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Abstract

Jacob Ryan Mahon
EXPERIMENTAL CHARACTERIZATION AND MANUFACTURE OF POLYMER
NANOCOMPOSITE DIELECTRIC COATINGS FOR HIGH-TEMPERATURE
SUPERCONDUCTOR APPLICATIONS
2021-2022
Wei Xue, Ph.D. and Robert Krchnavek, Ph.D., P.E.
Master of Science in Mechanical Engineering
Increased implementation of high-temperature superconducting (HTS) power

transmission has the potential to revolutionize the efficiency of electrical grids and help
unlock a fully electric transportation infrastructure. Realizing the benefits of HTS
systems has been impeded by a lack of available dielectric insulation materials that can 1)
withstand the extreme cryogenic operating environment of superconductors and 2)
demonstrate low temperature processing that is compatible with existing superconductor
manufacturing methods. Solving this problem necessitates a high-performance dielectric
material with multifunctional properties specifically suited for operation in HTS systems.
A polyamide and silicon dioxide (PA/SiO2) nanocomposite material with exceptional
thermal stability has been developed as a solid dielectric coating solution. This study
conducts mechanical, thermomechanical, and dielectric characterization efforts that
explore multi-scale material property relationships in the nanocomposite to optimize it
for this application. Additionally, an experimental manufacturing system is developed to
provide a transition to large-scale processing of the nanocomposite coating material. The
results of these efforts demonstrate a viable option to solve the material challenges

impeding wider implementation of HTS power transmission and chart a path forward for

the development of manufactured nanocomposite dielectrics.
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Chapter 1

Introduction

1.1 Background of High-Temperature Superconductor (HTS) Technologies

The potential for high-temperature superconducting (HTS) power transmission to
impact an energy revolution of electric technologies has been compared to the impact
fiber optics had on creating information superhighways that transformed communication
[1]. Superconductors have the capability to carry current with negligible resistive losses
when the superconducting material is operated below a critical temperature, magnetic
field, and current density level [2]. In the case of HTS cables, the higher critical
temperatures (up to 135 K) allow the use of widely available, efficient cryogenic coolants
such as liquid nitrogen (LN2) and gaseous helium (GHe) [3]. The compact, lightweight,
efficient power transmission characteristics offered by HTS technologies have
demonstrated 200x higher power/volume capacity with an approximate 10x reduction of
transmission cable size and weight compared to standard copper conductor systems [4].
Efficient power transmission has been a key challenge delaying the increased integration
of renewable energy technologies into existing energy grids and the development of a
fully electric transportation infrastructure. Advanced HTS based transmission systems are
a critical component to realizing renewable energy-based technologies as mitigating the
detrimental impacts of CO, emission from existing technology becomes necessary for our

future [5].



1.1.1 Applications of HTS Power Transmission Systems

The negligible electrical resistance of high-temperature superconductor materials
cooled to cryogenic temperatures has revolutionary applications in both alternating
current (AC) and direct current (DC) power transmission systems. In order to meet the
needs of an economical and stable energy infrastructure in heavily populated areas, recent
projects have investigated high current density transmission with three-phase AC HTS
cables cooled by pressurized liquid nitrogen in the temperature range of 65 K - 77 K [6-
8]. These AC cable systems require sophisticated terminations that mate phase
conductors and dielectric layers from room temperature feedthroughs with the LNo-
cooled cryostat in a high-voltage environment, along with an array of refrigeration
equipment including cryocoolers, mixing tanks, pumps, and an LN> storage tank [3].
Figure 1A shows one such HTS transmission termination installed by the Long Island

Power Authority (LIPA) [9].

HTS cable systems also have excellent characteristics for DC current transmission
in electric transportation applications [10]. Superconducting power transmission is a key
element to realizing the development of machines and systems contained in all-electric
aircraft [11]. Due to the weight and volume of conventional electric propulsion motors,
generators, and power transmission systems, exceptional flight performance is not
possible without the development of high power density superconducting technology
[12]. Shown in Figure 1B, the turboelectric distributed propulsion system in the NASA
N3-X concept aircraft can potentially achieve a 70% fuel burn reduction, performing
power transmission via onboard superconducting cables and cryogenic power inverters

[11, 13]. The same value is given to the weight and space savings of superconducting
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machines onboard electric transport ships and naval vessels. Shown in Figure 1C, the
world’s first electric and self-propelled container ship, Yara Birkeland, recently departed
for its maiden voyage and is proposed to cut 1,000 tonnes of CO emissions and 40,000
trips by diesel powered trucks per year in Norway [14]. In addition, the U.S. Navy has
found HTS cables on its vessels to be an appealing option for minimizing weight and
mitigating operational losses in onboard power transmission. Recent developments in an
advanced three-axis degaussing system for increased magnetic signature reduction of
vessels provided a suitable opportunity for the development and testing of an HTS cable
system, where system weight was reduced by 80% compared to copper conductors [15,

16].



Figure 1

Applications of HTS Power Transmission

Note. Various applications of HTS power transmission systems. (A) HTS transmission
termination in power grid [9]. (B) NASA N3-X concept electric aircraft [11]. (C) Yara

Birkeland electric container ship [14].



1.1.2 HTS Power Transmission System Design Considerations

In most HTS power transmission applications, the current carrying layers in
cables are comprised of wound superconducting tapes, which are fabricated through
multistep processing operations, where superconducting films are mechanically formed
or deposited on flexible metal substrates and laminated between buffer layers [17].
Shown in Figure 2A, Second Generation high temperature superconducting (2G HTS)
tape is now the most frequently used commercial superconductor in high field magnets,
motors, and transmission cables due to the improved mechanical properties and the
reduced costs of manufacturing [18, 19]. In order to achieve the superconducting
temperature state in cables, HTS tapes are cooled in a cryostat envelope to thermally
isolate the HTS cable from the ambient environment [20-22]. The typical construction of
a flexible cable cryostat consists of multiple concentric, corrugated, stainless steel tubes,
where the annular region between the outermost tubes contains both vacuum and
multilayer insulation (MLI) systems to minimize thermal heat loads on the cryogenic

refrigeration system [21].

The refrigeration system circulates cryogenic coolants such as liquid nitrogen or
helium gas into the former core, then returns them through the cryostat annulus on the
superconductor surface [20]. Figure 2B shows laminated HTS tapes within a multi-phase
AC HTS cable structure, where individual tape phase layers are wound around a central
former and insulated from other phases by dielectric layers in a triaxial configuration. A
superconducting shield layer is wound on the outermost layer of the cable conductors,
where it serves to prevent the increase of AC loss due to magnetic fields when individual

phase conductors interact with one another [23]. The dielectric insulation layers in this

5



configuration are a critical design point, as the mechanical, electrical, and thermal
characteristics of these insulating materials can have a significant influence on the

performance and stability of the superconductors [24-26].

Figure 2

HTS Transmission Cable Construction

A. Individual HTS tapes B. HTS transmission cable

Cable former

Dielectric insulation

Wound HTS tapes

Shielding layer
LN, cryostat

Vacuum jacket

Note. (A) Second Generation high temperature superconducting (2G HTS) tape [27]. (B)

Nexans three-phase AC HTS transmission cable [28].

The development of HTS materials made cryogenic cooling via inexpensive,
widely available LN cooling possible and dramatically influenced the development of
many current superconductor applications [1]. However, the use of gaseous helium as a
cryogenic coolant in HTS transmission cables has proven to be advantageous to the
traditional LN> coolant [16, 29]. Basic driving forces behind HTS cable design include

maximizing the current density of conductors, while limiting the resulting weight and



footprint of cable systems. Since the critical current of a superconductor is temperature
dependent, using helium gas to cool superconductors to lower temperatures than the 63 K
limit of liquid nitrogen systems can yield significantly greater power densities in the
cable format [4, 30]. A typical commercial 2G HTS conductor operating at 20 K can
carry six to eight times the current it can carry at 77 K [3]. The wider cooling temperature
range of gas helium also benefits some military applications, where compact and
lightweight power devices that offer a wide operating current density window are
required [30]. Optimizing the relationship between the increased power requirements of a
gas helium cryogenic refrigeration system at sub-62 K temperatures and the resulting
increases in current density has found that the operating temperature to minimize both
cable system weight and cost is roughly 50 K, where current density values are still
threefold of those at 77 K [3, 15]. At a fixed current carrying value, this directly results in
increases in efficiency and a reduction of cable system footprint. In addition to the
limitations associated with the minimum cooling temperature, another major drawback
associated with LN2-cooling stems from the asphyxiation hazards related to its use in
confined spaces, making it unfavorable for naval and aviation applications where a leak
of lower density gaseous helium coolant would be significantly safer to personnel [16,

29].

1.1.3 Material Challenges Associated with Existing HTS System Design

The demand has increased for high-performance polymer dielectric materials with
enhanced mechanical properties suited to the extreme operating environments required by
superconductors [25, 31, 32]. The thermal contraction of a typical polymer insulation

material that occurs due to the intense temperature gradient of the superconductor’s cool
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down cycle is significant, leading to mechanical failure and high-voltage electrical shorts
at cryogenic temperatures [18, 33]. Figure 3 shows how the mismatch of cryogenic
thermal contraction between the dielectric coating and superconductor material is the
responsible mechanism for failure of the dielectric layer. To address this, LN2-cooled
HTS tapes and cable assemblies traditionally utilize lapped polymer tape dielectric layers
of thermally stable materials such as Kapton™ polyimide or polypropylene laminated
paper (PPLP) [34-36]. The lapped tape construction effectively reduces the failure of
brittle polymers at cryogenic temperatures by increasing their degrees of freedom inside a
dielectric jacket [20]. However, these systems are then required to permit the permeation
of the cryogenic coolant into the insulation jacket around superconductors, allowing them

to become part of the dielectric media.



Figure 3

Thermal Contraction in the Cryogenic Environment

Dielectric enamel coating

A. Coaxially | ‘ _ | B. Individually
wound HTS Laminated high-temperature insulated HTS
transmission superconducting (HTS) tapes tape

cable

|
oL

Mis-matched thermal contraction

Note. The responsible failure mechanism for brittle dielectric coatings at cryogenic
operating temperatures is a mis-matched coefficient of thermal expansion (CTE) between

superconductor and dielectric materials.

Realizing the benefits that result from implementing gas helium cooling in HTS
cables presents additional challenges in locating effective dielectric insulation materials
and systems for the sub-62 K cryogenic environment. LN> cooling has been used cost
effectively and generally without concern, because the relatively high dielectric strength
of the fluid obstructs shorts through the cryostat, even at high voltages [29, 37]. However,
when helium gas is introduced as coolant, its significantly lower dielectric strength does
not permit permeation into existing dielectric tape jackets without risking shorts through

the fluid from superconductors at high voltages [29, 30, 38]. A gas tight, solid dielectric
9



insulation layer is not only required for GHe-cooled systems, but would be preferred for
LN>.cooled systems as well. Bubble-trigged partial discharges, degradation, and complete
dielectric breakdown in cryogenic liquids has been reported due to quenching from hot
spots on conductor manufacturing imperfections or void spaces at liquid-solid dielectric
layer interfaces [35, 37, 39]. In addition, failures of superconducting coils have
previously been attributed to the contamination of the cryogenic liquid insulation space

with conductive free metallic particles [39].

Therefore, the need exists for a suitable dielectric in the cryogenic operating
environment that envelops conductive layers, while sealing against liquid and gas coolant
permeation. Advanced materials such as Kapton™ polyimide possess coefficient of
thermal expansion (CTE) values that closely match metallic and ceramic superconductors
during cooling cycles and have been implemented as dielectric enamel coatings [40, 41].
However, despite their widespread use as a dielectric solution for the aerospace industry,
these materials are not a catch-all for the variety of potential dielectric requirements
associated with superconductor technologies. For instance, existing manufacturing
techniques produce superconductor materials that are vulnerable to degradation or failure
from excessive mechanical and thermal stresses during processing [18]. To enable wider
implementation of superconducting power systems, polymer dielectrics must be
identified that not only show exceptional thermomechanical behaviors in the cryogenic
environment, but also have processing methods that are compatible with superconductor
manufacturing practices [42, 43]. Accordingly, a detailed study of the potential dielectric

thin film coatings for these applications is required, with a variety of experimental

10



methods to effectively characterize their thermomechanical and dielectric behaviors in

the superconductor’s operating environment.

1.2 Polymer Nanocomposites as High-Performance Dielectric Coating Materials

Polymer nanocomposite materials are an area of great significance due to the role
of nanoparticle addition in improving one or more desired properties of a host material
[44-47]. These materials have received renewed interest because when combined with
modern material characterization and synthesis tools, long established nanoparticle
preparation methods can be leveraged to engineer novel combinations of polymer hosts
and reinforcement materials with resulting properties that are highly tunable [44].
Polymer nanocomposites can open new horizons for achieving multifunctional materials
by choosing, arranging, and combining nanostructured components tailored for a specific

application [48].

1.2.1 Nanomaterials as a Field of Interest for Coatings in Extreme Applications

The capacity for nanocomposites to make considerable improvements to a wide
range of physical properties in host polymers gives them potentially limitless
applications. Nanofiller reinforced materials have proven to be a viable option for
applications requiring rugged polymeric coatings [49, 50]. For instance, epoxy coatings
can act as a physical barrier and as a reservoir for corrosion inhibitors, reducing the
corrosion of a metallic substrate subject to an electrolyte [49]. However, these effects can
be undermined by their susceptibility to damage by surface abrasion and poor resistance

to the initiation and propagation of cracks [49]. The incorporation of nanoparticles into

11



epoxy resins offers solutions to enhancing the integrity and durability of these coatings

[51, 52].

Polymer nanocomposite materials have also found applications in capacitors and
electric energy storage devices [53-56]. When brittle ferroelectric ceramics with high
dielectric constant were combined with flexible polymers of low processing temperature,
a high dielectric constant and breakdown field was achieved with improved volume
efficiency and energy storage density [53-56]. These are highly desired properties of
materials predisposed for applications in microelectronics and high-voltage industries. In
addition, it was shown that the properties of the nanocomposites, i.e., transmittance,
elastic modulus, response time, and dielectric constant, could be tuned by controlling the
nanoparticle weight percent concentration [55]. This characteristic provides yet another
degree of material property tuning for desired applications. With this array of
possibilities, multifunctional materials can also potentially be leveraged to address the

specific needs of high-temperature superconductor technologies.

1.2.2 Addressing Cryogenic Dielectric Material Challenges in HTS Systems with
Polyamide/Silica Nanocomposite Thin Films

In the case of studying potential dielectric thin film coatings for applications in
HTS power transmission, the purpose of investigating the use of functionalized
nanoparticles is to influence and gain control over the CTE of the resulting
nanocomposite material. In addition to this, a primary design requirement is that the
processing of the nanocomposite dielectric coating material must be compatible with the
manufacturing parameters used to develop 2G HTS tapes found in both individually

insulated applications and in the coaxially oriented cable format. Epoxy resins have

12



previously been used in cryogenic systems such as superconducting magnets or cryogenic
valve and tank applications [33, 42, 57]. However, the relatively large CTE that results in
thermal stress at cryogenic temperatures limits their use as a cryogenic dielectric coating.
One approach to improving CTE characteristics is tailoring the chemical and network
structures of epoxy resins, but it is not so effective due to the intrinsic properties of
polymer [57]. The alternative option of introducing lower CTE nanofiller particles into
the polymer matrix has been widely demonstrated to improve the thermomechanical
properties of the nanocomposite material [57-60]. Therefore, this technique demonstrates
a solution that can potentially reduce the mismatch of cryogenic thermal contraction
between dielectric coatings and superconductor materials, eliminating failures of solid

insulation materials in HTS applications.

The unique thermal, physical, and electrical properties of polyamide-imide based
materials has enabled them to become outstanding candidates for electrical insulation
applications in extreme operating environments [60-62]. Thus, this class of polymers was
located as the focus of multifunctional material development and characterization for a
study of potential HTS dielectric coatings. Investigating various nanocomposite
preparation methods for ease of processing, reliability, and compatibility with the
manufacturing process of HTS tape products identified silica nanofiller reinforcement via
sol-gel process as a potential path to a multifunctional dielectric material for this
application [59, 63, 64]. Introducing silica nanoparticles with a lower CTE than the
polyimide-based host and a relatively high dielectric strength into the polymer matrix
opens the potential for improved thermomechanical properties of the insulation material,

while maintaining acceptable dielectric strength [60, 65].
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A polyamide and silicon dioxide (PA/SiO2) nanocomposite is therefore proposed
here as a viable option for a polymer insulation coating of high temperature
superconductors with desired CTE matching characteristics. This solution addresses the
concerns associated with dielectric failures of LN2 and GHe cryogenic envelopes, while
improving upon the poor cryogenic mechanical properties associated with traditional
polymer coatings. The proposed dielectric nanocomposite material has the potential to
address the multifunctional design requirements of cryogenic gas helium and liquid
nitrogen cooled HTS power transmission systems, reducing failures of solid insulation

layers and improving transmission performance.

