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Over the past decade "Additive Manufacturing" (AM) has seen an exponential increase in investment, infrastructure, services, and available materials. In the application of AM to aerospace vehicles, AM materials and processes have reached full technical maturity. Currently, AM produced items are utilized on commercial jet aircraft. The uses range from complex engine fuel nozzles to cabin interior structural assemblies. The benefits of AM parts are weight reduction, reduction of the number of components, and reduced manufacturing time. Conversely, in the application of AM to produce electrical components, the technical readiness level has remained relatively low. Magnetic and conductive elements have been successfully prototyped, but to obtain a "fully" AM manufactured machine or assembly, the printing of robust electrical insulation is critical. Despite the current state of technical maturity, aspirations for fully AM electrical components and complex assemblies are literally "sky high". The National Aeronautics and Space Administration has identified AM as a key enabler for lunar base development as well as manned missions to Mars. Ongoing AM research activities in space, aboard the International Space Station, have been focused on mechanical parts for "on-demand" spares to alleviate an expensive and slow resupply chain. For advanced aircraft propulsion, AM produced "electrical" components for high voltage cryogenically cooled inverters have been likewise structural in application.

The necessity for higher voltages on aircraft has two primary applications; either to enable improvements in conventional propulsion fuel efficiency, or to full "electrification" of the propulsion system. Propulsion system electrification can be a combination of all-electric or using high power density gas turbine systems to power an electric propulsion system. This Thesis focuses on two aspects of AM produced electrical insulation within the context of airborne applications: (1) methodology for assessment, and (2) utility of AM materials in aerospace electrical insulation applications. Three AM processes were examined; stereolithographic (SLA), selective laser sintering (SLS) and Fused Deposition Modeling (FDM). Conductivity, complex permittivity, volume partial discharge, and dielectric breakdown tests were performed on samples printed in different orientations. Dielectric characterization was performed over wide a range of frequencies (DC to 1 MHz) and temperatures (-65 o C to +200 o C; material permitting).

) and introduced the concept of "critical energy fluence" for the threshold characteristic of a material to facilitate the propagation of filament breakdown. This method offered a means of extrapolating test data to arbitrary thicknesses as well as perturbations in permittivity. Generally, the materials studied exhibited acceptable dielectric behavior apart from FDM which produced structures with extensive voids. An inadvertent "composite" dielectric structure was examined by virtue of the FDM printed materials were a matrix of Polyetherimide and air. The photopolymer (SLA) and thermoplastic polymer (SLS) offered poor dielectric performance above 80 o C corresponding to the softening temperatures of the materials. No clear advantages over existing insulation systems were evident, other than enabling complex multifunction designs (dielectric, structural and thermal). Dielectric strengths exceeding 30 kV/mm for a 1.0 mm thickness were exhibited in both SLA and SLS samples, with strength scaling laws explored over a range of thicknesses up to 5.0 mm. For orthogonal build orientations (XY-and YZ-build) no discernible anisotropic dielectric behavior was observed. In the FDM structures printed, the extensive internal voids did exhibit anisotropic behavior by the nature of void shape and orientation. As build, the FDM method is unusable in applications that have voltages that approach the Paschen minimum.
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Introduction 1.Background

Over the past decade "Additive Manufacturing" (AM) has seen an exponential increase in investment, infrastructure, services, and available materials. As the name implies, AM is a manufacturing process that produces parts or assemblies by the addition of one small volume of material at a time. Inherently, it produces less waste than "subtractive" manufacturing which has been in use for thousands of yearsfrom reducing a large block of titanium into a gas turbine compressor disc, or a sculptor reducing a block of marble into art. Such a capability is obviously appealing; offering the ability to construct any assembly that can be represented via a digital model, reduction of development cycle-times through digital validation and lack of tooling development, decentralize manufacturing, minimize on-hand material stocks, reduction of taxation for inventories of "finished" products, manufacturing "ondemand" and near "point-of-use". Hence the attraction and subsequent investment.

