because the amorphous base PEEK has a real
relative permittivity ¢, of 3.8 and spherulite has a real relative
permittivity €, of 3.1. As such, breakdown initiates at spherulites
but may propagate through the base PEEK, since spherulite par-
ticles may be isolated and not connected. To put in perspective,
as the crystallinity increases from 20 to 40%, the highest E-field
in spherulites increases from 55.2 to 56.4 kV/m, showing that the
peak electric field magnification is around 1.1 times that of the
applied field amplitude for both volume fractions. The average
E-field in base PEEK decreases from 49.2 kV/m, with an applied
field ratio of 0.98, to 45.9 kV/m, with a ratio of 0.92. Volume
fraction has a more significant effect on the reduced field in the
base PEEK than the highest field in the spherulites, which is the
limiting material in the breakdown process.

The breakdown process in PEEK is shown in Online
Resource 10 for a sample with a crystallinity of 10%. The
applied E-field intensity is E;=36 MV/m. It can be seen that
breakdown initiates at spherulite particles or clusters of spher-
ulite particles and propagates through both spherulite particles
and base PEEK. The effect of breakdown on the electric field
can be seen in Online Resource 10(a-d), and the resulting con-
ducting paths can be seen in Online Resource 10(e-h). Each
sample is subjected to successively higher pulse intensities
between 34 and 45 MV/m. The same process of determining
the breakdown strength as that used for the KRAFT paper

©The Author(s), under exclusive licence to The Materials Research Society 2022

and oil is used, as shown in Fig. 7, which compares the frac-
tion of each microstructure with E-field levels at or above the
constituent breakdown strengths with (Fig. 7(a)) and without
breakdown (Fig. 7(b)). The statistical range of the breakdown
strengths so obtained is shown in Table 1. The average break-
down field strength shows only a weak dependence on post-
breakdown conductivity, increasing from 36.6 to 37.3 MV/m
when the conductivity is increased from 10 S/m to 10*> and
decreases from 37.3 to 35.25 MV/m when the conductivity
is further increased from 10° to 10° S/m. More analyses are
needed in the future to ascertain the trend, including increas-
ing the number of statistically similar microstructure samples
and the levels of the post-breakdown conductivity. Overall,
the result here appears similar to what is seen for the fiber
and oil composite in that there is no significant effect of the
post-breakdown conductivity ;4 on the material breakdown
strength. Also, the breakdown strengths for PEEK appear to be
similar over the range of spherulite volume fractions analyzed.
This perhaps suggests that the breakdown strength is more ini-
tiation dominated. When compared to experiments performed
by Giants [22], calculated values are ~ 10 MV/m lower than
the experimental values, 38 vs 47 MV/m. The experimental
trend in the effect of crystallinity on breakdown is shows a
decrease from 48 MV/ at 15% crystallinity to 43 MV/m at 35%
crystallinity. There is overlap in the experimental calculation
so the effect of varying degrees of crystallinity does seem to
have less of an effect vs a sample of amorphous PEEK. More
analyses are needed to further understand the mechanisms.
Note that the focus of this paper is on the development of a
means to predict the breakdown strength, not on the analysis
of the breakdown process.

Both PEEK and fiber and oil are dielectric compos-
ites made up of two different non-conductive constituents.
Understanding how these constituents individually affect
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the breakdown strength of the overall composite can lead to
understanding that facilitates the design of more breakdown-
resistant materials. On a relative basis, the overall breakdown
strength of PEEK shows less variations in the range of crystal-
linity considered when compared to the overall breakdown
strength of the KRAFT paper fiber and oil dielectric compos-
ite over the range fiber volume fraction analyzed. In the fiber
and oil composite, each constituent can enhance the break-
down strength of the overall composite. Specifically, the fibers
have a low local breakdown strength, but a high permittivity,
resulting in a lower local field, as shown earlier. The oil is
the opposite, with a very high local breakdown strength, but
low permittivity. The electric field in the oil is higher, but not
high enough to approach its breakdown strength before the
E-field in the fibers reach the fiber breakdown strength. In
contrast, spherulites are the limiting factor in PEEK as both
of its breakdown strength and permittivity are lower com-
pared with those of base PEEK. The highest E-field level in
the spherulites is 1.1 times the peak intensity of the applied
pulse due to the fact that its permittivity is lower than that of
the base PEEK. In this sense, the addition of spherulites is a
negative on the breakdown strength of the overall PEEK, as
they act as initiation sites for breakdown. This is in contrast
to the presence of oil in the fiber-oil composite, as oil clearly
enhances the breakdown resistance of the fiber from ~ 3
MV/m in air to ~37 MV/m.