1.3 Research Motivation and Objectives

As the necessity grows for clean, abundant, and reliable sources of electricity that
will sustain economic growth into the future, the obligation for new ways to transmit and
distribute electricity is increasing [1]. Using high-temperature superconducting systems
to revolutionize the efficiency of power transmission can solve major energy conversion
and distribution challenges that are currently plaguing the integration of renewable
energy technologies into existing energy grids [4]. In addition, HTS power transmission
is a key component to developing fully electric transportation modes and supporting
infrastructures that perform better than fossil fuel-based systems, while eliminating
sources of CO2 emissions [5]. However, realizing these benefits comes with the need to
address a variety of material challenges associated with existing HTS technologies,
specifically with the fragility of thin film dielectric coatings in cryogenic cooled

operating environments [25, 31, 33, 42, 66]. Upon solving these challenges, larger steps
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can be taken towards implementing HTS power transmission systems in many of these

critical applications.

To reduce the failures of existing HTS power systems and dramatically improve
their transmission efficiencies through gas helium cooling techniques, the opportunity
exists for the development of a multifunctional cryogenic dielectric suited to this unique
application. A polyamide and silicon dioxide (PA/SiO.) nanocomposite material has been
proposed as a solid dielectric coating with improved resistance to thermal contraction and
reduced mechanical stress in the cryogenic operating environment of HTS transmission
cables. Therefore, a detailed characterization of the mechanical, thermomechanical, and
dielectric properties of this candidate material is required to verify its theoretical
properties, where a combination of experimental and computational methods are used.
Accordingly, a variety of novel and fully customized experimental test systems must be
designed, manufactured, and implemented in order to effectively depict the material
behavior in the superconductor’s operating environment. Establishing these tunable
property relationships will result in the optimization of the weight percent concentration
of silica nanoparticles required to achieve the desired final material properties. In
addition, material processing and manufacturing methodologies must be established that
are 1) compatible with existing HTS transmission system manufacturing and 2) scalable
from test sample preparation up to full scale cable coating manufacturing systems.
Ideally, the results of these characterization analyses and processing development efforts
will produce a promising solution to providing effective dielectric materials for GHe and
LN2-cooled HTS cables with enhanced mechanical properties suited to their extreme

operating environment.
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1.4 Layout of Thesis

The next chapter of this study will detail the thermomechanical and dielectric
characteristics of polymer nanocomposite materials used for rugged coatings in extreme
applications. The selection of the specific polyamide host polymer for this application
and its SiO filler nanoparticles will be explained, along with a justification for the
implementation of a nanocomposite in this application versus other options in the realm
of multifunctional materials. Finally, the methods of sample preparation and coating
process conceptualization will be covered. Chapter 3 of this study will describe the
computational and experimental methods used to characterize the mechanical and
thermomechanical properties of the polymer nanocomposite material. Then, the results
will be analyzed to establish an understanding of these property relationships, unlocking
the ability to optimize the material for implementation in the cryogenic operating

environment.

Chapter 4 will contain details of various dielectric material property
characterization efforts. Investigating these results will determine the dependence of the
material’s dielectric strength on its operating temperature. In addition, experimental
testing conducted in a cryogenic gas helium environment will shed light on the impact of
this potential HTS cooling medium on the dielectric strength of coatings. Finally,
experimental methods will also be used to examine the changes in dielectric strength of
the material that may occur due to it being coated in on a cylindrical conductor surface,
rather than in planar coated thin film forms. Chapter 5 will report on the design
considerations and experimental manufacturing efforts towards developing a feasible

transition to large scale processing of this material. Lastly, Chapter 6 will conclude the
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results of the various characterization efforts conducted here and combine them with the
experimental manufacturing efforts. The chapter will provide this polymer
nanocomposite as a solution for an effective cryogenic dielectric material and discuss the

opportunity for additional future works in this study.
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Chapter 2

Selection and Preparation of Nanocomposite Dielectric Materials

2.1 Background of Polyamide/Silica Nanocomposite Dielectric Materials

The HTS dielectric insulation system developed here must 1) effectively seal
against permeation from cryogenic cooling fluids during operation, 2) show an improved
dimensional stability during thermal loading that reduces the mismatch of CTE between
different cable materials, 3) exhibit material processing characteristics that are
compatible with superconductor manufacturing methods, and 4) maintain sufficient
dielectric strength for use in high-voltage applications. The unique combination of
properties required for the potential coated insulation materials to be functional in the
extreme cryogenic operating environment of HTS systems and compatible with HTS tape
manufacturing necessitates a larger degree of material property tuning than most
traditional polymer coatings can offer. This study will leverage the characteristics of
polymer nanocomposites that enable them to be engineered for highly specific resulting
properties [67, 68]. When nanoscale filler materials with desired properties are added to a
traditional polymer, their interfacial interaction zones with the polymer can dramatically
influence the thermal, mechanical, and electrical properties of the composite on the
macroscopic level [68-70]. Because of this, recent studies have capitalized on the
promising advantages of nanodielectric materials in the area of electrical insulation [67,
71]. Specifically for this application, SiO2 nanofillers in polyamide-based coatings have
been shown to generate a low CTE and high thermal stability for the bulk material [58-

60].

18



2.1.1 Locating the Polyamide Host Polymer

Due to their strong interchain interactions, aromatic polyimides are an exceptional
class of high-performance polymers with thermomechanical stability, dielectric strength,
solvent resistance, and high mechanical strength [40, 72]. Figure 4 graphs the linear
thermal expansion of various materials used in HTS cable construction and highlights the
thermomechanical failure mechanisms of common dielectric coatings caused by a
mismatch of CTE with a dissimilar substrate material [73]. Polyimide is one of the only
available dielectric materials that nearly matches the CTE of the 300 series stainless
steels employed in hollow tube cable formers and the Bi-2223 Bismuth strontium calcium
copper oxide (BSCCO) superconductors used in first generation powder-in-tube (PIT)
HTS tapes [3]. Polyimide enamels with uniquely low CTE values have been used for
rugged, heat-resistant dielectric coatings in the aerospace industry, but their poor

solubility and non-melting characteristics make processing operations difficult [72, 74].
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Figure 4

Thermal Expansion of Solids for HTS
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Note. Thermal linear expansion percentage of common dielectric polymers in comparison
to HTS tape and HTS cable construction materials. Thermal expansion data are selected

from [73].

Ideally, the desirable properties of polyimide could be leveraged for the cryogenic
applications in HTS cable systems, but the imidization reaction and thermal annealing
processes require temperatures far greater than 200 °C and HTS tapes become vulnerable
to delamination from excessive thermal stresses during processing temperatures greater

than roughly 150 °C [3, 18, 42]. Therefore, achieving the low temperature curing of a
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polyamic acid solution to generate aromatic polyamide enamels without high-temperature
processing became a focal point in this study. To answer this problem, Dupont Pyre-
M.L.® thermoset varnish was located as a commercial polyamic acid (PAA) precursor to
polyimide enamel coatings that could potentially be cured at lower temperatures, without
the need for the thermal imidization and annealing steps [41, 74]. The Pyre-M.L.®
poly(pyromellitic dianhydride-co-4,4'-oxydianiline) amic acid was acquired in solution
with 80% N-Methylpyrrolidone (NMP) and 20% aromatic hydrocarbon [75]. Following
solvent evaporation and thermal curing below 150 °C, the resulting thin film displays
equivalent properties to the Nylon™ polyamide curve plotted in Figure 4 [72, 73, 76]. By
achieving the desired low temperature processing, some of the exceptional thermal
stability of the polyimide is sacrificed. Therefore, a truly multifunctional composite
material using a dissimilar filler is needed to optimize the thermomechanical and

dielectric properties for applications in HTS systems.
2.1.2 Achieving Desired Properties with Polyamide/Silica Nanocomposites

Nearly all commercial examples of polymer-based nanocomposites to date have
revolved around introducing nanoscale fillers into polymers and capitalizing on the effect
of filler properties to enhance performance of the composites [42, 77, 78]. Matrices of
lower CTE nanoparticle reinforcement are used to improve the thermal stability of
polymer nanocomposites and introducing SiO: particles has repeatedly been
demonstrated as an effective path to accomplishing this [76, 79-83]. The wide reporting
and reliability of the in-situ sol-gel processing methods used to develop SiO2, matrices are
critical for this application, since large scale processing of multifunctional materials is

often already difficult without the additional need to ensure compatibility with HTS tape
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manufacturing systems [84, 85]. Specific to this proposed PA/SiO; dielectric application,
the relatively high CTE of pure polyamide (80x10° K1) has the opportunity to be
significantly reduced by that of the SiO2 nanoparticles (2.32x10° K1) and crucially, they
both demonstrate comparable dielectric strengths as insulators in various applications
[73, 80, 86, 87]. It is widely accepted that introducing any defects including nanoparticles
of dissimilar materials into a bulk polymer can negatively impact the resulting dielectric
strength [48, 67]. However, the comparable dielectric strength of SiO2 nanoparticles with
polyamide and the role of nanoscale interfacial regions in avoiding unfavorable changes
to bulk polymer properties can potentially reduce negative impacts to the overall

dielectric strength of the nanocomposite [67, 88, 89].

The dramatic macroscale property changes of nanoscale reinforced polymer
composites result from the formation of a radial interphase region of higher density
polymer formed in the vicinity of individual particles [90, 91]. Microscale silica particle
composites, which also benefit from the interfacial interactions of the filler material, have
been widely employed in commercial coatings such as Loctite Stycast® high-viscosity
encapsulant, which is filled with silica powder to provide a low thermal expansion that
approaches that of copper [73, 78, 92]. However, when silica particles are introduced at
the nanoscale, the same volume of filler broken into smaller particles creates a higher
radius of curvature, greater surface area for polymer interaction, and therefore, more
polymer in the interfacial region within the bulk material [93]. These increases in
interfacial polymer volume resulting from decreases in particle diameter are
demonstrated in Figure 5. The interfacial region surrounding the particles is dominant in

a nanocomposite, whereas it is insignificant for the conventional microcomposite [67].
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Due to this increased control over the bulk mechanical properties of a polymer,
significantly larger property improvements can be made at lower concentrations of
reinforcement material and greater property tuning characteristics are achieved [67, 90,
94]. This particle diameter relationship becomes increasingly significant in this dielectric
application, because the desired thermomechanical characteristics can be achieved at
lower SiO2 nanoparticle concentrations, with smaller defects in the bulk material and
larger regions of dense polymer, potentially resulting in smaller impacts on the overall
dielectric strength. Therefore, the proposed PA/SiO2 nanocomposite dielectric material
addresses each of the challenges imposed by its implementation as a dielectric coating in
HTS systems and warrants further investigation to experimentally characterize the

material in this study.

2.1.3 Polymer Nanocomposite Interfacial Morphology

The mechanisms of the interaction zones located between nanoparticle
reinforcement materials and the host polymer are highly complex. Polymer chains can be
mechanically bound in immobile layers and/or chemically bonded to the nanoparticle in
this region, depending on particle diameter, interparticle distances, and materials selected
[67, 93]. The volume of the interfacial region and the mechanisms behind the densely
constrained polymer chains within can directly impact the resulting mechanical and
dielectric properties of the bulk system [95-98]. Due to changes in the crystalline
structure of polyamide near interfaces within the PA/SiO2 nanocomposites, polyamide
chains are considered to be radially bonded to the nanoparticle surface within a larger
multi-core model of the interfacial region [67, 68, 99, 100]. Figure 5 shows the proposed

multi-core and barrier model of the dense polyamide interfacial region. Polymer chains
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are bonded to the surface of the SiO> particle, then immobilized in an orderly bound
space due to crystalline properties of the polymer, and finally loosely constrained in an
outer region that is coupled with the second layer [99, 100]. The morphology of the
interphase region is also proposed to enable a superimposed electrical double-layer. This
double-layer is formed due to the distribution of mobile charge carriers and the existence
of electron traps throughout the interphase [67, 101]. This decreases the density and
energy of carriers as well as their conductivity, resulting in a localized enhancement of
electrical breakdown strength [67, 101]. Therefore, the interfacial morphology of
PA/SiO2 nanocomposites demonstrate characteristics that not only support confinement
of the polymer to reduce the CTE of the matrix, but also potentially prevent excessive

reduction of dielectric breakdown strength at larger concentrations of SiO, particles.
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Figure 5

Morphology of Particle-Polymer Interfacial Regions in Nanocomposites
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Note. Comparison of PA/SiO: particle-polymer interfacial regions between a microscale
composite (A) and a nanoscale composite (B). The structure of polyamide chains in the
interfacial regions of silica nanoparticles reported by [49, 67, 93, 99, 102] is detailed at

the right.

2.2 Methods of Preparing Polyamide/Silica Nanocomposite Materials

Dip-coating is a basic manufacturing method of choice to accomplish thin film
deposition and curing of the nanocomposite dielectric material on the flat surface
substrates of individual HTS tapes, as well as on the cylindrical surfaces of formed HTS
cable assemblies. In addition, free standing thin film samples must be developed by spin
coating glass slides to enable thermomechanical and dielectric characterization

experiments. To accomplish this, a PA/SiO2 nanocomposite precursor solution must be
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prepared in a such a way that it remains homogeneously dispersed in the fluid medium
during processing and avoids macroscopic gelation that would hinder the repeatable
preparation of samples [103]. Following the coating of a substrate with the precursor
solution, solvent evaporation and thermal curing steps must yield a solid dielectric
enamel without exceeding the 150 °C temperature threshold where delamination of 2G

HTS tapes can occur [3, 18, 42].

2.2.1 Implementing a Sol-Gel Process

Sol-gel methods are a well explored path to synthesizing composite organic-
inorganic materials made at relatively low temperatures, through which hydrolysis of the
constituent molecular precursors and subsequent polycondensation lead to a glass-like
form [89]. The Stober process is regarded as the simplest and most effective route to
prepare monodisperse silica nanospheres inside of a polymer solution [84, 104]. The
process, which has been widely used to develop catalysts, pigments, pharmaceuticals, and
coatings for electronics, can be easily modified to suit the industrial manufacturing of
PA/SiO: dielectric coatings for superconductors [85, 89]. This study successfully
leverages the Stober process to obtain well dispersed colloidal silica nanoparticles that

are mixed with a polyamide precursor solution and cured to prepare PA/SiO> thin films.

The generation of SiO2 nanoparticles in the Stober process hinges on the
hydrolysis and condensation reactions of a silicon alkoxide in the presence of water,
which provides the solution of precursors with the necessary supersaturation for the
development of particles in suspension [105, 106]. The process also employs an alcohol

solvent to improve the miscibility of the sol-gel system and incorporates an acid catalyst

26



for the hydrolysis reaction [106, 107]. The Stober precursors utilized in this work were
tetraethyl orthosilicate (TEOS), deionized water (DI water), ethanol (EtOH), and
hydrochloric acid (HCI). The sol-gel is created by mixing the four reagents ina 2:1:1:1
molar ratio of DI water, TEOS, EtOH, and HCI [106, 108]. The precursors are mixed at
300 RPM for 30 minutes, covered with paraffin film and placed in an ice bath to mitigate
evaporation of any precursor mass due to the exothermic reaction. As detailed in Figure
6, the formed sol-gel suspension of nano-silica is then mixed into the Pyre M.L.®
polyamic acid precursor solution for 4 hours at 30 RPM to enable effective particle
dispersion without causing air bubbles to form in the viscous material. Finally, the
viscous PAA and sol-gel suspension is spin coated onto glass slide substrates for free
standing thin film samples or dip-coated onto stainless steel electrode substrates for on-
cable dielectric performance measurements. Various experiments were conducted by
previous contributors to this study in developing the mixing times and methods utilized
for the polyamide nanocomposite suspension preparation, with the results detailed here

[108].
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Figure 6

Preparation of PA/SiO, Nanocomposites
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A spectrum of various weight percent concentrations (0%, 2%, 4%, 6%, and 8%)
of SiO2 nanoparticles in samples was prepared for a comparative study of material
properties. It was experimentally verified that the commercial polyamic acid precursor
contained 15 weight percent polyamide and the sol-gel contained 18 weight percent SiO>
particles after thermal curing [108]. Then, the molar ratios of the precursors were
converted to the weight percent ratios of 11.03% DI water, 14.09% EtOH, 63.73%
TEQS, and 11.15% HCI [108]. Therefore, with a given starting mass of polyamic acid
precursor, the required initial sol-gel mass and the masses of its precursor constituents

could be determined for a desired SiO- particle weight concentration in the composite.

2.2.2 Thermal Curing Processes

Completing thermal curing operations on polymer hanocomposite suspension
coated substrates is the final step to developing samples for experimental
characterization. The curing steps must remain compatible with superconductor
manufacturing methods by 1) not exceeding the temperature threshold upon which
damage to superconductors can occur and 2) exhibiting characteristics that are scalable to
the larger processing operations through which HTS systems are currently manufactured.
Parametric studies were utilized to develop the multi-step, low temperature curing
process required for solidification of the nanocomposite enamel coating material shown
in Figure 7 [108]. Figure 8 shows the completed PA/SiO> thin film and coated electrode
samples. The cured slide and dowel coatings have an average thickness of 20 um and 17

pum, respectively.
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Figure 7

Thermal Curing Profile of Polyamide

150

MW 1111 J— T T
Potential delamination of HTS tapes

130

120

T

110

Temperature (°C)
g

90 -

80

nor Solvent

60 L evaporation

50 : ' : ' ' : ‘ ' ‘ ' ‘

0 5 10 15 20 25 30 35 40 45 50 55
Time (minutes)

Note. Step profile of curing time and temperature used to prepare PA/SiO> dielectric

enamel coatings.