In 2019, it was estimated that the global investment in AM was over $15 B-USD with the amount expected to more than doubling by 2024 to $35.6 B-USD [1]. Of the 2019 effort, 59% was applied to manufacturing for either parts or prototyping, 24% was attributed to "hobbyists", and lastly 17% comprising of academic activities [2]. These activities were dominated by "mechanical" applications, and the application of homogeneous materials apart from the use of different colored materials. "Nonmechanical" (although everything has a mechanical aspect to it) applications include biological, medical, food, and lastly electrical. The aerospace industries utilization of AM lagged that of the automotive industry, at 4% compared to 5% [2]. It is a fair assessment that AM is fledging as a mainstream manufacturing technique, and that the application of AM to electrical power applications has only been at the experimental or exploratory level.

Arguably grandiose, it has been asserted that we are in the beginning of the "Fourth Industrial Revolution". In his book, "the Fourth Industrial Revolution", Klaus Schwab proposes that AM, the Internet-of-Things (IoT) with sensor technologies, Artificial Intelligence (AI), and nanotechnologies mark a bifurcation point for the next industrial revolution that will be transformative [3]. Perhaps not a "revolution" but an "evolution" of technology, the development of AM does offer new possibilities.

With the advent of the first three industrial revolutions, manufacturing has grown into "globalization"; a term first used in 1930. Communication and transportation have been the key enablers of globalization. [START_REF] Smil | Prime Movers of Globalization-The History and Impact of Diesel Engines and Gas Turbines[END_REF] detailed in "Prime Movers of Globalization", the development of the marine diesel engine and the aircraft gas turbine engine, relatively low-cost transportation of people, materials, and goods around the globe was enabled to flourish [4]. Hydrocarbon-based transportation and energy generation systems, currently account for nearly 50% of the energy demand. Specifically, 30% of world-wide hydrocarbon demand is to produce electrical power or thermal power, and 16% is attributed to all modes of mechanized transportation (2016 values, [START_REF] Lorenz | High Temperature Operation and Increased Cooling Capabilities of Switched Reluctance Machines using 3D Printed Ceramic Insulated Coils[END_REF]). A significant consequence of a hydrocarbon-based economy is the generation of carbon-dioxide and other pollutants. Less quantifiable impacts are to human health, where combustion of kerosene by jet aircraft or diesel in other vehicles generate "ultrafine" pollution particles that cause respiratory issues [6]. It is noteworthy that a keyand vital -objective of the "Fourth Industrial Revolution" will be the reduction of carbon emissions via shifting to non-hydrocarbon-based energy sources, renewable sources, high power density energy devices, as well as efficiency improvements to power conversion and propulsion.

An aerospace application of AM that has reached the highest level of "technical readiness", is the manufacturing of gas turbine propulsion engines. Specific applications are the fuel nozzle assemblies on CFM (a General Electric (GE) and SAFRAN partnership) Leading Edge Aviation Propulsion-1 (LEAP) engine used on the Airbus A320-NEO, Boeing 737-8 series, and COMAC C919 aircraft, and the GE-9X engines for the Boeing 777-X (-9, -10 aircraft). Fuel nozzles are particularly complex as machined parts, enabling the variable flow through channels of fuel to allow the optimization of "flame fronts" over a wide range of engine operating conditions, critical to engine fuel efficiency and hence the aircraft design. What had taken twenty separate parts to be manually assembled was replaced with a single finished assembly of lower weight [7]. This development spanned nearly 20 years; beginning in the early 1990's, GE supported Selective Laser Sintering (SLS) AM [8]. For the Boeing 777-8 and -9 aircraft, the GE has incorporated over 300 AM parts in the GE9X engine; the highest thrust gas turbine ever built [9]. Figure 1-1 is an illustration of the 28 AM SLS produced fuel nozzles significantly improving the specific fuel consumption (SPC) of the largest aircraft propulsion engine ever built. Figure 1-1 is an excerpt from GE brochure on Additive Manufactured parts used on the GE9X engine. The inserted image shows other sections of the engine produced by AM, which in addition to the fuel nozzle (a) includes cyclonic inducer (b), combustion mixer (c), Low-pressure turbine blades (d & g), heat-exchanger (e), and sensor housings (f) [10]. Other AM developments in aerospace are still in relatively preliminary stages of development; but are uniquely imaginative and ambitious. In 2010 the American National Aeronautics and Space Administration (NASA) was authorized to develop the capabilities to have manned missions to an asteroid by 2025, and to Mars in the 2030's [11]. Instrumental in NASA's plan is the utilization of the moon as a base, to include utilization of any lunar resources, and Additive Manufacturing. Converse to the enabling of global manufacturing due to relatively inexpensive transportation modes, placing objects in the Earth's orbit or beyond is extremely expensive. Hence, moving the "manufacturing facility" into space to utilize a common feed stock or materials already in space is a far less energy consuming solution. In 2017 NASA presented on overview of their AM work and how it is seen as an "enabler" for space exploration [12] (see Figure 1-2). Noteworthy in NASA's vision for AM being an enabler for reaching Mars, is the identification of a "Printable Electronics Demo". The broader AM applications are mechanical, from fabricating propulsion engines to buildings to house astronauts and launch facilities from lunar soil-based concrete, with robots depositing the concrete as a roving 3D printer head. As early as 2014 an 3D fused filament fabrication (FFF) printer was operated on the International Space Station (ISS), for an evaluation of AM in micro-gravity [13]. In 2016, stereolithography (SLA) produced parts included tools such as ratchet handles, sockets, clips [12]. Current activities include 3D printed Radio Frequency (RF) antenna assemblies, electronics packaging, and bio-printing. A key motivation for the ISS is to reduce the number of spare parts onboard or alleviate the need for replacement parts to be sent for unanticipated failures of planned maintenance. The "In-Space Manufacturing" (ISM) project is a multiyear development program fielding AM developed by NASA, the European Space Agency (ESA), and the Russian Space Agency (RSA) on the ISS and in "Martian simulated" environments [13,14,15].