Electric Field [MV/m]
|

20 40 60

2.7GV/m

Current Density [A/m?]

Parker Chomerics 1287

The electric field (|E|) distribution is shown in Online Resource
11 for the five statistically equivalent microstructure samples.
The samples are randomly generated with a prescribed mean
and standard deviation of particle diameter, as quantified in
Fig. 3. Here, a low pulse intensity E,=50 kV/m is applied along
the left surface such that the microstructure would not experi-
ence local dielectric breakdown (Ey =80 MV/m for the fluo-
rosilicone binder). The random variations in microstructural
heterogeneities (i.e., the arrangement of the particles) among
the samples cause the E-field distribution to be non-uniform.
Densely packed chains of conductive Ag/Al particles provide
electrical shielding along large portions of the microstructure.
Hence, the E-field magnitude in the binder is very low, with the
highest local E-field being limited to just ~0.01 times the peak
pulse intensity. This greatly enhances the breakdown resistance
of the overall material, as discussed later.

In Online Resource 12, the current density (|J]) distribu-
tion is shown for the five samples. Owing to their electrical
conductivity, the Ag/Al microparticles have current densities
several orders of magnitude higher than those in the fluorosili-
cone binder. The spatial variations of the current density can be
clearly seen. Regions fully enclosed by the closely packed parti-
cles experience low current densities due to electrical shielding.

In Fig. 8, the distributions of the electric field, current den-
sity, and electrical conductivity are shown for a microstructure

Electrical Conductivity [S/m]

0 250 500 750 1000

Breakdown modeled!
.y

Wi im =
Yy

Figure 8: Electric field, current density, and conductivity distributions for the PC 1287 microstructure shown in Fig. 3(a) under applied pulse intensities

of (a—c) 2.7 and (d-f) 3 GV/m.
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subjected to a high pulse intensity of E;=2.7 GV/m. This pulse
intensity causes the binder to experience local dielectric break-
down. Breakdown is seen in only a small fraction of the fluoro-
silicone binder, as indicated by the electric conductivity map in
Fig. 8(c). In contrast, at a higher pulse intensity Ej=3.0 GV/m, a
much larger fraction of the binder experiences dielectric break-
down, as seen in Fig. 8(f).

The distributions of the electrical conductivity in Online
Resource 13 for the sample shown in Fig. 3(b) under different
pulse intensities can be used to visualize the development of
breakdown avalanche. For E,=1.8-2.7 GV/m (Online Resource
13(a-d)), breakdown is rather localized and the fraction of
the binder experiencing breakdown increases only gradually.
Avalanches with widespread breakdown are observed when
E,23.0 GV/m (Online Resource 13(e-f)). There appears to be
a critical pulse intensity E, = E_, above which avalanche develops.
This critical pulse intensity ranges between E_ =1.8-3.3 GV/m
for different material cases. To facilitate the determination of
E_, the fraction of the fluorosilicone binder in the microstruc-
tures above its breakdown strength as a function of applied pulse
intensity E, is shown in Fig. 9. In Fig. 9(a), breakdown is not
modeled; therefore, the fraction of the binder with E-field levels

above the breakdown strength increases steadily as the applied
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pulse intensity increases. Because the post-breakdown conduc-
tivity of fluorosilicone is unknown, a parametric approach is
taken with the post-breakdown conductivity ranging between
0,4=10-10° $/m. In Fig. 9(b-d), breakdown is modeled with the
successively higher post-breakdown conductivity (oy4) values.
The plots show the fraction of the binder that has experienced
breakdown as a function of the intensity of the applied pulse.
The onset of avalanche shown in Fig. 9(b-d) is associated with
the rapid spike in the curves and indicated by a red circular
symbol on each curve. The applied pulse intensity at this point
is taken as the critical pulse intensity E_,. For each value of 0, 4,
the microstructural heterogeneity fluctuations among the sam-
ples cause the critical pulse intensity E_, at which avalanche
occurs and which is taken as the breakdown strength of each
microstructure to vary significantly. Higher post-breakdown
conductivity (oy,4) values correspond to higher E_. For exam-
ple, E. is between 0.4 and 2.1 GV/m for ¢,4=10 S/m for the five
microstructures examined and is 2-15 GV/m for 0y 4= 10> $/m.
Higher post-breakdown conductivity delays the formation of
the avalanche and increases the overall breakdown strength E_
of the composite. Overall, the range of variation of E_, is wide,
suggesting that the development of avalanche is very sensitive to

microstructure randomness. This means that there is a need for

Breakdown modeled with o, , = 10' S/m

g 100 T T T T
—#]

= 2| (b)
] 2
L 80 #3
S %
TR { -
‘G 60
8
é 40 -
L
< 20f ]
oo
=]
s .