30



Figure 8

PA/SiO2 Nanocomposite Test Samples

Note. PA/SiOz thin film samples (A) and PA/SiO; coated electrode samples (B).

Thermogravimetric analysis (TGA) is often utilized to identify mechanisms that
improve the thermal stability in polymer coating materials by measuring the changes in
their mass with temperature [83]. This study must verify that all solvents are evaporated
from the nanocomposite coating and a thermally stable polyamide matrix is developed
from the precursor solution using the temperature step profile shown in Figure 7. Shown
in Figure 9, a TA instruments Q600 SDT thermogravimetric analyzer was used to heat
pure polyamide thin film samples from 25 °C to 800 °C at a rate of 10 °C/minute, under a
constant nitrogen gas flow of 100 ml/min. The fully cured curve in Figure 9 successfully

demonstrates that a thermally stable polyamide host material is created from the
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temperature step profile used in processing, as no changes in sample mass are present
before approaching 150 °C. In order to comparatively observe the sample mass
evaporation process, the prebaked polyamide curve was created from a sample that had
only been previously heated at 80 °C for 10 minutes. As labeled in Figure 8, solvents in
this sample had not fully evaporated and sample mass was not stable before 150 °C. Both
curves verify that the thermally dependent imidization reaction occurs roughly between
150 °C and 250 °C, where the samples are converted from polyamide into polyimide
[109]. Before the onset of thermal degradation, the thermally stable region of polyimide
that extends past 500 °C demonstrates why this class of high-performance polymers is

widely used as a dielectric material in extreme operating environments [40, 72, 110].
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Figure 9

Thermogravimetric Analysis
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Note. Thermogravimetric analysis of (A) a prebaked polyamide thin film sample and (B)

a fully cured sample during heating from 25 °C to 800 °C at a rate of 10 °C/minute, under

a constant nitrogen gas flow of 100 ml/min.

2.2.3 Investigating Sample Morphology via Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is widely utilized as a characterization

technique to identify the structures of composite materials at the nanoscale [48, 67].

Following the preparation of PA/SiO thin film samples, SEM imaging with an FEI

Apreo system was used to identify the formations of SiO> nanoparticles within the

polymer host, as well as generally characterize
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materials are often challenging to image with SEM systems because charges from the
electron beam rapidly accumulate on their surface and physically deteriorate the material.
Techniques such as backing sample viewing stubs with conductive carbon tapes, lightly
sputtering gold coatings on sample surfaces, and covering samples with copper tapes
adjacent to the viewing area were employed as tactics to mitigate charge accumulation on
the surfaces of PA/SiO». Figure 10 shows various images of a 6% weight concentration
of SiO2 nanoparticles in the polyamide host. The images of particles ranging from 50 nm
to 200 nm in diameter verify that the preparation methods used in this study are effective
in producing spherical, well dispersed, predominantly agglomeration-free particle
matrices. These characteristics are critical to maximizing the volume of radial interphase
region throughout the bulk of the material and therefore gaining the greatest possible

material property benefits from the introduction of nanoparticles.
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Figure 10

SEM Imaging of Polyamide / 6 wt. % Nanocomposite Sample

Note. SEM images of a 6 wt. % SiO2 nanoparticle matrix generated by the Stober process

in the polyamide host.

Additional SEM characterization efforts were conducted on PA/SiO;
nanocomposite samples to verify that the structures identified visually as nanoparticles
were in fact comprised of silica. An Oxford Instruments energy-dispersive X-ray
spectroscopy (EDS) accessory for the SEM system features an additional detector that
measures characteristic X-rays emitted by a given element when higher energy electrons
fall to the ground state to replace excited, escaped electrons [111]. Figure 11 shows

elemental maps of an SiO: particle matrix generated from a 3-hour long sol-gel mixing
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period, which permitted significantly larger particle growth. The elemental maps of
silicon and carbon are created from K-alpha emission line signals generated when a high
energy electron transitions to the innermost K shell of the characteristic atom [111]. The
clustered structures depicted in the silicon signal successfully represent individual
particles as localized elemental concentrations. However, perhaps due to the direct
bonding interaction of the polymer at the nanoparticle surfaces within the material, the
carbon signal shows little differentiation across its map. The challenges faced in imaging
dielectric materials are especially present when attempting to generate successful EDS
maps, as the beam voltages often accelerate electrons directly through or past the small

nanoscale structures.
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Figure 11

Energy Dispersive X-ray Spectroscopy (EDS) of Nanoparticles

Silicon K-alpha

Note. SEM image (left) and EDS elemental maps (right) of a 6 % SiO2 nanoparticle

matrix.

Figure 12 details the efforts in establishing effective boundaries to several key
parameters used to produce SiO particle matrices and characterize their impacts to the
nanoparticle structure in the Stéber process. Implementing the Stdber process to generate
relatively low weight percent concentrations of silica nanoparticles is widely reported and
using the preparation methods described here, the uniformly dispersed morphology of
individual particles begins to degrade at and above 8 % weight concentrations of SiO»

[69]. The chain-like formations of silica particle agglomerations can be seen at the top of
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Figure 12. In addition, the mixing parameters used in the sol-gel and composite
preparation steps are also highly influential in the resulting structures. When the sol-gel
precursors are mixed for longer than ~1 hour, the nanoparticles are permitted to grow
larger than desired for maximizing the volume of interfacial regions. When the
nanocomposite suspension is mixed for greater than the experimentally determined 4-
hour period, uniform dispersion is again degraded, but now in the form of individual
nanoparticles grouping together in pockets. Both of these changes in morphology can be
seen in the middle and bottom SEM images in Figure 12. Experimentally determining the
sensitivity of these parameters in the sample preparation method provides critical insight
for addressing potential challenges associated with scaling up to manufactured coating

production.
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Figure 12

Influences of Preparation Parameters on Nanocomposite Matrix
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Note. Sensitivity of Stober process parameters demonstrated by SEM images of various

disturbances in the well dispersed morphology of SiO, nanoparticle matrices.
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Chapter 3

Characterization of Thermomechanical Properties

3.1 Experimental Techniques for Mechanical and Thermomechanical Studies

Investigating the mechanical properties of the nanocomposite is a critical step in
this study to verify that SiO- particle addition effectively reduces the CTE of the bulk
material without excessively decrementing the other material properties such that it
cannot be implemented as a manufactured dielectric coating. The true multifunctionality
of the silica nanoparticle reinforcement lies in its potential to overcome the drawbacks of
traditional agents of polymer confinement by improving thermomechanical properties
while simultaneously maintaining, if not improving, toughness and strength [67, 91].
Accordingly, both thermomechanical analysis and mechanical testing are conducted here
to establish property relationships between thermal-dimensional stability, mechanical
strength, and the weight percent concentration of nanoparticle reinforcement in a given

sample.

Testing thin film dielectric enamel samples generally less than 50 um in thickness
requires novel techniques, fixtures, and specialized procedures for preparation, handling,
and loading into test frames [112]. The thermomechanical analyses conducted here
implement specialized fixtures to accommodate thin film samples with the testing system.
For mechanical testing, previous studies have used indirect methods such as depth
sensing indentation, bulge testing, and microbeam bending to extract mechanical
properties of the material when thin film samples were especially brittle or delicate to

handle [113]. However, tensile testing can directly indicate material properties under
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conditions that are analogous to axial stresses on thin dielectric coatings during operation
[114]. Also, tensile testing permits using sample dimensions that are required for
representative volume elements when testing composite materials [115]. Therefore, novel
methods and apparatus were developed in this study to address unique design
considerations associated with the testing of cryogenic dielectric materials. In accordance
with the ASTM D882 standard, these considerations included preparing samples
consisting of strips of uniform width and thickness, preventing sample slippage under
tension relative to the grips, and appropriately compensating for the toe region at the

zero-strain point of tests [116].

3.1.1 Thermomechanical Analysis Techniques

Thermomechanical analysis (TMA) is an exceptional tool for providing valuable
characterization information on the thermal stability of highly filled or highly crosslinked
polymeric materials [117]. The TA Instruments Q400EM Thermomechanical Analyzer,
shown in Figure 13, was implemented with a thin film tension setup for thermal
expansion measurement to verify that nanocomposite samples showed improved
resistance to dimensional changes across a given temperature gradient. In addition, the
thermomechanical tests compared the neat polyamide film with the SiO2 nanocomposites
to establish the degree to which increasing weight percent concentrations (2%, 4%, 6%,
8%) impacted the thermal stability of the material. Thin film samples (4 mm wide x 20
mm long) were cut from the surface of coated glass microscopy slides and loaded into
clamp fixtures that suspended the samples in an environmental test chamber. The clamp
fixtures were assembled in a 13.6 mm gauge block that ensured sample gauge lengths

were repeatable between individual tests.
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Figure 13

Thin Film Test System for Thermomechanical Analysis

Note. TA Instruments Q400EM Thermomechanical Analyzer with thin film tension setup

for thermal expansion measurement.

In each test, the temperature of the environmental test chamber was ramped up
from 25 °C to 125 °C at a rate of 5 °C/min, under a constant nitrogen purge gas flow of
80 ml/min, while the sample was loaded with a constant force of 0.25 N. Linear thermal
expansion in the direction of the loading force was measured with a Linear Variable
Differential Transducer (LVDT), which converts the linear motion of the moving stage

into a corresponding electrical signal. Figure 14 shows a diagram of the environmental
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test chamber conditions used in these experiments, which were conducted in triplicate for

the neat film and each weight percent concentration of the nanocomposite.

Figure 14

Detail of Environmental Testing Conditions for TMA
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Note. Environmental test chamber conditions of the TA Instruments Q400EM

Thermomechanical Analyzer used in the experiments of this study.
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3.1.2 Design and Implementation of Mechanical Testing Systems

To effectively characterize the behaviors of PA/SiO2 nanocomposite materials in
the operational environment of high-temperature superconductors, one objective of this
study was to test samples in the presence of cryogenic coolants in addition to at room
temperatures. A survey of existing tensile testing systems designed for mechanical
characterization at cryogenic temperatures indicated that the instruments were either
benchtop assemblies using liquid nitrogen filled containers with no control over sample
cooling profiles, or complex environmental chambers with cryogenic fluid refrigeration
and heating elements to modulate temperatures [118-120]. The primary issue associated
with the use of the existing benchtop apparatuses was the lack of precise control over
sample cooling profiles during liquid nitrogen immersion, which often resulted in thermal
shocking of the test samples [121]. When combined with the high brittleness of thin film
dielectric samples, significant measurement errors could occur. The other test system
options required a substantial initial investment in cryogenic fluid refrigeration systems
with highly specific capabilities for testing materials. These challenges called for an
alternative approach that could 1) facilitate cryogenic tensile testing of thin film samples
with an adequate level of control over environmental conditions and 2) be easily
integrated with conventional mechanical testing tools for effective, efficient
characterization of properties. To meet these requirements, a cryogenic tensile testing
system that provided a practical, cost-effective solution for conducting reliable and
repeatable tests on thin film samples was designed and implemented. The accuracy and

applicability of the designed apparatus was demonstrated by integrating it into a
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conventional test frame and using it to obtain repeatable stress-strain data in LN2 cooled

environments.

A liquid nitrogen-cooled, cryogenic environmental testing apparatus was
developed specifically for testing thin film dielectric materials. The system was designed
to be easily integrated into an existing Shimadzu AGS-X load frame with a 10 kN load
cell capacity, but also with the option to be used with other conventional tensile test
frames. The test frame design concept is shown in Figure 15. The design contains 6.35
mm thick waterjet cut 304 stainless steel plates, upon which two custom fabricated
stainless-steel grippers are mounted. The bottom section of the test frame, where the
bottom grip is fixed, has a stationary base and the top grip is fixed to a pull-rod that
moves with the crosshead of the load frame. The serpentine geometry of the test frame
design improves upon existing experimental apparatus by eliminating the need for a feed-
through from the conventional load frame to the bottom grip that seals against LN>

leakage [122].

The environmental chamber vessel consists of a 1000 mL off-the-shelf vacuum
insulated flask, used to minimize the evaporation of liquid nitrogen once the vessel is
sealed. A polylactic acid (PLA) 3D printed top cap uses an elastomer gasket to seal the
environmental chamber. It also contains the feedthrough ports for two thermocouple
wires (see Figure 15 B), as well as a fill port with fill tube to pour in liquid nitrogen
coolant after the chamber is sealed. This full assembly can be seen in Figure 16A. The
long fill tube shown in Figure 16 B is implemented to eliminate any possible exposure of
the thin film sample to liquid nitrogen and avoid the potential for thermal shock. If

complete sample immersion in liquid nitrogen at -200 °C is desired, the sealed chamber
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can be filled up to a thermocouple positioned above the sample (see Figure 15 A).
However, for thin film applications where mild cooling profiles are generally desired for
investigating temperature-dependent stress-strain responses, the chamber can be filled to
a lower level using thermocouple 1 as a level indicator and thermocouple 2 for

monitoring the sample temperature.

Figure 15

Design of LN2-Cooled Environmental Tensile Testing Chamber
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Note. (A) Conceptual design and (B) CAD model assembly of the environmental tensile

testing chamber.
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Stainless steel tabs mounted to the stationary and moving ends of the apparatus
prototype shown in Figure 16 are inserted directly into the existing grippers of the
conventional load frame. As reported by other research groups, initial tests showed that
manually tightened serrated grips, which apply a pressure on the sample ends, may lead
to sample slippage if the pressure is insufficient, or damage to the sample near the grips if
the pressure is too high [123]. In some cases where mechanical gripping is not possible,
adhesives are used to fasten brittle samples to a testing apparatus [124]. However, to
overcome this challenge while enabling efficient sample loading and unloading, the
custom grippers shown in Figure 16 C were fabricated. The grippers use parallel plates
that maximize surface area and static friction to safely grip thin films without damaging
them or allowing slippage to occur, as per ASTM D882. In order to address potential
concerns in frame bending and grip slip between the main fixture and the test frame, a 2D
Digital Image Correlation (DIC) study and finite element simulations of a thin film test of
Kapton™ polyimide were used to verify that the deformations of the fixture during
mechanical tests were minimal. The results of these studies can be seen in Appendices A

and B.
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Figure 16

Assembly of Cryogenic Thin Film Tensile Testing System
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Note. (A) Assembly of the environmental test chamber apparatus, with (B) top cap with
feedthrough ports, and (C) parallel-plate grippers for mitigating slippage of thin film

samples during cryogenic tests.

The experimental setup used for characterizing the tensile mechanical response of
PA/SiO> thin film is presented in Figures 17 A and 17 B for room temperature and
subzero temperature conditions, respectively. Three samples for each weight percent
concentration and temperature condition were cut from glass slides, then measured before
testing. Each sample had a gage length of 25 mm, allowing it to extend out from the rear
edge of each grip. Samples were loaded to have slack at the beginning of each test to
prevent any tearing when tightening the grips. For the testing, true stress, o, defined as

the ratio of the tensile load, P, to the instantaneous cross-sectional area, A, was used. The
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cross-sectional area was determined using volume consistency. Similarly, the logarithmic

definition of strain (i.e., true strain, €) was used as the metric for strain.
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Figure 17

Experimental Setup of Thin Film Tensile Testing System

A

Camera

Note. (A) The base fixture with the region of interest for DIC marked in red dashed lines
and the region of interest for the top grip marked with dashed purple lines. (B) The
complete apparatus configured for cryo-temperature testing. (C) The experimental setup
for DIC. (D) A loaded sample in the cryogenic environmental chamber.
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The base of the environmental chamber shown in Figure 17 B was filled with LN>
from the inlet at the top of the apparatus, where it is fed directly to the bottom of the
chamber. The LN fill level was checked with a second thermocouple whose values were
not recorded. The samples were not submerged in LN2 in these experiments, as they
become too brittle for reliable testing. For thermal stabilization of the sample and the
chamber, a 5-minute cool-down period between LN filling and tensile testing was
allowed to ensure a repeatable, quasi-steady state temperature in the environment.
Though the apparatus could approach a stable testing temperature that is measured at the
center of the test specimen, a vertical temperature gradient can potentially exist along the
length of the specimen. Loading the samples in slack was a critical step for mitigating
these effects by decreasing the vertical dimension of the samples during cooling. A
loaded sample with attached thermocouples in the environmental chamber is shown in
Figure 17 D. Room temperature conditions were recorded using an infrared thermometer
(ETEKCITY, Lasergrip 1080) at the start of each test for later use in Appendix B
simulations. Figure 18 plots the variation in three of the low temperature tests, where
temperature profile data was collected at a rate of 4 Hz using a National Instruments data
acquisition system. As shown in the Figure, the temperature repeatedly approaches -90

°C at the initiation of tests within a 10 % error band.
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Figure 18

Temperature Profile of LN2-Cooled Tensile Tests
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Note. Test-to-test variability of the experimental cooling profile inside the environmental

chamber and during the cool-down period.