In 2016 a "Roadmap Workshop on Measurement Science for Polymer-Based Additive Manufacturing" was hosted by the National Institute of Standards and Technology (NIST) [16]. The primary objective was to identify the challenges and areas warranting investigation for AM. In the field of Polymer Based (PB) AM material development, the following desired capabilities were identified:

Advanced Printing Capabilities Advanced printing capabilities:

▪ "True" 3D printing as opposed to layer-by-layer ▪ Print multimodal materials with defined gradients (e.g., transition from stiff to flexible material or low to high dielectric constant)

▪ Optimized toolpaths to minimize and/or take advantage of anisotropies in AM parts ▪ Arbitrary path, conformal printing in 3D rather than layer-by-layer Noteworthy in the application of AM to electrical insulation is the use of "multimodal" materials to define gradients of either mechanical or electrical characteristics. A fundamental question this Thesis will explore is if AM can enable the design and manufacturing of electrical graded insulations, with the option of enhanced mechanical and thermal properties. Also identified in this workshop was the need to obtain an "understanding interfacial science of AM polymers". The concern was identified as a "major barrier" to the development of AM products, with the lack of understanding of the impacts of interfaces possibly affecting mechanical, thermal, optical, and electrical performance.

A task element of NASA's Advanced Air Transport Technology Project is the development of megawatt (MW) class electric propulsion for lower carbon-emitting aircraft. A sub-task of this project is the development of cryogenically cooled MW-class electric propulsion systems; cooled either by liquified methane or liquid hydrogen [17]. While developing a 1 MW 900 V-RMS (line-to-neutral, ~1.5 kV-RMS line-to-line, with a 1.0 kV DC bus input) 3 kHz motor inverter prototype, the Author participated in the electrical design of a cryogenically cooled inverter choke for electrical filtering. An AM process was selected to produce a complex assembly, enabling the internal flow of liquid nitrogen (at 77K) and external high current windings for filtering the inverter output. The material selected was an aerospace material (e.g., with self-extinguishing, low toxicity, low smoke properties) certified in aircraft cabin interiors for brackets and formerly modeled parts. While evaluating the dielectric strength of the AM printed thermoplastic, which "normally" is used in molded forms with adequate electrical dielectric properties, performed very poorly. Bulk breakdown occurred during the first second of ASTM D149 dielectric strength testing [18]. In subsequent testing, after exonerating the test equipment, breakdown occurred as low as 500 VDC, and surface tracking of over 3 cm was observed during creepage stress "endurance" testing. Wholly inadequate performance for an application exceeding 900 V-RMS (line-to-neutral, within the choke assembly).

Open questions related to AM electrical insulation:

▪ Are AM produced electrical insulators inherently "flawed" from a dielectric perspective?

▪ Are AM produced dielectrics isotropic or anisotropic in either permittivity or conductivity?

▪ Material voids in printing-in "high fill" AM builds, are voids still prevalent that could result in lower breakdown strengths or partial discharges when used at high potentials?