0 Al ; A
< 0 0.5 1 15 2 25

Peak E-field Intensity, E, [GV/m]

Breakdown modeled with T,= 10°S/m
100 T T T

()

80

LIS LS S L

[V SR

|

60 - 1

0 A A
0 5 10 15 20

Peak E-field Intensity, £, [GV/m]

% of binder experiencing breakdown

Figure 9: Extent of breakdown in the fluorosilicone binder due to a range of peak E-field intensity for (a) with breakdown not explicitly modeled and

(b—d) various values of post-breakdown conductivity.
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using a larger number of random samples in the analyses which
is not pursued here, as the objective of the current effort is to
develop a framework for capturing the microstructure response
of materials and an approach for predicting the breakdown
behavior. Future work can also focus on the development of
material microstructure and behavior uncertainty quantifica-

tion (UQ), similar to what is pursued for other materials [32].

Dielectric breakdown is an important event for materials in
high-voltage situations. Microstructure significantly affects
the breakdown behavior and breakdown strength of a mate-
rial. Understanding when a heterogeneous material whose
microstructure consists of two or more constituent compo-
nents reaches its breakdown strength is an important task in
assessing the resilience of important infrastructure and devices.
The value of the breakdown strength of such a heterogeneous
material is a fundamental and required engineering parameter.
Microscale modeling, which explicitly resolves microstructure
and microstructure interactions with applied EMP, can enable
in-depth understanding and design of materials for increased
resilience. In this paper, a methodology that includes a compu-
tational model and simulation approach has been developed to
analyze the responses of heterogeneous materials with dielectric
and conductive constituents to incoming EMP. The framework
is used to analyze three commonly used materials. The focus is
on the E-fields that develop in the microstructures, the devel-
opment of breakdown avalanche, and the determination of the
breakdown strength of the overall materials. The lowest peak
intensity of the applied pulse that causes the breakdown ava-
lanche is taken as the breakdown strength of a microstructure
sample. The use of multiple statistically equivalent microstruc-
ture samples allows the variations of the breakdown strength to
be analyzed, just like in experiments and could be used to derive
probability distributions describing the breakdown. Although a
range of the overall breakdown strength of each of the materials
is established, the number of random samples used is relative
low; therefore, the range should only be taken as a reference.
Further analyses with significantly larger number of samples
(e.g., up to 20) should be pursued. Such analyses [33, 34] can
also lead to systematic uncertainty quantifications for both the
input (microstructure, constituent properties) and output (pre-
dicted breakdown strength).

The results of predicted breakdown strength E_, for the three
materials are summarized in Online Resource 14 and Table 1.
Material heterogeneities enhance the local E-fields in the micro-
structures of the materials analyzed, causing material break-
down; wherever, the peak intensities of incoming EMP are lower

than the minimum breakdown strength of the constituents.

©The Author(s), under exclusive licence to The Materials Research Society 2022

In the KRAFT paper and oil, the highest local E-field level is
approximately 0.89 and 1.9 times the peak pulse intensity (E,)
for the fibers and oil, respectively. In PEEK, the highest local
E-field level is approximately 0.95 and 1.1 times the peak pulse
intensity for the base PEEK and the spherulites, respectively. In
PC 1287 gasket material, the highest local E-field level in the
fluorosilicone binder is approximately 0.01 times the peak inten-
sity of the pulse. This modulation of the E-field by microstruc-
ture and material heterogeneities causes the overall breakdown
strength of the materials to be either lower (PEEK) or higher
(KRAFT paper & oil, PC 1287) than that of their “weakest” link
constituent (the constituent that actually undergo breakdown
when the pulse intensity is sufficiently high). For KRAFT paper
and oil, the breakdown occurs in the paper fiber, for PEEK, the
breakdown initiates in the spherulites, and for Parker Chomerics
1287 gasket material, the breakdown occurs in the fluorosilicone
binder.

The E_, can be significantly influenced by both microstruc-
ture and post-breakdown conductivity (0;,4) of the constituents
in the materials examined. While only a weak dependence of E_,
on 0,4 is observed in KRAFT paper & oil and PEEK, a strong
dependence is seen for the Parker Chomerics 1287 gasket mate-
rial. This correlation is due to the fact that the Al particles in the
PC 1287 material are conductive and can electrically shield por-
tions of a microstructure, thereby more significantly enhancing
or magnifying local E-field levels. Finally, it is worth pointing
out that there is a need to obtain experimental measurements
and validation of the trends obtained here in the future. Overall,
the approach developed here can be used for other materials and
other EMPs as well.