3.1.3 Techniques for SEM Characterization of Particle-Polymer Interfaces

Plasma etching is frequently utilized as a tool for surface modification of thin
polymer films. Through various mechanisms, controlled etching processes are completed
on certain phases of a material through interactions with precise bonds [48, 125-127]. In
this study, a Plasma Prep III™ Solid State Low Temperature Etcher was implemented
with the goal of exposing the PA/SiO> system to a plasma treatment, where the different
etching rates of the two distinct materials can help reveal the embedded nanoparticles in

an inner cross section of the sample beneath the surface [126]. An oxygen glow discharge
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was produced in a mild vacuum chamber by excitation and subsequent ionization of the
gas through radio frequency (RF) power [128]. Specifically for the study, at a chamber
pressure of roughly 200 mTorr, the coated slide samples were subject to a 50 psi oxygen
carrier gas flow excited by 50 W of RF power for a 1-minute duration. Since oxygen gas
plasmas are known to be highly reactive, various chemical and physical mechanisms such
as chemical reactions, ion bombardment, dissociation of chemical bonds, and resulting
temperature effects are involved in the interactions between the oxygen plasmas and the
samples. These mechanisms have been employed with the objective of revealing an inner
cross section of the nanoparticle matrix for SEM imaging [125, 127, 129]. The resulting
SEM imaging on structural effects in the samples could then potentially be used to
hypothesize about material properties in the regions where particle-polymer interfacial

mechanics are dominant and relate them to the results of the thermomechanical studies.

3.2 Analysis and Discussion of Results from Mechanical and Thermomechanical
Studies

The results of the mechanical and thermomechanical characterization efforts in
this section are critical to establishing an understanding of material property relationships
for the polymer nanocomposite. These separate material properties and the trend of each
property with respect to the weight percent concentration of SiO2 nanoparticles were
utilized to locate an optimal material for implementation in the cryogenic operating

environment of HTS power transmission systems.

3.2.1 Establishing Tunable Thermomechanical Property Relationships

Figure 19 shows the results from the thermomechanical analyses, where various

weight percent concentrations of PA/SiO, nanocomposite films were subject to a 25 °C to
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125 °C temperature ramp test under a constant, uniaxial tension of 0.25 N. Tests were
conducted in triplicate for each concentration shown. Similar to what has been reported in
various other studies, the addition of lower CTE SiO> nanoparticles to the polyamide host
reduces the bulk material’s response to the thermal load, effectively improving the
thermal dimensional stability of the material [57, 76, 83, 130]. The 6 wt. % concentration
of the material maximizes this effect, with a thermal stability improvement of 30%.
Figure 20 compares the thermal dimensional response of a neat polyamide sample with a
6 wt. % PA/SiO2 nanocomposite. This data can be utilized to calculate the resulting linear
CTE (see Equation 1) for comparing various concentrations to literature values of other
materials [73]. The calculated CTE of the neat polyamide tested here is 62x10° K2,
while the 6 wt. % PA/SiO2 nanocomposite reduces this to 38x10° K1, This
nanocomposite shows improved thermomechanical performance over Kapton™
polyimide itself (o kapton = 46x10° K1) and significantly reduces its CTE mismatch with
dissimilar HTS cable materials (0. 304 staintess = 15%10° K1) [40, 73, 131]. As shown in
Figure 19, the enhanced thermomechanical performance begins to diminish at the 8 wt. %
nanocomposite concentration. This correlates with the uniformly dispersed morphology

of sol-gel prepared particles degrading at and above 8 % weight concentrations.

“Trar (1)
Where:
a = coefficient of linear thermal expansion

L = length, mm
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T = temperature, K

Ftabl

Figure 19

Average Thermal Expansion of PA/SiO, Concentrations

30% thermal stability improvement

0.2 .

Average Thermal Expansion AL/L (%)

0 1 L I L 1
Pure PA 2% SiO2 4% SiO2 6% SiO2 8% SiO2
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Note. Results from thermomechanical analyses show the average linear thermal
expansion of 0%, 2% 4%, 6% and 8% PA/SiO> nanocomposite samples following a 25

°C to 125 °C temperature ramp test.
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Figure 20

Thermal Response of PA/SiO2 Thin Films

06 T T T T T

Pure PA
G%Eﬁoz

o
[&)]
T

o
=N
T

Thermal Expansion AL/L (%)
o o
) w

o
—_
T

O 1 1 | 1 1
20 40 60 80 100 120

Temperature (°C)
Note. The linear thermal response of a pure PA sample compared to that of a 6%

PA/SIO..

In order to provide a metric for assessing the strength of SiO. nanoparticle
bonding to the polyamide matrix, and the influence of imperfections in the material, a
model can be implemented to predict the ideal elastic modulus of the nanocomposite at
room temperature. Equation 2 is the simplest form of a rule of mixtures model for
predicting the ideal elastic modulus in a two-phase particle reinforced system [132, 133].
The model uses the weighted contributions of material properties from the SiO; and
polyamide at given concentrations [134]. This method neglects reduced stiffening due to

imperfections at nanoparticles interfaces and assumes perfect bonding. Therefore, it is
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expected that the recorded experimental elastic modulus will be lower than calculated

estimates.

E. = Epn®p, + E;®f (2)
Where:
E. = Elastic modulus of nanocomposite, MPa
Ep, , E; = Elastic moduli of matrix and filler, MPa

@y, , @ = Volume fractions of matrix and filler

The stress-strain curves for various weight percent concentrations of the PA/SiO-
samples at both room and cryogenic temperatures are shown in Figures 21 and 22,
respectively. Figures 23 and 24 show the average elastic modulus and ultimate tensile
strength for the samples in both temperature conditions. A summary of these properties
can be found in Table 1. Tests were conducted in triplicate for each concentration shown.
At room temperature, as shown in Figure 21 and reported by other studies, increasing the
concentration of the SiO, nanoparticles to 6 wt. % improves the tensile mechanical
properties of the bulk material [58, 135-138]. Generally, at room temperature, this trend
is attributed to the increases in total interfacial volume with low weight percent
concentrations of well bonded particles in the matrix [93]. The higher Young’s modulus
and ultimate tensile strength are results from increasing the volume of locally stiffer

interfacial regions [58, 136, 138, 139].
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As shown in Figures 23 and 24, the 6 wt. % concentration shows a 16% increase
in elastic modulus and a 33% increase in ultimate tensile strength when compared to the
neat polyamide film. For the 6 wt. % concentration, the Appendix C rule of mixtures
calculation estimated an elastic modulus of 3,317 MPa and the experimentally obtained
value was significantly lower at 2,141 MPa. Most particle reinforced composite materials
will show experimental values which are lower than rule of mixtures estimates due to the
nature of imperfections at individual particle interfaces [132, 140]. Other studies have
shown 80% reductions from rule of mixtures estimates to experimentally recorded values
at higher concentrations, so this result is expected [132]. Based on other studies, the
trends of mechanical property improvement shown in the experimental data will continue
to increase with SiO> content until reaching a maximum concentration upon which
degradation of these properties will occur [141]. With the results presented, it appears
that this maximum was not reached due to limitations of the sol-gel process, where the
desired nanoparticle matrix morphology broke down at concentrations greater than 6

wt. %.
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Figure 21

Mean Stress-Strain Response at Room Temperature
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Note. Room temperature tensile testing stress-strain responses of 0%, 2%, 4%, and 6%

PA/SiO2 nanocomposite samples.
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Figure 22

Mean Stress-Strain Response at Cryogenic Temperature
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Note. Cryogenic temperature tensile testing stress-strain responses of 0%, 2%, 4%, and

6% PA/SiO2 nanocomposite samples.
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Figure 23

Comparison of Elastic Modulus
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Note. Variation of elastic modulus with 0%, 2%, 4%, and 6% PA/SiO, nanocomposite

concentrations, at both room and cryogenic temperature environments.
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Figure 24

Comparison of Ultimate Tensile Strength
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nanocomposite concentrations, at both room and cryogenic temperature environments.
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Table 1

Summary of Tensile Properties from Concentrations of PA/SiO2 Nanocomposites

Concentration of Elastic Modulus Ultimate Tensile

SiO; (MPa) Strength (MPa)
Pure PA 1,839 58
Room 2 wt. % SiO» 1,810 57
Temperature 4 wt. % SiO; 2,109 74
6 wt. % SiO2 2,141 78
Pure PA 2,707 38
Cryogenic 2 wt. % SiO2 840 7.7
Temperature 4 wt. % SiO2 1,021 9.2
6 wt. % SiO> 2,395 37

At room temperature, the addition of rigid nanoparticles in a polymer induces
stress concentrations and alters the local stress state to favor significant increases in local
plastic deformation, verified by the room temperature results in Figure 21 and Table 1
[67, 139, 142]. At imperfections such as void spaces in the polymer or at the interfaces of
individual particles, the plastic deformation in the adjacent matrix develops into
microcracks upon continued deformation [48]. Then, when microcracking begins to
propagate, other toughening modes that can help dissipate global strain energy start to
take effect. Figure 25 shows 3 potential toughening modes for strain energy dissipation
by 1) pinning and arresting crack propagation over rigid particles, 2) continuously
deflecting crack propagations around particle interfacial regions, and 3) allowing plastic
deformation around stiff interfacial regions to de-bond pinned particles [67, 139, 143,
144]. The greatest toughness increments seen in nanocomposites have first been
attributed to the capabilities of plastic void growth mechanisms and then to particle de-

bond in dissipating strain energy under tension [145].
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Figure 25

Toughening Mechanisms to Dissipate Strain Energy
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Note. Fracture toughening mechanisms in polymer nanocomposite films under tension.

The mechanical behaviors of the PA/SiO2 nanocomposites in the LN2-cooled
testing environment are far more complicated. From the neat films to the 2% and 4%
concentrations, elastic modulus and ultimate tensile strength decreased as much as 69%

and 79%, respectively. Following this, upon reaching the 6% concentration, both
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parameters nearly returned to their neat polyamide values. This behavior is unexpected,
as bulk material stiffness and fracture toughness are expected to increase in the
nanocomposites as well as in the neat films due to the subzero testing conditions [130,
146]. In reality however, the relationships between temperature and the elastic—plastic
tensile failure mechanisms of polymer nanocomposites are complex, likely also
depending on factors such as bond strengths between the matrix and nanoparticle

materials used [136, 143].

Despite wide reporting of strong bonding mechanisms between polyamide and
SiO2 nanoparticles, the selection of nanocomposite filler and matrix materials with highly
dissimilar thermal behaviors is likely responsible for the cryogenic testing environment’s
impact on the decremented ultimate strength of the 2 wt. % and 4 wt. % concentrations
[49, 97, 99, 147]. Other studies have reported that due to the significant differences in
thermal contraction between silica nanoparticles and the polymer matrix, compressive
stress from the polymer causes significant additional loading at individual particle
interfaces [130]. Therefore, it can be hypothesized that particle de-bonding and failure
propagation via void growth can occur at significantly lower tensile stress at low
temperature due to the heightened pre-stressed condition of nanoparticle interfacial
regions. In addition, if the thermally pre-stressed particle interfaces are de-bonding at
lower tensile stress, the initiation of cracks at interfacial voids can occur earlier and
propagate more easily through the brittle material, reducing the effectiveness of crack
pinning or deflection mechanisms. Consequently, the pre-stressed particle-polymer
interfaces also lower the Young’s modulus of the 2 wt. % and 4 wt. % concentrations in

the cryogenic environment. This mechanism could limit the bulk material’s strength at a
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low loading until a sufficiently high concentration of nanoparticles effectively distributes
the thermal stress between individual interfacial regions, restoring both Young’s modulus
and ultimate tensile strength. Figures 26 and 27 show photographs and SEM images of
failures from the tensile tests. The SEM imaging of cryogenic tensile test failures shown
in Figure 27 verifies the significant reduction of global plastic deformation in failed

samples subject to cryogenic cooling.

Figure 26

Images of PA/SiO2 Thin Film Tensile Failures

Note. Images of failed nanocomposite samples from room temperature (left) and

cryogenic temperature (right) tensile tests.
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Figure 27

SEM Images of Temperature Dependent Tensile Failures
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Note. SEM images of failed nanocomposite samples from room temperature (top) and

cryogenic temperature (bottom) tensile tests.

To shed light on the hypothesis that increasing the concentration of SiO»
nanoparticles by small amounts could allow a significant recovery of the material’s
mechanical properties, calculations were completed to estimate the quantity and volume
of nanoparticle interfacial regions that occurred at different concentrations. The density

of the nanocomposite was determined from the known densities of polyamide and SiOs.
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Then, the mass, volume, and number of 125 nm diameter SiO; particles in a 20 um?
nanocomposite matrix of a given wt. % concentration could be determined. Using
literature estimations of a 40 nm radial thickness in interfacial regions surrounding
particles, the total volume fraction of SiO, and interfacial area could be determined for
different concentrations in the nanocomposite (See Appendix D) [99]. As shown in Table
2, the total volume fraction of SiO> and interfacial regions increases from 3.9% (174
particles) at the 2 wt. % concentration, up to 11.8% (524 particles) at the 6 wt. %

concentration.

The significantly greater volume fraction of particle-interphase regions within the
model shown in Figure 5 at the higher concentration permits the prospect that thermal
stress is more evenly distributed throughout the matrix, potentially preventing the
weakening of particle-polymer bonding due to low temperatures. However, it is
acknowledged that a study focusing on the detailed fracture toughness of this polymer
nanocomposite, using methods such as compact tension (CT), tension, flexure, and
dynamic mechanical analysis (DMA\) is required to verify this proposition [139]. For the
purpose of this study, the results showing improved room temperature performance and
comparable cryogenic temperature performance at the 6 wt. % concentration
nanocomposite demonstrate exceptional multifunctionality. The low temperature
processed PA/SiO2 nanocomposite’s thermomechanical stability exceeds other industry
dielectric coating options, while maintaining the mechanical properties of the neat
polyamide material in low temperature operating conditions. The exceptional mechanical
performance of the 6 wt. % concentration studied here makes it optimal for potential

implementation as a cryogenic dielectric coating for HTS power transmission systems.
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Table 2

Volume Fractions of Nanoparticle and Interfacial Area for PA/SiO2 Nanocomposites

Concentration of # of _ Fraction of SiO2 Fraction of Particle and
Si0, Partlcle33|n Volume to Total Interface to Total
20 pm Volume Volume
2 wt. % SiO2 174 0.89% 3.9%
4 wt. % SiO2 349 1.79% 7.9%
6 wt. % SiO3 524 2.68% 11.8%

3.2.2 Exploring the Particle-Polymer Interfacial Mechanics of Plasma Etched
Nanocomposites with SEM Characterization

The SEM image shown on in Figure 28 A is from a 6 wt. % PA/SiO- coated slide
sample that was plasma etched with a 50-psi oxygen carrier gas flow excited by 50 W of
RF power for a 1-minute duration. Because the reactions between the oxygen plasma and
the polymer matrix can significantly weaken the C-C bonds in the polymer chains, the
chemical etching mechanism is dominant, and volatile products are generated as a result
[48, 125, 148]. In addition to this polymer bond weakening mechanism, the sample
temperature can reach as high as 50 °C due to the continuous surface bombardment of
reactive plasma species [125]. It is suggested that the combination of these effects could
have weakened polymer bonding at the interfaces with SiO- particles in the sample and
the mild thermal expansion / contraction of the coated slide surface can result in the de-
bonding of the SiO; particles from the matrix. Most significantly, the SEM image appears
to demonstrate the very mechanics of matrix confinement performed by SiO> particles in

response to the combined chemical and thermal processes. Upon thermal expansion of
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weakened interfacial polymer regions during the etching process, the polymer
confinement mechanisms of the SiO- particles likely acted as crosslinks to temporarily
impede thermal dimensional response from the bulk material [48]. Then, following
sample etching and cooling, the imaging appears to demonstrate that a heterogenous
stress state existed between the confined bands of polymer linking individual particles
and other bulk regions of uninfluenced polymer. Figure 29 shows this heating-cooling
effect on the sample surface, which forced plastic deformation of the confined regions
and led to localized delamination of those regions from the bulk composite material. At
the nano scale, this allowance for plastic deformation zones, filler de-bonding, and void
growth is widely reported to contribute to enhanced fracture performance of the macro

scale system [145, 149, 150].