▪ Do AM insulators suffer from inner facial defects or charge accumulation that will affect the intrinsic strength of the material?

▪ Can composite dielectrics form space charge accumulation at interfacial joints, and are they depended upon layer printing?

▪ Is a mesoscale print volume small enough to improve dielectric strength or decrease it? Macroscale inclusions tend to diminish bulk dielectric strength of a material, whereas nanoscale particles can improve the dielectric strength.

▪ Can AM offer improved electric field grading enabling high power density electrical designs?

▪ What is the theoretical limit for an ideal composite dielectric, given AM can generate 3D spatial controlled structures?

This Thesis explores some of these questions, within the context of an aerospace environment.

Predominately for mechanical applications or for prototyping, the electrical characteristics and performance of AM items is lacking. At best, a supplier of a printer and its associated materials for printing, might have provided dielectric strength tests in accordance with ASTM D149. And if this information is provided, the applicable thickness at the strength level has been omitted rendering its use for design nearly useless. Life testing under electrical or thermal stresses have not been performed to date. Such efforts typically span between 6 months for accelerated testing to nearly 2 years for more representative data, following practices in the high voltage cable insulation industry. This Thesis examines the beginning of life electrical characteristics, and life and aging issues will be mentioned but not supported by experimental data. 

State-of-the-Art

Additive Manufacturing Technical Readiness Level Assessment

As seen in the previous section, the expansion in the taxonomy of AM reflects the rapid growth in AM methods and technology. Although this is an indication of the effort applied behind AM to develop new tools and methods, the subsequent technical maturity isn't readily apparent. In this section we will attempt to assess the 'technical maturity" in the field of AM electrical insulation. First a review of what "technical Readiness" means, and then a method of analyzing publicly available information to assess technical readiness will be applied. Appendix B (Technical Maturity Analysis of AM Electrical Insulation using Bibliometrics) details this analysis, which will be summarized here.

In 1974 NASA conceived of a technology maturity development process to evaluate readiness for flight on the Jupiter Orbiter program, and by 1984 defined the criterion establishing readiness levels to evaluate readiness for flight. The evaluation methodology was deemed "technology Readiness Assessment" (TRA), and a scalar attribute assigned from the evaluation was termed "technology Readiness Level" (TRL). Today, TRL is a valuable tool in the management of technology development, establishing thresholds for research, demonstrations, and ultimately "fielding" of technology into products such as flight vehicles. These levels are given in Table 1-1 [20]. System prototype demonstration in a space environment 8

Actual system completed and "flight qualified" through test and demonstration (ground or flight) 9

Actual system "flight proven" through successful mission operations

The aerospace industry commonly has adopted the NASA system for classifications of Technical Readiness Level (TRL), with Boeing aligning its internal TRL classifications to the NASA definitions as late as 2018. The evaluation of TRL of a specific technology from an external, public-domain, perspective is not always accurate. Often, due to proprietary restrictions to protect intellectual property or to maintain a "competitive edge", internalbe it industrial, government or academic-development programs are unknown to the outside observer of a given technology. Not until approval by regulatory entity is sought, or a "Press release" is made that there is external visibility. Hence estimating TRL by public domain source analysis has some risk of error for rather narrow subjects; but for fundamental technological development it is one of the few options and is useful if there is a broad level of effort applied by a range of entities as is the case with AM.

In a 2018 paper, René Lezama-Nicolás et al. detailed an analytical approach for the quantification of maturity-or "readiness" [21]. Termed a "Bibliometric Method for Assessing Technological Maturity"

(BIMATEM), it was defined in a general sense consolidating several other modeling approaches for the development of technology as reflected in "white papers" (e.g., scientific or engineering papers, presentations, conference displays, etc.), patent applications and awards, and "News Records". As shown in Figure 1-3, the TRL assessment has been subdivided into the following categories to be assessed; technical-content (technical papers, presentations, conference-posters, etc.), press articles and news releases, EU and US patent applications and awards (i.e., granted patents). In examining Figure 1-3, the real shape of the various bibliometrics is far easier to establish after a technology has matured. Figures 1234and -5 contrast the quantity of papers per year, for items published under the IEEE for three selected AM methods (SLA, SLS and FDM), and those specifically addressing the application to electrical dielectric or insulation. Roughly 20% of the content was of dielectric/insulative nature, with 80% of those items applied to Radio Frequency (RF) technology. For comparison (to be on the same scale), Figure 1 The assessed level of maturity for the application of AM to electrical insulation, both for aerospace and other applications, is TRL 2. A detailed analysis with rational is provided in Appendix B.