The EMP considered is the E1 HEMP (early-time high-altitude
electromagnetic pulse) waveform, as it can significantly impact
the power grid [35], electronics [36], and other systems. This
EMP has a quick rise time and high intensity. The characteriza-
tion of the E1 HEMP provided in IEC 61000-2-9 [37] is

8
oa=p
Eo(t) = Egek (e P! — e7°1), with kz( ad ) (g) ~ 13,
a—pBJ)\B
2)
wherea = 6 x 10%s71and 8 = 4 x 107 s~\. The corresponding

spectrum is
+00 ) o — /3
Eo() = / Eo(t)e /"' dt = Epick—— < ——,
o0 P (o +joo) (B + jo)

with Eomax = Epkk(%) ~ 1517 x 10~ (V/m)/Hz
o,

3)
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The pulse shape and spectrum are shown in Online
Resource 5.

A peak pulse intensity of E,=E, =50 kV/m is
used for no-breakdown simulations. Values between
Ey=50kV/m-15 GV/m are used in the breakdown analyses,
depending on the material and size scale. The critical E, value
required to cause breakdown is denoted as E_, and taken as
the critical E1 pulse intensity needed for breakdown of each
material analyzed. This pulse is used to assess the dielectric
breakdown of materials but is not intended to be a charac-
terization of the actual value of the field inside the materials
produced by an EMP. An assessment of the effect of an EMP
should include the boundary conditions between air and the
materials, which were not included in this case.

The governing equations for the transient electromagnetic
analysis are the Maxwell’s equations:

V- E = pg/eoér,

V-B=0,

VxE = —0B/0t,

VxB = popr[J + €oer (0E/0t)]

where E is the electric field, B is the magnetic field, Pq is the
volumetric free-charge density, J is the current density, and ¢g¢,
and pu, are the permittivity and permeability of the material,
respectively. The first and second equations are Gauss’s laws for
electricity and magnetism, respectively; the third equation is
Faraday’s law of induction; and the fourth equation is Ampére’s
law. These equations are solved using the temw (Transient Elec-
tromagnetic Waves) module in COMSOL. Even though the
analysis tracks the development of the magnetic field (B-field)
as well as the electric field, the magnetic field has essentially no
effect on the response of the materials (electric field induced
dielectric breakdown) analyzed here and is, therefore, not dis-
cussed in this manuscript.

The incoming pulse is applied to a surface for each mate-
rial, as shown in Online Resource 6. Due to the complexity
of the microstructure for KRAFT paper & oil, a three-dimen-
sional model (3D) model with a second-order transparent
boundary condition (B.C.) is used (Online Resource 6(a)).
For PC 1287 and PEEK, a two-dimensional (2D) model with
lossless and transparent boundary conditions (B.C.s) is used
(Online Resource 6(b)). In these models, a lossless bound-
ary reflects the incident electric field. On the other hand, a
transparent boundary fully transmits the fields incident upon
it. The transparent condition is used to simulate the effects
of a perfectly matched layer of material, effectively allowing
a region of a much large piece of material to be analyzed in
detail.

©The Author(s), under exclusive licence to The Materials Research Society 2022

To simulate the breakdown process in the microstructure,
a local breakdown criterion for each constituent is required.
The criterion used can be stated as follows:

00, if max |E(x,t)| < E,,
o(x,t) = t€(to,t]

(5)

Opd> if max |E(x,t)| > E,,
te(to,t]

where o is the current conductivity, o, is the initial conductivity
before breakdown, 0,4 is the post-breakdown conductivity, and
0Opq>> 0p. lllustrated in Online Resource 7, this criterion implies
that breakdown occurs irreversibly at a constituent material
point if the local electric field (E-field) intensity reaches or
exceeds the breakdown strength (E, ) of that constituent mate-
rial. Upon onset of breakdown, the material’s local electrical
conductivity increases irreversibly from its initial low dielectric
value (o,) to the high post-breakdown conductive value (0}, 4).
There have been different models for simulating the effects of
dielectric breakdown, including the fractal path models [38] and
the energy-dependent model [39]. These models focus on the
path of breakdown, and do not always account for the effects of
conductivity change or resolve the breakdown process. In this
paper, the effect of the changing conductivity on the electric field
distribution [40] in the material is considered. The sharp rise in
conductivity upon breakdown can cause the local electric field
and fields elsewhere to change significantly, thereby affecting
progression of the breakdown process.

Due to lack of accurate reports of gy 4 values, a parametric
approach is used in the mesoscale simulations by considering
several values of gy 4 between 10 and 10° S/m. The results,
especially the breakdown strength of the overall materials
(KRAFT paper and oil, PEEK, and PC 1287) corresponding

to each oy 4 value, are discussed.
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