The internal stresses induced by both particle-polymer and coating-substrate
interfaces subject to thermal expansion and contraction are highly complex, but the
development of localized deformation via strain bands during the de-bonding of particle
reinforcement is reported in other literature [151, 152]. A finite element model was
created using the static structural module in ANSYS™ Workbench to demonstrate the
formation of heterogenous strain band networks in composite materials subject to
uniaxial tension. The PA/SiO> composite thin plate model on the Figure 28 B is
constructed of 27,550 elements and 114,902 nodes, with multizone hex dominant
meshing on both particle reinforcement and the matrix material. The model contains
anisotropic Silicon particles of 62.5 um and 125 um diameters, with a PA 6 matrix
material. A fixed boundary condition was applied on the bottom surface and 25 N of axial

tension in the y-axis was uniformly distributed along the top face. The mapped equivalent
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elastic strain shows circumferential patterns of lower strain bands that stretch outward
from the perfectly bonded interfaces and develop into a network of polymer confinement
between particles. Individual particle de-bonding is likely a result from the adjacent
higher magnitude regions of strain, which extend in the direction of uniaxial tension from
interfaces. It is critical to note the limitations of the finite element model, as it is scaled
17x larger than the actual PA/SiO2 nanocomposite matrix and the mechanisms
dominating interfaces of particle-polymer composites at this microscale are still a topic of
research [151]. Even though many different continuum mechanics models developed for
microcomposites have been used to predict the elastic modulus of polymer
nanocomposites with significant differences in the physical sizes of fillers, this model can
only reliably be used to visualize and compare deformed structures with mapped regions
of strain in particle reinforcement [81, 99]. The chemical and mechanical phenomena that
characterize SiO2 nanoparticle bonding to the polyamide host are significantly more
complex than mechanics observed in both microcomposites and the perfect bonding used
in the model. However, both the finite element model result and the SEM image shown in
Figure 28 demonstrate similar structures of strain heterogeneity existing in well bonded,
rigid particle reinforcement of stressed matrices. The localization of plastic deformation
demonstrated here and the subsequent relaxation of the matrix stress state that can occur
are critical factors repeatedly attributed to improved mechanical performance in polymer

nanocomposite materials [48, 58, 67, 139, 142].
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Figure 28

Static Structural Simulation of Plasma Etched Thin Film
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Note. SEM imaging of plasma etched 6 wt. % PA/SiO, sample (right) with ANSYS™

Workbench model of a scaled 2D particle reinforced matrix in uniaxial tension (left).
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Figure 29

Effect of Plasma Etching Cycle on PA/SiO2 Matrix
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Chapter 4

Characterization of Dielectric Properties

4.1 Experimental Techniques for Evaluating Dielectric Performance

Despite evidence that the proposed PA/SiO» nanocomposite insulator
demonstrates exceptional thermomechanical stability without the decrement of
mechanical properties, its bulk electrical breakdown characteristics are the most
significant parameter of electrical engineering design in this study [153]. Polyamide
based coating materials are well known for their excellent dielectric properties, but
introducing any defects such as particle fillers of dissimilar materials into a bulk polymer
can negatively impact the resulting dielectric strength [48, 61, 62, 67]. A critical
parameter in implementing this truly multifunctional coating material is leveraging its
dominant particle-polymer interfacial properties to maintain adequate dielectric
breakdown performance of the bulk material. Other studies have demonstrated that
because the charge transport characteristics of a material are closely related to
morphology, its dielectric breakdown properties can be tailored by the addition of
nanoparticles [94, 153-155]. The complex morphology of a polymer nanocomposite
combines with factors such as sample dimensions, temperature, pressure, humidity, and
mechanical stress to influence the governing mechanisms of electrical failure [153, 156].
Therefore, dielectric tests in the cryogenic operating conditions of HTS cable systems, in
multiple fluid mediums and in different cured coating forms were required for a thorough

characterization of the PA/SiO2 nanocomposite.
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4.1.1 Dielectric Testing in Ambient and LN2-Cooled Air Conditions

The thin film DC dielectric breakdown tests conducted here used an electrode
system to electrically stress samples with the application of an increased direct voltage
until the current passed through the sample via internal breakdown. The dielectric
breakdown strength, a function of the breakdown voltage and sample thickness (in
kV/mm), is the resulting acceptance criteria used to evaluate the dielectric properties of
the material [156, 157]. 25 mm x 25 mm free standing thin film samples with an average
thickness of 20 um were cut from the surfaces of glass slides for ease of repeatable
testing in large quantities and comparative study between multiple weight percent

concentrations of SiO particles.

Figure 30 details the room temperature (300 K) and LN2-cooled cryogenic
temperature (92 K) setups for testing in standard atmospheric air conditions. Conducted
in accordance with ASTM-D3755 standards, the tests involved placing a thin film sample
between two brass electrodes [156]. To mitigate inaccurate breakdown voltage
measurements caused by 1) contact surface air gaps, 2) foreign debris on the contact
surfaces, or 3) moisture accumulating on the contact surfaces, the top electrode placed a
50 gram mass on the sample to ensure a firm electrode-sample contact and both electrode
surfaces were polished between tests. The pairs of 6.35 mm diameter electrodes loaded
with samples were housed in 3D printed fixtures for efficient and repeatable testing
processes. In accordance with the ASTM standard, a Vitrek 955i high potential (hipot)
tester applied voltage across the sample which increased at a rate of 500 V/s, until a 50
mA current was detected by the return electrode, signifying the sample had internally

failed [156]. The function was terminated and the hipot electrode was discharged at 10
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kV if no failure occurred. Due to the 3 kV/mm dielectric strength of dry air, this safety
mechanism ensured that arcing through the ambient air could not occur at lower failure
voltages with the selected sample dimensions [158]. In addition, the 50 mA return
electrode current measurement setting was selected as a medium between unwanted
tripping due to low current partial discharge and higher current causing excessive damage
to the sample during failures [156]. Following all dielectric failures, the samples were

visually inspected to verify the presence of a pin hole where the breakdown occurred.

Shown in Figure 30, the room temperature benchtop testing fixture incorporated a
single electrode pair for testing individual samples. The fixture was safely isolated from
unwanted shorts via a rubber mat and a Plexiglass™ shield. A liquid nitrogen dewar
probe was implemented to test samples in cryogenic temperature conditions, where four
304 stainless steel electrode pairs were incorporated for testing multiple samples in one
cycle. A type-K thermocouple was located at the end of the dewar probe. After measuring
the level of LN2 in an open dewar, the apparatus was lowered until the location of the
samples was less than 3 cm from the liquid surface, without actual immersion. The
dielectric test was initiated on each of the four samples when the thermocouple reading of
sample temperature reached a quasi-steady state of 92 K after roughly 30 minutes. A
grounding wire was bolted into the LN2 dewar and connected to the safety ground

terminal on the hipot tester, effectively isolating the system.
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Figure 30

Air Dielectric Testing of PA/SiO2 Thin Films
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Note. 300 K and 92 K air dielectric breakdown test setups for free-standing thin films.

The Figure 30 apparatus can be implemented to characterize the property
relationships between dielectric strength, weight percent concentration of SiO particles,

and temperature. However, the free-standing thin film samples used for convenient
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preliminary testing do not accurately reflect the additional mechanical stresses that can be
induced in thin coatings during their curing on cylindrical substrates [156]. Since the
mechanical condition influences breakdown behavior, additional testing is required to
characterize the dielectric properties of the nanocomposite material as manufactured on
cylindrical conductors in HTS power transmission cables [159]. Figures 31 and 32 show
the dielectric test setups for PA/SiO; electrode samples in room temperature (300 K) and
LN2-cooled cryogenic temperature (92 K) ambient air environments. The 6.35 mm
diameter coated stainless steel dowel samples serve as the return electrode for the testing.
They are intersected by a perpendicular hipot electrode, which increases the applied
direct voltage until the current passes through the coating. The coating thickness at the
point of dielectric failure is determined by halving the difference in measured diameters
between the coated and uncoated surfaces of the electrode samples. Following assembly
of the fixtures shown, the dielectric tests are conducted in accordance with ASTM-D3755

standards using the same conditions as described in the thin film tests.
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Figure 31

300 K Air Dielectric Testing of PA/SiO, Coated Electrodes
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Note. 300 K air dielectric breakdown test setup for single coated electrodes.
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Figure 32

92 K Air Dielectric Testing of PA/SiO, Coated Electrodes
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Note. LN2 dewar probe containing sets of 3 coated electrodes for 92 K air dielectric

breakdown testing.

4.1.2 Cryogenic Gas Helium Environmental Test Chamber Development

Due to the dependency of insulation material’s dielectric properties on factors
such as the ambient fluid medium and temperature, characterization tests generally must
be conducted under the same operating conditions as the cable system [156, 160]. In
addition, the interface between the solid insulating material and the fluid medium can act

as the weak point in an electrical insulation system, resulting in flash overs. Therefore, a
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cryogenic gas helium environmental chamber and novel testing system were developed in
this study to conduct the DC dielectric testing from the previous section in the operating
environment of GHe-cooled HTS transmission cable systems. The grand engineering
challenges found in the design, fabrication, and operation of the cryogenic helium cooling
system implemented for high-voltage dielectric testing of PA/SiO; thin films will be
presented in the following sections. As a general overview, the development of cryogenic
test systems requires cryostat thermal design, pressure vessel mechanical design, system
construction, electrical wiring design, unique temperature measurement techniques, and

integration of the material testing system into the environmental envelope [161, 162].

A cryogenic helium gas refrigeration system was loaned for the purposes of this
study from the U.S. Naval Surface Warfare Center, Philadelphia Division. Therefore, the
conceptual design of the cryogenic dielectric testing system was formed around the
parameters and methods found in HTS transmission cable systems implemented on U.S.
Navy vessels that used gas helium cooling in the 50 K operating range, charged from 100
to 150 psi [15, 16]. These charge pressures were selected due to the increased cooling
capacity of cryogenic gas helium with pressure, but this is also conducive to avoiding
unwanted shorts through the fluid medium around thin film samples during dielectric
testing. Paschen’s Law depicts a proportional relationship between fluid medium pressure
and breakdown voltage above ambient pressure, where the maximum discharge distance
for DC breakdown in a 100 psi, 300 K helium environment is just 1.5 mm [163, 164].
Therefore, the same thin film sample dimensions could be used in the gas helium testing

as the ambient air testing, without concerns regarding unwanted shorts.
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The primary challenge associated with the development of this experiment was
the design of an environmental dielectric test chamber to pair with the performance of the
available cryogenic helium refrigeration system. Shown in Figure 33 A, the cryogenic
helium refrigeration system implemented a Gifford-McMahon (GM) closed loop cryo-
cooler, which eliminates the costs of a continual liquid helium supply for experiments
[73]. The cycle employs a gas helium compressor connected in series with to a cryogenic
cold head [165]. The cold head contains a reciprocating displacer and rotary valve system
that rapidly expand the circulating flow of helium gas, achieving cryogenic temperatures
on its outer surfaces [165]. The Cryomech AL300 GM cold head shown in Figure 34 is
implemented here and employs two stages [166]. The first stage reaches temperatures in
the range of 40-80 K, serving as a thermal anchor for a radiation shield that surrounds the
second-stage cold head, capable of achieving temperatures as low as 25 K [73, 162]. The

refrigeration capacity curve of the GM cryocooler system is shown in Figure 34.

As shown in Figure 33, the end of the cold head in the GM refrigeration loop is
mounted inside a vacuum insulation chamber, upon which a heat exchanger for coolant
helium piping from an external 100 psi supply is fixed. A Sterling Cryogenics gas helium
circulation fan shown in the Figure 33 and Figure 34 B is mounted in-line with the heat
exchanger, providing a volumetric flow rate of 2 m3/hr under a pressure head of 45 m,
while operating at 300 Hz [167]. In this fashion, the circulation fan and heat exchanger
system are capable of operating a 50 m long HTS transmission cable cryostat section at
150 psi in a closed loop [15]. For this experiment, the environmental test chamber shown
at the right of Figure 33 was connected to the refrigeration system via Technifab vacuum

jacketed flex hoses, providing cryogenic helium coolant flow to the dielectric testing
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apparatus contained within. Two pressure relief devices, labeled R1 and R2 in Figure 33,
vent the helium coolant supply at 150 psi and the vacuum spaces if any positive pressure

enters them.

Figure 33

Cryogenic Helium Refrigeration System for Dielectric Tests
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Note. Schematic of the cryogenic gas helium refrigeration system (left) and its integration

with the environmental dielectric testing system (right).
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Figure 34

Gifford-McMahon Cycle Refrigeration Cycle

Cryomech AL300 Cold
Head

Note. Cryomech AL300 cold head (A) used the cryogenic gas helium refrigeration

system (B) [166].

The main functionality of the two cryostat chambers shown in Figure 33 is to
minimize the thermal heat loads from external ambient temperatures that would
otherwise exceed the refrigeration capacity of the cryocooler. The chambers also needed
to incorporate penetrations to permit the transfer of helium gas coolant, wiring for the
dielectric test system, and temperature measurement wiring. Gas convection and
conduction, the largest components of heat load on the system, are effectively eliminated
by using a vacuum space as a high-performance insulator [168]. Oil-sealed mechanical

pumps can significantly mitigate the thermal conductivity of the gas by easily producing
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a vacuum level of 1x107 torr, but operating in the sub-LN, temperature range requires
turbomolecular pumping capabilities that handle the gas loads due to water desorption
from chamber walls at significantly lower pressures [168]. Pressures in the range of
1x10" " to 1x10°® torr are required to assume negligible heat is transferred by the residual
gas [169]. For the refrigeration chamber, these vacuum levels are achieved via a Leybold
Turbolab™ 90 roughing and turbomolecular combined pumping station, shown in Figure
33 C, which pumps the 118.6 L volume of the refrigeration chamber to an ultimate
pressure of 6 x 10® torr. When pumping the 207.6 L volume of the dielectric test
chamber, an additional Welch 8917 oil-sealed mechanical pump with an ultimate
pressure of 1x10™ torr was added to the system to improve its pumping capacity in the

higher-pressure roughing range.

In addition to eliminating the sources of through-gas heat transfer, thermal
conduction from the ambient environment is mitigated by using low conductivity solid
connections to the cryogenic environment and thermal radiation is mitigated using
multilayer insulation (MLI) reflective blankets [161]. During the conceptual design
process of the environmental test chamber, the conductive and radiative heat loads were
determined and compared with the Figure 35 refrigeration capacity curve of the
cryocooler, ensuring that cryogenic operating temperatures could be achieved. The total
conductive heat load, a function of cross-sectional area, length, and material thermal

conductivity, was calculated using Equation 3 for various connections [169].
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Figure 35

Cyromech AL300 Capacity Curve
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Note. Refrigeration capacity (W heat load) versus cooling temperature for the Cryomech

AL300 [166].

A (T
H=— k dt
Ly, 3)

Where:
H = conductive heat load (W)

A = cross sectional area of the conducting element, cm?

L = length of the conducting element, cm
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k = thermal conductivity, W/cm K
T, = the colder temperature, K

T, = the warmer temperature, K

Detailed in Appendix E, the integrals of thermal conductivity over the operational
temperature gradient of the environment test chamber were determined by plotting
experimental values and estimating the resulting area graphically [73, 170]. The sources
of total conductive heat load in the design of the environmental chamber were G10
fiberglass rods supporting the environmental test chamber (3.38 W), 18 AWG wiring
required for the dielectric test system (3.42 W) and bayonet style connections for gas
helium transfer between the chambers (45.48 W). The design of the low conduction
bayonet style connections is detailed in Figure 36, which maximizes the length of the
conductive heat transfer path and minimizes its cross section, allowing high efficiency

transfer of cryogenic fluids.
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Figure 36

Bayonet Connector Equipped Conflat Flanges

Path of conductive
heat load

Helium ‘cryostat floated inside
of vacuum . jacket

Note. Design of female (A) and male (B) Technifab bayonet connections for low

conduction gas helium transfer into the environmental test chamber.

In order to reduce the heat load due to radiative heat transfer, cryogenic systems
typically implement MLI, which uses stacks of low-emittance metalized sheets paired
with low-conduction spacers [171]. The spacers layers in the MLI prevent the low-
emittance shields from directly contacting, but they themselves contact the aluminized
layers, allowing moderate levels of conduction through the insulation stack [171].
Therefore, the MLI performance is modeled by the Equation 4, as a function of

conductive and radiative heat flux across the insulation stack with the number of two-part
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layers selected [169, 171, 172]. Using the values of the aluminized Mylar® and 100%
polyester mosquito netting obtained for in-house fabrication of custom MLI blankets,
Equation 4 was then plotted as a function of number of MLI layers in Figure 37. Based
on the plot, in order to achieve adequate thermal insulation and feasible manufacturing
time, a design parameter of 15 MLI layers was selected for the custom insulation blankets
covering the cryogenic piping and pressure vessel surfaces inside the environmental test
chamber. Various methods for in-house ML fabrication were studied and the blankets
shown in Figure 38 were developed by fastening individual layers together with
polyethylene clothing tag fasteners [173, 174]. As shown in Equation 4, thermal
conduction through the thickness of the MLI is highly sensitive to compression
(increased MLI density) [171]. The clothing tag fasteners effectively bind the blankets
together, while allowing significant freedom of individual layers to move along their

length without being compressed.