Additive Manufacturing Applied to Electrical Devices

As applied to electrical equipment and devices, AM is still at a low level of technical readiness. Significant work has been applied to the area of printable electronics, and in printable dielectrics and conductors for microwave and RF applications. With respect to electrical machines, printing of conductors and magnetics, thermal and mechanical aspects have been the focus [22 -26]. Critical to the operation of any electric equipment is electrical insulation-in this regard the research activities have been largely rudimentary and exploratoryas this effort is as well [27 -33].

Figures 1-6 and -7 provide some examples being investigated for Printed Wiring Board (PWB) style electrical machines that can be produced with AM technology [START_REF] Halbig | Additive Manufacturing Technologies for Aerospace Applications[END_REF]. Coreless stator windings printed in silver traces, with a dielectric layer added in green are shown. Information regarding the material and performance of the dielectric stages, or other "design" information for strength, permittivity, life, etc., is not currently available. With respect to PWB applications, it is interesting to note that a working group established to develop a process guideline for AM built electronics has been placed on hold due to a lack of industry support/interest. In 2016 the 3D Printed Electronics Processes Task Group (D-66a) was established and had the intention of developing IPC-7991 "Process Guideline for 3D Printed Electronics". However, there was a lack of industry interest and support for this work group so as of 2020 no progress has been made [START_REF] Severns | D[END_REF]. An application of significant interest is the AM printing of electrical circuitry on fabrics, referred to as "E-textiles" which are projected to be a multi-billion USD industry over the next decade [START_REF] Bolding | Recent Developments in IPC Printed Electronics & Etextile Standards[END_REF][START_REF] Tan | 3D printed electronics: processes, materials and future trends[END_REF]. Note most of these efforts appear to support low voltage (< 30 Volts). The NASA multimegawatt motor drive where an AM build cryogenically cooled inverter choke is the exception (900 V-RMS, LN) [START_REF] Wang | MW-Class Cryogenically-Cooled Inverter for Electric-Aircraft Applications[END_REF].

Composite Dielectric Technology for Electrical Insulation

Composite dielectrics are structures containing two or more materials of different properties.

Composite dielectrics typically have lower dielectric strength than a homogeneous dielectric used as an electrical insulator. A common example of composite dielectrics are PWBs. PWBs have a woven Eglass layer, preferable two or more in power applications, which is encased in an epoxy resin between "core" board sections. The motivation of using E-glass is high tensile strength yet flexibility of the woven structure. An intriguing application of multi-material AM printing would be the ability to place dissimilar permittivity and/or conductivity materials precisely within a composite dielectric. This would enable either AC or DC-field distributions within a material to either reduce internal stresses or reduce the surface field. "Field grading" is typically achieved in machine windings by layering tapes of different properties; or as semiconductive coatings [START_REF] Stone | Electrical Insulation for Rotating Machines: Design, Evaluation, Aging, Testing and Repair[END_REF]. In bushings or cable terminations, conductive layers of materials between insulative material (low conductivity by definition) to shape the field gradient and reduce localized electric field stress. Wideband graded permittivity surfaces have already been demonstrated using FDM AM, "tuned" for a desired wavelength [START_REF] Larimore | space filling curves for additive manufacturing of spatially graded dielectric structures[END_REF].

In the field of Polymer Matrix Composites dielectrics, particularly for electrical power and electronics applications (< 1 MHz), there has been sporadic work since 2010. Li (2021) demonstrated an SLA based method that could adjust the permittivity between a lower resin relative permittivity of 3.65 to over 10 while printing a slurry with BaTiO3 microsphere fillers [START_REF] Li | Additive Manufacturing of Polymer-Matrix Composite Dielectric Materials Using Stereolithography Technique[END_REF]. But did not offer a method for spatially placing a desired permittivity within a printed matrix. Similarly, method for using dielectric constant graded filaments for AM printing of electrical insulators has been proposed for such methods as FDM (Patent CN114147934A [42]). The grading location of the filament would have to be coordinated with the desired region of the solid composite being fabricated for a desired grading or other application.