C.N?3°T, Cre
q=4qctqr= % (Th - Tc) + % (T;LL67 - Tc4'67) 4)

Where:

q = total heat flux transmitted through the MLI (mW/m?)

q. = conductive heat flux transmitted through the MLI (mW/m?)
q, = radiative heat flux transmitted through the MLI (mW/m?)
C. = conduction constant

C, = radiation constant

Ty, = hot side temperature (K)
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T, = cold side temperature (K)

T,, = mean MLI temperature (K)

&, = MLI shield-layer emissivity at 300 K

N = MLI layer density (layers/cm)

n = number of facing pairs of low-emittance surfaces in the MLI

system

Figure 37

Total Heat Flux Transmitted Through Layers of MLI
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Note. Heat flux (mW/m?) plotted as a function of the number of layers in an aluminized
Mylar and polyester MLI blanket, obtained from Equation 4.
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Figure 38

Fabrication of Multi-Layer Insulation (MLI) Blankets

Note. Aluminized Mylar and polyester MLI blanket fabrication (A) and application for

the cryogenic pressure vessel (B) and gas helium transfer hoses (C).

The total heat load due to conduction of the environmental test chamber on the
cryogenic refrigeration system is 52.28 W. Convective and through gas conductive heat
loads can be considered negligible, as long as acceptable ultimate vacuum pressures are
achieved [169]. In addition, the design of MLI insulation blankets outlined above can
theoretically achieve a > 90% reduction in radiative loads from the external ambient
environment. Finally, the actual available heat capacity of the cold head is lower than the
values recorded in Figure 35, due to potential conductive losses in its mounting design or
in the internal piping of the refrigeration chamber. Considering these factors, the system

leaves adequate margins to successfully test in the operating environment of GHe-cooled
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HTS cables, with a reported 225 W of available cooling capacity at a helium temperature

of 55 K.

Following this conceptual thermal design process, the physical CAD model
shown in Figure 39 was developed for the system. A custom configured vacuum
insulation chamber for the test system was designed in-house and fabricated by an
outside vendor. The chamber is constructed of rolled 304 stainless steel plate,
incorporating a configuration of 6 external ports for helium gas transfer, vacuum
pumping, temperature sensor wiring, dielectric test wiring to the cryostat, and user access
to the system. Cryogenic helium piping is completed with Swagelok VCR® fitting
equipped flex hoses, which are rated for cryogenic applications where both internal
positive coolant pressure and an external vacuum environment is required [175]. Access
to vacuum ports and cryogenic spaces is provided by 304 stainless steel ConFlat (CF)
flanges with copper gaskets rated to the ultra-high vacuum (UHV) range. The large
copper wire seal flange at the top of the vacuum chamber permits easy access to the
cryogenic pressure vessel for loading and unloading samples during testing. MLI blankets
cover the inner pressure vessel and all through penetration paths to minimize radiative
heat loss. A pressure relief device set to 20 psi is connected to the vacuum pumping line,
as additional precautions must be taken when operating positive pressure devices inside
of a closed, unrated vacuum chamber. Finally, a Penningvac Transmitter PTR 90 N
vacuum gauge uses both the cold cathode ionization principle and a MEMS-Pirani sensor

to effectively measure vacuum pressures down to the UHV range [176].
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Figure 39

CAD Model of Cryogenic Helium Dielectric Test Chamber
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The cryogenic environmental pressure vessel contained within the vacuum
chamber is a 304 stainless steel pipe weldment equipped with VCR® connections for
helium circulation and a 6.75” diameter ConFlat flange port for access to the dielectric
test system (See Figure 40). Due to their increases in strength while maintaining ductility
and impact toughness at cryogenic temperatures, the wrought austenitic stainless steels
selected for construction of this system are used extensively for low temperature
equipment [177]. The pressure vessel design calculations shown in Appendix F
determined the hoop and longitudinal stresses in the chamber wall, as well as the average
shear stress along the gas tungsten arc welds (GTAW) for the flat end plates [178]. Based
on the selected dimensions, the maximum stress component (t average = 41.3 MPa) gave
the vessel a design safety factor of 5 while operating at 150 psi. The Grade 8 Steel, 5/16”-
24 thread hex bolts selected for use with the ConFlat access flange also provided a safety
factor several orders of magnitude greater than required for these operating conditions.
Despite these calculations, a major design challenge for the access flange was created by
the requirement for vacuum service under simultaneous cryogenic positive pressure.
Reputable manufacturers who can provide components that are rated for vacuum service,
and are either ASME B31.3 listed or have a published maximum allowable working
(positive) pressure currently do not exist [179]. Based on limited reports of ConFlat
flanged fittings implemented as unlisted components in pressure / vacuum systems for
other cryogenic applications, it was determined that the system could undergo additional
hydrostatic pressure testing following welding and assembly to verify its safety for use

[179].
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Figure 40

Image of Cryogenic Helium Dielectric Test Chamber
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Note. Cryogenic pressure vessel contained in a vacuum insulation chamber for gas

helium cooled dielectric tests.

The hydrostatic pressure testing to ensure the safety of the pressure / vacuum
system with a ConFlat flange mounted electrical feedthrough was conducted in
accordance with ASME Section VIII Division 2 code [180]. The hydrostatic test pressure
of the system shown in Figure 41 was 1.43x the maximum allowable working pressure
(MAWP) or 150 psi. The system pressure was raised gradually until the designated test
pressure was achieved and this was maintained for 10 minutes before inspection for any

leaking [180]. After successful inspections, these components were heated in a vacuum
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furnace at 100 °C for two hours to bake them out for vacuum service. Following all
design, fabrication, assembly, and testing, the cryogenic helium dielectric test system is

shown in Figure 42.

Figure 41
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Note. Schematic of hydrostatic pressure testing completed on the cryogenic helium
pressure vessel.
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Figure 42

Assembly of Cryogenic Gas Helium Dielectric Test System

Note. Image of the assembled cryogenic dielectric testing system for PA/SiO; thin film

samples.

4.1.3 Dielectric Testing in Pressurized Cryogenic Gas Helium Conditions

The two custom ConFlat flange-mounted, high-voltage electrical feedthrough
assemblies for this system were designed in-house and fabricated by outside vendors,
enabling a dielectric test rig to operate with the Vitrek 955i hipot tester for DC testing in
the cryogenic helium environment. Figure 43 shows a simplified wiring schematic of the

dielectric testing configuration, where the hipot leads for electrode pairs housing samples
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use individual pins and all return leads share a common pin. In this manner, the external
hipot tester could remain connected to a single return pin on the vacuum feedthrough
while switching to different hipot pins to test different samples. Ground connections to
the hipot tester are made on the walls of the cryogenic helium pressure vessel and
vacuum chamber for safety in the event of unwanted shorts during the tests. A Lakeshore
Cryotronics Silicon Diode resistance temperature detector (RTD) is connected through a
separate feedthrough flange for temperature measurement of the environmental chamber
at steady state test conditions. It uses a four-lead measurement scheme, with an excitation
current of 10 pA to eliminate potential measurement error due to lead wire resistances

[181].
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Figure 43
Wiring Diagram for Cryogenic Helium Dielectric Test Chamber
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The dielectric testing fixture shown in Figures 44 and 45 was designed and
fabricated in-house to incorporate stainless steel electrode pairs for testing 15 thin film
samples in one cool-down cycle of the refrigeration system. The fixture contains stacked
pucks with radial bores that house the pairs of electrodes. Return electrodes, located on
the inner radii, meet in the center of the pucks for the common return wiring, while

individual hipot electrodes are inserted and wired from the outside. Due to the
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exceptional dielectric strength, thermal dimensional stability at cryogenic temperatures,

and ease of machining operations, Teflon™ polytetrafluoroethylene (PTFE) was the

material selected for individual electrode housings and puck fixtures. 18 AWG silicone

sheathed wires with stainless steel clip connections used for electrode and feedthrough

pin wiring increased the ease of fixture assembly between tests. Figure 46 shows the

wiring in the vacuum space from the pressure vessel to the external feedthrough where

the connections to the hipot tester were made.

Figure 44

CAD Models of Gas Helium Dielectric Test Rig
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Note. CAD model of the dielectric testing rig within the cryogenic gas helium vessel.
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Figure 45

Install and Wiring of Gas Helium Dielectric Test Rig

Note. Assembly and wiring of the cryogenic gas helium pressure vessel prior to a

dielectric test.
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Figure 46

Install and Wiring of Gas Helium Pressure Vessel

17-pin, Conflat flange mounted
high-voltage electrical feedthrough

Note. Installation of wiring in the cryogenic dielectric test chamber and connection of

hipot tester leads on the outer feedthrough.

4.2 Analysis and Discussion of Results from Dielectric Failure Analyses

The temperature dependent dielectric properties of PA/SiO> thin films in both
ambient air and pressurized helium gas environments will be studied in this section.
Establishing these tunable property relationships is an essential step for verifying this
material’s effectiveness as a dielectric coating in HTS transmission cable systems.
Though the PA/SiO2 nanocomposite has already demonstrated a level of
multifunctionality in its mechanical properties, preventing excessive loss of its dielectric

strength due to the introduction of silica nanoparticles is paramount for this application.
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In addition, studying the dielectric strength of the coated electrodes adds yet another
degree of assessment for the nanocomposite’s thin coating application by recreating its

mechanical condition in manufactured form on superconductors.

4.2.1 Establishing Tunable Dielectric Property Relationships for Thin Film Samples

The mechanisms of DC conductivity and charge transport in polymer-based
nanodielectrics are still far from being completely understood, however, several well-
known processes that govern electrical breakdown in most solid insulators can be used to
provide insight about the results of dielectric tests conducted for this study [67]. In ideal
conditions, the electric strength of a pure and homogeneous dielectric material subject to
a DC voltage ramp will increase to an upper limit known as its intrinsic electric strength
[153, 158]. From an electronic band structure perspective, the intrinsic strength is
generally assumed to be reached when electrons in the insulator gain sufficient energy
from an applied field to cross the energy gap from the valence band to the conduction
band, in which they become increasingly available to carry current and eventually lead to
bulk breakdown [158]. The intrinsic model also permits an electron avalanche
phenomenon similar to the breakdown mechanism in gases, where injected electrons in
the field with sufficient kinetic energy engage in impact ionization followed by
exponential growth of mobile, charge carrying electrons. In reality, though these
mechanisms utilize the principles of the electronic band structure in solid dielectrics, the
intrinsic strength is only reached under experimental conditions and avalanche
breakdown is rarely solely responsible for failure of polymers [153, 158, 182]. This is
due to many other factors that can also influence charge transport behaviors in solid

materials such as the complex hierarchical structure of amorphous polymers, the
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existence of electron traps, nanoparticle interfacial morphology, thermal effects, and
point defects in the material [67, 89, 153, 155]. For the purposes of this study, several of
these factors known to impact dielectric properties in nanocomposites will be used to
hypothesize about their influence on the results of the dielectric breakdown testing

conducted here.

The dielectric strengths of PA/SiO> thin film samples tested in ambient and LN.-
cooled air environments are plotted in Figure 47. Each concentration averages 3-5
measurements from different samples. At room temperature, the average dielectric
breakdown strength of the neat polyamide was 135 kVV/mm and then reduced to 90
kV/mm as the nanoparticle concentration increased to 6%. Interfacial regions have
repeatedly been demonstrated to significantly influence the macroscale dielectric
properties of polymer nanocomposites, but a number of simultaneous phenomena
occurring in these regions have been attributed to both improving and reducing the bulk
dielectric strength of the material [155, 183, 184]. The reduced breakdown strength at
higher SiO2 loadings can be related to nanoparticles acting as nucleating agents that
improve the crystallinity of interfacial polymer [99, 100]. Several other studies have
reported that at significantly lower loadings of nanoparticles (< 1 wt. %), the
nanocomposites can leverage the boundaries of these crystalline regions to improve
dielectric breakdown strength [155, 185, 186]. The crystalline boundary regions contain
deep traps where higher energy is required to excite electrons into the conduction band
around these local regions [155, 185, 186]. Though the increased SiO> loadings have
resulted in improved thermomechanical stability for the PA/SiO, material, the reduction

in radius of curvature and surface area of crystalline boundary regions in the material
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could have resulted in decrementing its ability to dissipate charge energies through traps
[153, 159, 185, 186]. In addition, depending on the filler and polymer materials selected
for a given nanocomposite, impurities or structural defects can also be present at
interfaces that may introduce local energy levels (trap levels) inside the forbidden gap,
lowering the local required excitation energy and allowing electrons to pass through the
insulator by jumping from one trap level to another (hopping effect) [158]. Despite the
33% reduction in dielectric strength at the 6 wt. % concentration of SiO; particles, the 90
kV/mm recorded value still makes this material an exceptional dielectric. Furthermore,
other studies implementing traditional microcomposites have presented greater reductions
in dielectric strength at similar volume percent loadings of silica particles, demonstrating
the improved multifunctional characteristics of the PA/SiO2 nanocomposite material [48,

187].
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Figure 47

Air Dielectric Failure Analysis of Thin Films
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Note. Dielectric breakdown voltage as a function of nanoparticle concentration for PA

based thin films at 300 K and 92 K air environments.

The average dielectric strength of neat polyamide in the 92 K LN2-cooled
environment is measured as 261 kV/mm, which is significantly higher than the values
from the 300 K testing. The density of free charge carriers in an un-doped material is
known to be significantly reduced at low temperatures [188]. This is attributed to the lack
of thermal excitation for charge carriers in a cryogenic environment compared to those at

room temperature, leading to enhanced dielectric performance [188]. Additionally, the
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polymer behaviors at low temperature can contribute to this trend. At room temperature
in amorphous polymers, the free volume, defined as inter-molecular distance in the non-
crystalline regions of the polymer, can provide a sufficiently large mean free path for
charge carriers to maintain the energy required for avalanche breakdown [189].
Temperature dependent increases in the dielectric breakdown strength of polymer-based
films at low temperatures can also be attributed to thermal contraction, which not only
can densify the material (reducing free volumes), but also can reduce voids and defects
that are considered as weak points in the matrix [62, 189]. Therefore, after thermal
contraction, carriers may not acquire enough energy to trigger avalanche breakdown at
low voltages and low excitation energy traps may be eliminated from the material [182].
The 6 wt. % nanocomposite tested in the 92 K LN2-cooled environment also showed a
reduction in dielectric strength compared to the neat polymer film, but still demonstrates

an acceptable 149 kV/mm.

Figure 48 shows the temperature profile measurement taken from the
environmental test chamber during a helium cooldown cycle for dielectric testing. During
the cryogenic dielectric testing, the environmental chamber reached 50 K in roughly 5
hours and 20 minutes. For comparison, a single vacuum insulated helium transfer hose
was connected to both the supply and return connections on the refrigeration box to
create the shunted temperature profile shown. In this configuration, the return helium
temperature reached 50 K in only 3 hours and 40 minutes. Due to the additional heat
loads added when implementing the environmental chamber, the cooling profile for

dielectric testing deviates from the shunted configuration, as shown in the figure.
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Figure 48

Cryogenic Gas Helium Temperature Profile
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Note. Temperature cooling profile of the cryogenic gas helium dielectric test chamber.

The dielectric strengths of PA/SiO: thin film samples tested in the 300 K and 50
K, 100 psi gas helium-cooled environments are plotted in Figure 49. At room
temperature, the average dielectric breakdown strength of the neat polyamide was 207
kV/mm and then reduced to 180 kVV/mm as the nanoparticle concentration increased to 6
wt. %. The increased dielectric strength in this environment is expected, since the
Appendix G calculation demonstrates that the dielectric strength of the 100 psi helium
medium is significantly greater than that of the ambient pressure air [164]. The cryogenic
temperature results shown here successfully demonstrate that the PA/SiO2 nanocomposite
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material indeed operates as an effective dielectric in the operating environment of HTS
power transmission cables. The 285 kV/mm dielectric strength of the 6 wt. %
concentration at the cryogenic temperature allows thin nanocomposite coatings to be
implemented on superconductors, reducing the likelihood of dielectric failure due to
internal point imperfections [67, 153]. When combined with its thermal stability
characteristics that significantly reduce the likelihood of mechanical failures, the
multifunctional characteristics of the proposed nanocomposite dielectric make it an

exceptional candidate for use in HTS systems.
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Figure 49

Helium Dielectric Failure Analysis of Thin Films
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Note. Dielectric breakdown voltage as a function of nanoparticle concentration for PA

based thin films at 300 K and 50 K pressurized gas helium environments.

Shown in Figure 50, failed samples from dielectric testing were also inspected
with SEM imaging to ensure that the recorded failures were caused by high-voltage
dielectric breakdown internally, rather than by arcing through the surrounding medium.
Both samples show a circular structure with smaller through holes in their centers. During
breakdown, the weak points in the sample experience partial breakdown as well as
localized heating in their surrounding areas, likely resulting in the melting, merging, and
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formation of larger channels inside the breakdown point [153]. Evidence of the thermal
effects of electrical breakdown through the matrix is demonstrated by plastically
deformed polymer around the failure holes. In addition, closer inspection of the hole
interiors in Figure 50 shows radial striations of plastic deformation where it is suspected
that the melting of viscous polymer occurred. Finally, the greater plastic deformation that
is visible around dielectric failures from the 100 psi helium environment could have

resulted from larger thermal effects due to the higher breakdown voltages of the material.
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Figure 50

SEM Imaging of PA/SiO; Dielectric Failures
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Note. SEM images of 6 wt. % PA/SiO2 nanocomposite thin film dielectric breakdown in

room temperature air (top) and 100 psi helium (bottom) environments.

4.2.2 Evaluating On-Cable Dielectric Performance with Coated Electrodes

Mechanical stress is also known to affect electrical breakdown behavior, since
stress can influence molecular chain movement, crystallinity, and free volume, leading to
changes in breakdown strength. As nanocomposite coating on a cable may have more
internal stresses than its free-standing thin film form, it becomes necessary to conduct

breakdown testing on coated samples [153, 159, 190, 191]. The dielectric strengths of
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PA/SiO; coated electrode samples tested in ambient and LN2-cooled air environments are
plotted in Figure 51. Each concentration averages 5 measurements from different
samples. At room temperature, the average dielectric breakdown strength of the neat
polyamide coating was 217 kV/mm and slightly increased to 246 kV/mm as the
nanoparticle concentration increased to 6%. The trends depicted here are unexpected
compared to the thin film samples tested in the previous section. The lack of decremented
dielectric strength at the 6 wt. % concentration could be attributed the dip-coating
preparation method used for the samples. In general, sol-gel dip-coating processes can
greatly alter the structure and properties from the liquid precursor to the microstructure of
the corresponding deposited film [84]. After vertically immersing dowels in the polymer
nanocomposite precursor suspension during preparation, gravity pulls down on the fluid
contained in a viscous boundary layer with the substrate, eventually resulting in a thin,
uniform, and repeatable surface coating [84]. The continuous gravity drip process that
reduces the thickness of the entrained coating may also assist in reducing voids that act as
point imperfections in these coatings. Therefore, removing these structural defects at
interfacial regions could reduce the trap levels within the energy gap and result in
comparative dielectric strengths between pure and loaded SiO2 nanocomposite samples

[158].
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Figure 51

Air Dielectric Failure Analysis of Coated Electrodes
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based coated electrodes at 300 K and 92 K air environments.

The pure polyamide coated samples demonstrate similar temperature dependent
behaviors to the films tested in the previous section. However, at the 6 wt. %
concentration of SiO» particles, the influence of temperature appears to be significantly
reduced. As thin film samples with 6 wt. % SiO> loadings show a 50% increase in
dielectric strength at the two temperatures (90 kV/mm for 300 K and 149 kV/mm for 92

K, shown in Figure 51), the breakdown strength for these dowel-coated 6 wt. %
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composite samples is relatively uniform (246 k\V/mm for 300 K and 250 kV/mm 92 K). It
can be hypothesized that the consistent performance of the dowel-coated composite
samples is a result of multiple, and sometimes counteracting factors that can
simultaneously contribute improving or reducing to the dielectric strength. The factors
that can increase the dielectric strength at a lower temperature include the reduced
number of free charge carriers, denser materials, and less voids due to thermal
contraction, as discussed earlier. However, thermal contraction introduces additional
defects into the dowel-coated composite samples. Once cured films are fixed to the
substrate and significantly limited from internal contraction (the contraction of the dowel
is minimal compared to that of the polymer), tensile stresses are known to develop in the
plane of the substrate [84]. In addition, thermal contraction with respect to individual
silica nanoparticles results in compressive stress from the polymer and causes significant
additional loading at individual particle interfaces [130]. The heightened pre-stressed
condition of low temperature nanoparticle interfacial regions proposed in Chapter 3,
when combined with tensile stresses in the coating, could initiate interfacial void growth.
These induced defects would significantly diminish the bulk dielectric strength of dowel-

coated samples in the low temperature tests.

Potentially, the limited internal contraction of the dowel coatings at low
temperature also prevents known stress relaxation via allowed plastic deformation from
occurring, resulting in increased defect formation in the matrix. By comparison, thin film
samples are detached from the substrate and can contract freely during low temperature
testing. The free contraction can reduce the number of stress-induced defects and voids

inside the material. Considering all these factors, the thin film composite samples show a
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significant temperature dependence while the dowel-coated composite samples show
fairly consistent readings at both 300 K and 92 K. With these hypotheses, the larger
standard deviations of the 6 wt. % nanocomposite samples are also acknowledged here.
The deviations demonstrate that additional studies are required to locate dip-coating
methods and parameters for larger scale, higher quality manufacturing of the
nanocomposite coatings. These specific challenges will be discussed in the following
chapter of this study. However, the ~250 kV/mm strength of the 6 wt. % concentration
nanocomposite presented here still lies well within acceptable values as a dielectric and
most critically, a significant degradation in average dielectric strength does not occur due

to the additional mechanical stresses induced in these thin coatings.
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Chapter 5

Experimental Manufacturing of Nanocomposite Dielectric Coatings

5.1 Exploring the Challenges of Nanocomposite Dip-Coating Processes for HTS
Systems

Accomplishing liquid deposition through dip-coating is a versatile method for
producing homogeneous, repeatable coatings by entraining a solution on a substrate and
evaporating volatile compounds [192]. However, time-dependent evaporation-induced
concentration and viscosity gradients in coating materials make for a dynamic, complex
system that often requires detailed experimental characterization to achieve desired
results [192]. In addition, though the nanocomposite dielectric developed here exhibits
material processing characteristics that are consistent with those of HTS tapes, the
manufacturing process itself must also be compatible with the design parameters of HTS
transmission cable systems. This chapter will investigate design considerations for
manufacturing PA/SiO2 nanocomposite coatings and conduct experimental
manufacturing efforts towards a transition to large scale processing of this material.
Figure 52 shows an overview of the proposed dip-coating process for deposition and
curing of the nanocomposite suspension on coaxial HTS transmission cables or
individual HTS tapes. In this spool-to-spool format, a system of rollers feeds the substrate
through a bath where a thin layer of the suspension is entrained on its surface and then
thermally cured into solid enamel through a tunnel furnace. This method has repeatedly
been implemented to deposit and cure polyimide precursor solutions into solid dielectric

layers for a variety of electronics applications [74, 193-195]. Additionally, efforts in sol-
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gel dip coating have successfully realized the formation of functionalized nanocomposite

layers for both dielectric and chemical barrier purposes [196, 197].

Figure 52

Overview of Dip Coating Process
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Thermal curing in
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Note. The dip coating process of immersion, beginning, deposition, draining, and

evaporation.

The basic model for fluid entrainment on the surface of the HTS substrate is
described by an equilibrium state between adhesion of the fluid on the substrate and
gravity-induced viscous drag [192, 198]. As shown in Figure 53, the properties of

streamline flow patterns during deposition of the nanocomposite coating are primarily
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defined by the relationship between withdrawal speed, U,, of the substrate and the
resulting entrained coating thickness, ho [84]. Fluid above the stagnation point, S, flows
toward the direction of withdrawal through capillary action and fluid below the point
flows toward the reservoir surface by viscous drag [84]. The coating thickness exists at
an equilibrium between density, surface tension, and viscosity of the PAA/sol-gel
suspension in a proportional relationship with the substrate withdrawal speed [192, 198].
Additional considerations have been made for non-Newtonian sol-gel precursors like the
suspension used here, which account for the concentration of the solution, as well as
dynamic viscosity due to changes in density, changes in surface tension and constant
solvent evaporation during substrate withdrawal [84, 192]. In order to implement a
scalable dip-coating process for the manufacturing of a PA/SiO; coating, the influences
of each of these factors on nanocomposite deposition should be experimentally

determined.
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Figure 53

Fluid Element Trajectories During Coating Entrainment
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Note. Streamline flow patterns during substrate withdrawal in the dip-coating process. Uo
is the withdrawal speed, S is the stagnation point,  is the boundary layer and ho is the

thickness of the coated fluid on the substrate [84].

The physical design and construction of HTS transmission cables are other factors
that will significantly influence development of the nanocomposite dielectric
manufacturing process. Shown in Figure 54 A, HTS transmission cables have
traditionally been manufactured in a coaxial configuration, where layers of HTS tapes are
wound around a central former and fully enveloped by the dielectric layer. A point of
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concern in manufacturing dip-coated dielectric layers for this cable configuration is the
permanent deformation of thin-walled stainless steel cable formers over rollers. In order
to prevent this from occurring, the process must ensure not to exceed minimum former
bend radii or cause significant axial stresses along the cable length during withdrawal
from the suspension bath. This translates to the requirement of a highly customized
manufacturing system for deposition on coaxial HTS cables, which would likely only be

capable of coating shorter sections of cable at a time.

Alternative approaches to cable construction have been suggested to reduce the
risk and complexity of HTS cable manufacturing, as well as allowing for continuous
processes [33]. The individually insulated conductor approach shown in Figure 54 B
suggests winding already insulated HTS tapes around the central former, eliminating the
coaxial configuration and allowing for simplified spool-to-spool coating operations [33].
However, this method also has drawbacks due to the present-day manufacturing quality
of 2G HTS tapes themselves. Existing HTS power transmission systems operate far from
their full capability near critical current due to the potential for manufacturing
imperfections to create areas of electrical resistance [199]. The systems avoid potentially
decremented power transfer in manufactured defects by sharing and redistributing current
between many HTS tapes wound in a single coaxial layer [199]. Therefore, the existing
state of manufactured quality in HTS power transmission systems may also be a limiting
factor in implementing large scale processes for PA/SiO; dielectric coatings. The
development of this dip-coated manufacturing process must feature a systems-level

integration approach that accommodates all of the chemical and mechanical material
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properties discussed here, along with the resulting performance of superconducting

power transmission in the cable format.

Figure 54

Manufacturing PA/SiO2 Nanocomposite Coatings
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HTS tapes.

5.2 Development of a Manufacturing Process for PA/SiO2 Nanocomposite Coatings

In this study, an experimental system was designed and constructed for dip-
coating the PA/SiO2 nanocomposite on conductive tapes and performing an initial
investigation of the parameters influencing the properties of dielectric coatings. Studying

the changes in viscosity of the PA/SiO> suspension over time was a critical initial step to
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verifying that the nanocomposite bath could be exposed to ambient air conditions and
maintain its properties for continuous manufacturing processes. Considerable research
efforts are devoted to the study of conformal coatings for various electronics applications
and the pot-life, or usable working time of the material, is an influential parameter for
implementing these viscous solutions [200]. Using Equation 5 and a simple, miniature
ball-drop device, the six fluid viscosity measurements of a PA/SiO2 hanocomposite
suspension shown in Figure 55 were taken over a period of 70 minutes [201]. The
analysis conducted here demonstrated that the general stability of the nanocomposite’s
viscosity over this period made it suitable for implementation in a small-scale
experimental dip-coat manufacturing system. As the data from this brief experiment was
only intended for comparative use within this study, wider analysis of the suspension’s

rheology should be conducted for an effective characterization.

_d*(ps — p)gT
- 18L (5)

Where:

n = fluid viscosity, Pa-s

d = diameter of sphere, mm

ps = density of sphere, g/mL

p; = density of fluid, g/mL

g = gravitational acceleration, m/s?
T = time of sphere travel, s

L = distance of sphere travel, mm
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Figure 55

Viscosity of PA/SiO2 Suspension vs. Time
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Figure 56 shows the design and assembly of the experimental spool-to-spool
manufacturing system for dip-coating the nanocomposite on HTS tapes. The tape
substrate is drawn from the uncoated spool, where the first roller immerses it in the
nanocomposite solution. Following this, the tape is prebaked for solidification in a 0.3
meter tube furnace, where it is heated at roughly 90 °C for 5 minutes. Full solvent
evaporation and curing then occurs in a 1.0 meter tube furnace for 15 minutes at 115 °C.
The purpose of the initial prebaking step was to prevent any unwanted dripping of the

coatings within the larger horizontal furnace. 8 mm wide x 0.125 mm thick nickel tapes
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were utilized as a conductive analog for HTS tapes in evaluating the films deposited in
this process. Figure 57 shows pure polyamide that was successfully coated and cured on a
section of the nickel tape. The manufacturing system developed here presents a path
forward for conducting experiments that study the dynamic factors impacting

nanocomposite dielectric film deposition in spool-to-spool dip-coating processes.
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Figure 56
Spool-to-Spool System for Coating HTS Tapes
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Figure 57

Polyamide Coated HTS Nickel Tape Samples
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Chapter 6

Conclusion

6.1 Summarizing Experimental Results and Their Significance for HTS Power
Transmission

HTS cable systems have demonstrated the potential to revolutionize energy grid
power transmission and help unlock a fully electric transportation infrastructure of the
future [1, 3, 4]. The development of a rugged dielectric coating material suited to the
extreme superconductor operating environment contributes to solving the material
challenges associated with increased integration of HTS systems. A PA/SiO>
nanocomposite was proposed as a dielectric with improved thermal stability for the
cryogenic environment, low temperature processing characteristics, and exceptional
multifunctionality that reduces material property trade-offs. Extensive mechanical,
thermomechanical, and dielectric characterization efforts were completed to establish
property relationships between the structure, processing, and performance of the
nanocomposite material. Following this, an experimental coating system was developed
for future experiments that will enable full scale manufacturing of the nanocomposite

dielectric with HTS transmission cables.

During material development, Dupont Pyre-M.L.® thermoset varnish was
selected as a commercial polyamic acid precursor for its thermomechanical stability,
dielectric strength, solvent resistance, and high mechanical strength [40, 72, 74]. An in-
situ sol-gel processing method was used to produce matrices of SiO2 nanoparticles
ranging from 50 nm to 200 nm in diameter that would further reduce the CTE of the bulk

nanocomposite material [106]. Additional SEM characterization efforts used high-
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resolution imaging and EDS to verify the formation of silica nanoparticle structures
within the material. Following this, thermogravimetric analysis was used to develop a
low temperature thermal curing process for the PA/SiO; coating material that was
compatible with HTS tape manufacturing. Finally, SEM imaging was used to explore the
sensitivity of several parameters in the sol-gel process that resulted in different

nanoparticle structures.

The following section of this study investigated the mechanical properties of the
nanocomposite to verify that SiO> particle addition effectively reduced the CTE of the
bulk material without excessively decrementing the other material properties such that it
could not be implemented as a manufactured dielectric coating. Thin film samples of the
nanocomposite were utilized for thermomechanical analysis, which demonstrated that
increasing SiO2 nanoparticle loadings to the 6 wt. % concentration resulted in a 30%
thermal stability improvement and significantly reduced the CTE of the bulk material. In
order to verify that these nanoparticle loadings did not decrement other mechanical
properties and to characterize the behaviors of PA/SiO2 nanocomposite thin films in the
cryogenic environment, a novel tensile testing system was developed for this study. This
testing found that the PA/SiO2 nanocomposite’s thermomechanical stability exceeded
other industry dielectric coating options, while maintaining its mechanical properties in
the cryogenic operating conditions of superconductors. Additionally, SEM
characterization of plasma etched thin film samples was used to explore the interfacial
mechanics and failure mechanisms of the material that granted its exceptional

thermomechanical performance. Therefore, these conclusions were used to verify that the
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mechanical properties of the proposed nanocomposite dielectric made it well suited for

operating in extreme cryogenic temperature conditions.

Despite evidence that the proposed PA/SiO2 nanocomposite demonstrated
exceptional thermomechanical properties, its bulk electrical breakdown characteristics
were most critical for implementing the material as an insulator. The objective was to
leverage the dominant particle-polymer interfacial properties of the material to enable
exceptional multifunctionality and maintain adequate dielectric breakdown performance.
Due to the fact that electrical breakdown performance is heavily influenced by factors
such as sample dimensions, temperature, pressure, humidity, and mechanical stress,
multiple dielectric test systems were implemented to characterize the impacts of these
parameters [153, 156]. The most significant of these experiments was the development
and implementation of a cryogenic environmental test chamber for conducting dielectric
failure analyses of the material in the same 50 K, pressurized gas helium environment in
which the HTS transmission cables operate. Thin film samples subject to dielectric
failure in room temperature air conditions saw a 33% reduction in their dielectric strength
as the 6 wt. % concentration of SiO particles was approached, but the 90 kV/mm
dielectric strength of these films was still an exceptional value for implementation as a
dielectric coating material. A similar concentration dependent trend was observed in the
LN2-cooled air environment (261 kV/mm at 0% to 150 kV/mm at 6 wt. %), but this
testing environment resulted in dielectric strength improvements as high as 93% due to

the well reported temperature dependency of electrical breakdown.

In the pressurized gas helium environment, similar concentration dependent

reductions in dielectric strength (207 kV/mm at 0% to 180 kVV/mm at 6 wt. %) were also
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observed, but this environment also resulted in significant increases in dielectric strength
due to the improved breakdown characteristics of the room temperature 100 psi helium
test medium. Most critical to these results, however, was the ~300 kV/mm dielectric
strength of the 6 wt. % concentration in the 50 K cryogenic environment. These results
successfully demonstrated that the PA/SiO2 nanocomposite material could indeed operate
as an effective dielectric in the cryogenic GHe-cooled operating environment of HTS
power transmission cables. Conductive electrodes coated with the PA/SIO2 dielectric
were also tested to characterize the impact of mechanical stresses induced in coatings on
the electrical breakdown behavior. For the neat polyamide film the average dielectric
breakdown strength at room temperature was 217 kV/mm and as expected, this increased
to 321 kV/mm in the LN2-cooled air environment. The other trends of dielectric
breakdown strength depicted here were unexpected compared to the thin film sample
tests. As the nanoparticle concentration increased to 6%, the expected reduction in
dielectric strength was not present (246 kV/mm at 6 wt. %). It was hypothesized that this
was attributed to a reduction in structural defects due to the preparation of nanocomposite
samples that resulted in comparative dielectric strengths. When the 6 wt. % sample was
cooled to 92 K in the LN testing environment, its dielectric strength also still remained
comparable to this value. The consistent performance of the dowel-coated composite
samples was attributed to a complex result of multiple, and sometimes counteracting,
factors that influenced the dielectric strength of these samples. In general, the results of
this characterization demonstrated that when these dielectric characteristics are combined
with a thermal stability that significantly reduces the likelihood of mechanical failure due

to cryogenic operation, the multifunctional properties of this PA/SiO2 nanocomposite
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make it an exceptional candidate for dielectric use in HTS systems. Table 3 summarizes

all mechanical and dielectric property measurements taken from various nanocomposite

concentrations in this study.

Table 3

Summary of Mechanical and Dielectric Properties from Various Concentrations of

PA/SiO2 Nanocomposites

Weight % SiO> Ppug\e 2% 4% 6%
Thermomechanical Linear Thermal Expansion (%),
Properties 25— 125°C 06 051 039 039
Elastic Modulus (MPa), 20 °C 1,839 1,810 2,109 2,141
: Elastic Modulus (MPa), -90 °C 2,707 840 1,021 2,395
Mechanical
Properties Ultlmate Tensile Strength (MPa), 58 57 74 78
20 °C
Ultlinate Tensile Strength (MPa), 38 77 9.2 37
-90 °C
DC Dielectric Breakdown
Strength (kVV/mm), 20 °C Air 135 120 % %0
DC Dielectric Breakdown
Strength (kv/mm), -181 °C Air 201 255 157 149
Dielectric
Properties DC Dielectric Breakdown
Strength (kV/mm), 20 °C 207 - - 180
100 psi Ghe
DC Dielectric Breakdown
Strength (kVV/mm), -223 °C 298 - - 285

100 psi Ghe
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The experimental dip-coating system detailed in the following section of the study
was developed as a platform for transforming the PA/SiO2 nanocomposite material into a
manufactured coating. This system can be implemented to help understand the time-
dependent evaporation-induced concentration and viscosity gradients in coating materials
that require detailed experimental characterization to achieve desired results [192]. In
order to eliminate cryogenic dielectric material failures in existing HTS power systems
and dramatically improve their transmission efficiencies through gas helium cooling
techniques, the opportunity existed for this study to development a multifunctional
nanocomposite material suited to this unique application. In summary, the
characterization studies conducted here have presented a viable option to solve the
challenges impeding wider implementation of HTS power transmission and have charted

a path forward for its transformation into a manufactured engineering material.

6.2 Addressing Future Works

A number of future research efforts are likely still required to fully realize the
PA/SiO2 nanocomposite developed here as a dielectric coating solution for HTS power
transmission systems. An important short-term step to achieving this is the continuation
of experimental manufacturing efforts that utilize the system developed in Chapter 5 of
this study to fully investigate parameters for large scale processing of the coating. This
includes studying the parameters that influence the nanocomposite dip coating quality on
individual HTS tapes and establishing additional manufacturing system design
requirements for handling coaxially oriented cable sections. A TA Instruments Discovery
Series Hybrid Rheometer (DHR) is now available to this study for additional material

characterization experiments. A detailed study of the rheological properties of the
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nanocomposite suspension would provide valuable insight for using the material in large
scale processes. Additionally, a dielectric testing accessory has been installed with the
system that enables a study of AC dielectric properties of the material in response to
thermal and mechanical loadings. Though the DC testing completed here was valuable
for establishing various property relationships for the material, characterizing the material
under AC electrical stress will verify its fitness for use in multi-phase power transmission
systems and provide greater insight about its intrinsic charge transport mechanisms. A
final step in short term experimental efforts would be utilizing the cryogenic gas helium
environmental chamber to operate a coated superconducting tape section, studying the
longer cycles of HTS operation in this configuration and the potential effects of partial

breakdown mechanisms over time.

Successfully implementing a manufactured nanocomposite dielectric is critical to
the completion of this study, but additional experimentation will also expand the
fundamental understanding of polymer nanocomposite materials. The results of the
dielectric and mechanical studies completed here were separately connected to known
theoretical properties of nanoparticles. However, deepening the underlying knowledge of
nanoparticle interfacial mechanics would allow this study to develop metrics that bridge
the gap between electrical and mechanical properties. This could provide a universal
understanding of the material which relates its nanoscale structure directly to the
performance of various properties. Potentially, this information could then be used to
better predict the performance of new multifunctional nanocomposite materials before
experimental characterization takes place. In the near future, this study will gain access to

an atomic force microscope (AFM), which can closely examine the interactions between
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the polymer and nanoparticles at the molecular level. In addition to topographic imaging,
the system can use nanoindentation measurements to characterize colloidal interactions,
stiffness, and viscoelastic properties of nanoscale structures [202]. Additionally, other
studies have implemented AFM techniques to better characterize the electronic band
structure of nanomaterials and gain a deep understanding of their intrinsic charge
transport mechanisms [203]. To supplement the AFM system, various other methods
such as X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR), have also been
used to show chemical bonding in semi-crystalline interfacial regions of nanoparticle
matrices [67, 204, 205]. These analyses will be significant in understanding the role of

nano-mechanical properties in a multifunctional material on the macro scale.
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Appendix A

2D Digital Image Correlation (DIC) Study of Tensile Testing Fixture

To further demonstrate the viability of the tensile test frame for experimental
characterization of thin films and to validate the FE results, image correlation analyses
were performed. As a first step, the strain noise floor associated with the utilized DIC
analyses was first characterized using the approach presented in [206]. As such, the strain
noise floor associated with the utilized DIC parameters were characterized by considering
the spatial standard deviation of a series of static images acquired in a strain-free
condition. In these analyses, a strain filter size of 9 was used and the mean strain noise

floor is determined as 215 pue.

DIC analyses were performed to study the full-field deformation response of the
fixture at room temperature conditions and to check for slippage at the top sample grip.
The objective is to confirm that the proposed apparatus experiences negligible slip or
local bending while testing is being conducted. The comparatively low modulus of the
Kapton tape (~1.8 GPa) compared to the stainless steel (~215 GPa) indicates that the
deflections of the fixture should have an insignificant effect on the properties of the
material of interest, tested via the proposed custom fixture. The latter was justified
through the full-field measurement of strain developed in the frame during mechanical
tests at room temperature. Contours from image correlation analyses of the main test
fixture are presented in Figure Al. The results show that the transverse strain is dominant
in the fixture, with a peak at the top of the frame. Similarly, it is observed that small

strain accumulation in the axial direction is present at the top inner edges of the fixture.
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In all strain components, small islands of observable strain are present throughout the
contour maps, showing that small deformations may be present. This is reasonable as
some small motions are to be expected. Experimentally recorded strains are largely
negligible, excluding the bands at the top edges of the fixture, which are greater than
0.001. The variation, in terms of large differences in order of magnitude, is consistent

with the results of the finite element analyses presented in Appendix B.]

Figure Al

2D DIC Analysis of Tensile Testing Fixture
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Note. 2D DIC analysis of the main fixture at room temperature with (A) transverse strain,

€xx, (B) axial strain, €,,,,, and (C) shear strain, €,,,. All images are obtained at a sample

strain of ~0.4, i.e., near the failure strain of the sample.

DIC analyses are also performed on the top gripper as previously shown in Figure

17A. While no discernable slippage is present on the bottom portion of the apparatus in
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room temperature conditions, it is important to also characterize slippage at the top.
Slippage can either occur in the form of the fixture slipping from the wedge grip on the
load frame, or by a sudden change in displacement where the sample may slip from the
grips. In either case, the measured load curve is expected to show a sudden drop,
indicative of a partial unloading occurred in response to the slippage. In addition, in the
event of a slippage from the wedge grip, the top fixture is also expected to show

displacement anomalies, observable through DIC measurements.

Figure A2 shows a comparison of the two simultaneously measured
displacements for all room temperature tests. We observe that the displacements
measured by both contact (via load frame measurement) and noncontact (via DIC)
methods are highly correlated, and the results indicate that any slip from the top grip is

negligible.
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Figure A2

Comparison of Measured Displacements During Tensile Testing
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Note. Comparison of crosshead displacement measured by both the contact load frame and
noncontact 2D DIC methods.
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Appendix B

Finite Element Analysis of Tensile Testing Fixture

To quantify the limits of the proposed tensile testing apparatus, finite element
models were constructed using the static structural module in ANSYS™ workbench from
the assembly shown in Figure 17. Environmental temperature and elastic modulus of the
sample are varied to identify expected stiffness and temperature pairs at which the
apparatus should be modified for mechanical testing. It is assumed that the fixture will
not slip at the grips of the load frame and apply fixed boundary conditions at its base. It is
also assumed that all parts in the assembly are perfectly joined (i.e., no slip from
fasteners). A displacement boundary condition is used for all simulations. The
displacement boundary is determined from the examined material’s mechanical response,
as discussed in detail in the following sections. Therefore, the simulations aim to provide
insight into the role of material stiffness and temperature on the apparatus strain,
establishing limitations for testing of materials with higher yield points or ultimate tensile
strength. Temperature is varied from -200 °C to 25 °C and elastic modulus is varied from
0.1 to 25 GPa. The model is constructed with 63,420 elements and 17,116 nodes, with a
hex dominant mesh. The displacement condition is chosen for the subzero temperature
tests because it is a good indicator of the compliance of the frame for the experimental

data.
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Figure B1

Finite Element Analysis of Tensile Testing Fixture
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Note. Finite element analysis to determine the maximum operating characteristics of the
developed apparatus. (A) Contour map showing maximum frame strain (axial strain, €,,,,)
as a function of elastic modulus and temperature. (B) FE simulation results of the
equivalent strain for the room temperature test for a sample with an elastic modulus of

1.8 GPa (i.e., the polymer used in this work) showing a front and bottom view of the

apparatus.

Figure B1 shows that thin polymeric films are well suited for use in this test
apparatus due to the negligible strains in the fixture during the test. It is shown that
samples with a lower elastic modulus tested at higher temperatures have an insignificant

effect on the fixture deformation while stiffer samples tested in cryogenic conditions lead
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to larger strains. Furthermore, based on the results obtained herein, the test fixture is
unlikely to experience yielding, and is thus, useful for repeated testing of polymer thin
films over the range of the temperature-stiffness highlighted in the figure. To be specific,
the tensile yield stress and the elastic modulus for 304 stainless steel are ~215 MPa and
~200 GPa, respectively. Simplified calculations using the Hooke’s law estimate that the
frame would yield at an axial strain of ~0.001. Upon examining Figure B1 it is observed
that the maximum strain developed in the frame (achieved at the extreme conditions of
T=-200 °C and E=25 GPa) is at least one order of magnitude lower than the yielding
threshold for the full temperature range (25 to -200 °C), ensuring that the frame remains

plastically undeformed, and thus, reusable for multiple tests.

Results for the axial strain subject to room temperature conditions with the
experimentally determined elastic modulus are also presented in Figure B1. Maximum
strains are developed at the grip and where the frame is fixed to the tensile tester. Frame
stresses are well below the yield stress of 304 stainless steel, as also discussed earlier. In
addition, the maximum frame strain (~0.0001) is orders of magnitude lower than the

sample strain (~0.1) in the axial direction at this time step.
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Appendix C
Rule of Mixtures Estimate of Elastic Modulus for Nanocomposite

The value of elastic modulus for the SiO2 nanoparticle reinforcement was
obtained from [207] and the experimentally measured elastic modulus for neat polyamide
was used for this calculation. The calculation in Appendix D was used to determine the

volume fractions of silica and polymer at the 6 wt. % concentration.

E. = Epn®y, + E;®f )
where:

E. = Elastic modulus of nanocomposite, MPa

Ep,, E; = Elastic moduli of matrix and filler, MPa

&y, , @ = Volume fractions of matrix and filler

The SiO2 elastic modulus = 57 GPa, the polyamide elastic modulus = 1839 MPa,

the volume fraction of SiO2 = 0.0268, and the volume fraction of polyamide = 0.9732.

E. = (1839 MPa)(0.9732) + (57,000 MPa)(0.0268)

E. =3317 MPa
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Appendix D
Estimating the Number and Interfacial Volume of Nanoparticles by Concentration
Converting weight fraction to volume fraction in the nanocomposite:
SiO; density = 2.648 g/cm?®, PA6 density = 1.14 g/cm3, Vimogel = 20 pm?®

B W sio, 0.06
Vr sio, = Psio
Wr sio, + (1 — Wrsi0,)

= 0.0268

2.648 g/cm?

%) 0.06+ (1 - 0.06)(W)

Ppra
Calculating the # of particles and interfacial volume:

V Si0, for 6 wt.% = (Vy si0,) Vinoder) = (0.0268)(2 x 10~1cm?)

=5.36 X 107 13cm3
V particle = %n(62.5 x 1077cm)? = 1.023 x 10~ 5cm?3 (Assumes 125 nm dia.)

5.36 X 10~ 3¢m3
1.023 X 10~ 15¢m3

# particles in 20pm3 = = 524 particles

Assuming a 40 nm interfacial region radial thickness:
4
Single particle + interface volume = §T[(102.5 x 1077cm)3 = 4.511 X 10~ >cm?3

Total particle + interface volume = (4.511 x 10" *cm3) x 524

= 236X 107 2cm3
Ratio to total model volume = 11.8 %

This calculation was then repeated for the 2 and 4 wt. % nanoparticle loadings.
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Appendix E
Calculation of Conductive Heat Loads on Cryogenic Dielectric Test Chamber

Equation 2 is used to determine conductive heat load, a function of cross-sectional
area, length, and material thermal conductivity, was calculated using Equation 2 for
various connections [169]. The integrals of thermal conductivity over the operational
temperature gradient of the environment test chamber were determined by plotting

experimental values from [73] and estimating the resulting area graphically.

T;

H—A k dt
Ly (3)

where:

H = conductive heat load (W)

A = cross sectional area of the conducting element, cm?
L = length of the conducting element, cm

k = thermal conductivity, W/cm K

T, = the colder temperature, K

T, = the warmer temperature, K

Heat load due to 3, 3.0 inch long x 1.0 inch diameter G10 fiberglass supports in warp

direction:

_ 5.06 cm? (300

0.0004x°5491 ¢
762cm ),y * *
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H = 1.127 W per support x3 =3.381W
Heat load due to 17, 24 inch long, 18 AWG copper wires:

_0.00813 cm? (300
~ 6096cm J,,

774.42x 1907 dx
H =0.201 W per wire X 17 =342 W

Heat load due to 2, 304 stainless steel bayonet connectors:

_ 6451 cm? 300

—_—_ — 2
= 1270 cm " 0.000002x* + 0.001x + 0.0024 dx

H = 11.37 W per bayonet connection X 4 = 4548 W
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Appendix F
Pressure Vessel Design Calculations

This calculation determined the hoop and longitudinal stresses in the chamber
wall, as well as the average shear stress along the gas tungsten arc welds (GTAW) for the

flat end plates, based on the dimensions in Figure F1.

Figure F1

Free-body Diagram of Pressure Vessel End Plate

7.9375 mm

Flat end plate — —

— 203.2 mm > |

12.7 mm

Chamber T

wall pipe
section
150 psi

Note. Cross section drawing of cryogenic pressure vessel endplate.

Calculating average shear stress, Taverage, alOng end plate weldment:

Endplate dia.= 203.2 mm, Endplate area = 0.324 m?
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Shear surface area of weld = 2w (Endplate radius)(Endplate thickness)

0.2032m
(222

(0.0127m) = 0.00811m?
Longitudinal F = P x A = (1034.21 kPA)(0.324 m?) = 335.08 kN
Faverage = Taverage X Shear surface area of weld
D Fy =0, P=Euerage =0
 335.08 kN — (Taverage(0.00811m?)) = 0

Taverage = 41.3 MPa

Circumferential (hoop) stress in wall:

Pxr (1034.21 kPa) C202 T
- - = 13.24 MP
% wall thickness 0.0079375m 3 @
Longitudinal stress in wall:
Pxr (1034.21 kPa)(m)
= = = 6.62 MP
%2 = 3(wall thickness) 2(0.0079375 m) @
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Appendix G
Calculating Breakdown Voltage of the Fluid Medium in Dielectric Tests

This calculation determined the breakdown voltages of ambient air (nitrogen) and
100 psi helium to justify the improved dielectric performance of the nanocomposite in the

helium tests. The data in Figure G1 was selected from [164].

Figure G1

Paschen’s Curve for Dielectric Breakdown of Nitrogen and Helium Gases

Paschen's Law Curves
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Assuming electrodes are spaced 1 cm apart:
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torr - cm pejium = 5171 torr (1 cm), torr * CM yjtrogen = 760 torr (1 cm)

Based on the best fit curves that were generated from [164]:
BDVyetium = 12.057(5171 torr - cm) + 455.56 = 62.35 kV

BDVyitrogen = 38.739(760 torr - cm) + 1333.3 = 30.77 kV
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