Motivation

Utility of Additive Manufacturing

AM offers unique manufacturing capabilities that molded or Numerically Controlled (NC) machined methods do not. As identified by Gibson (2021) [START_REF] Gibson | Additive Manufacturing Technologies[END_REF], a key benefit of layer-based AM is the enabling of complexity. "Complexity" has several forms:

▪ Shape Complexity-the limitations in the geometric complexity of an item are (1) volumetric print resolution, and (2) limitation of "self-supporting" features. This enables the realization of complex structures, such as coolant flow channels within an insulative structure or surface features to improve creepage performance.

▪ Hierarchical complexity-akin to a fractal structure where it is constructed of the same geometry at a small scale. Contemplating a bi-material composite structure of dissimilar permittivity and/or conductivity, complex gradients can be designed then replicated within a geometry with relative ease. ▪ Functional complexity-functional devices can be produced in one build.

▪ Material complexity-as AM matures with Multi-Material (MM) or with graded materials, a single assembly can be printed as a combination of materials.

The freedom to increase part complexity enables greater optimization, without the burden of manufacturing complexity. Manufacturing complexity very often results in greater cost in tooling, methods, and labor.

Another motivation for AM over traditional methods, is the localization of manufacturing. To help illustrate the benefits of this, we can take the example of an aircraft electrical generator. Due to a combination of factors (e.g., capabilities, labor costs, tax-benefits by local jurisdictions to attract jobs, etc.), the world's largest manufacture of aircraft generators (Collins Aerospace) does subassembly manufacturing in multiple locations. Castings are performed in California, NC-machining is performed in Singapore, magnetics and internal machine assembly including wiring is performed in Puerto Rico, and final assembly and acceptance testing is performed in Illinois. Tracking the generator housing (the external case of the generator), this part alone travels 37,000 km if going to Boeing (Seattle) or 42,000 km if going to Airbus (Toulouse). Shifting some or all this manufacturing to a single location would reduce flow times as well as carbon emissions from transportation (roughly over a ton of CO2 per generator).

Enabler for Higher Power Density Electrical Power Systems

The role of the electrical power system as a "secondary", meaning non-propulsive, system has traditionally been to enable a convenient and controllable means of power transmission. Most of the electrical power on an aircraft ends up as low quality (e.g., low enthalpy) waste heat. Fans, pumps, actuators are the few devices that produce useful work. Radars, transmitters, and lighting generate photons off various energy levels-but typically at a low (<20%) efficiency.

Phases of air vehicle electrification:

Phase I: Minimalistic: Electrically powered devices not practical powered by other means, such as engine (spark) ignition, lighting, and radios.

Phase II: Utilization: Evolution of more functions utilizing electricity, increasing in the percentage of non-propulsive power. The transition has been from mechanically driven flight surfaces, doors, landing gears, engine starting, de-icing/anti-icing, reduction in pneumatic and hydraulic subsystems.

Phase III: Propulsion Enhancing: Electrification of non-propulsive functions, enabling the design of the engine to be more efficient. Specific examples are the "bleed-less" designs, or power extraction can be controlled from different turbine sections to optimize performance.

Phase IV: Electric Propulsion: electric driven propulsion or electrically augmented to enable a smaller propulsion engine to be utilized.

It must be remarked that Phase IV came before the three other phases. In 1883, Albert and Gaston Tissandier (France) added a battery powered electric motor to an airship to achieve the first "all electric" flight [START_REF] Swopes | This Day in Aviation-8 October 1883[END_REF]. Twenty years later (1903), the Wright brothers" heavier than air aircraft using a gasoline engine. While the Tissandier brothers were able to utilize a recently developed Siemens direct-current tram motor, the Wright brothers expended years of development for their light-weight aluminum block engine which was started by an external battery which was detached before flight [START_REF]The Write Brothers-Inventing A Flying Machine[END_REF]. A small magneto (i.e., permanent magnet generator) then provided a voltage source to support relatively low voltage "make-break" spark ignition. This illustrates the criticality of weight on aircraft from its earliest day; the first electrical "system" was a spinning magnet, stator coils, wiring and engine cylinder installed switches for commutation produced arcs.

In the United States, the development of the Liberty aircraft family of engines for mass-production during the First World War (1917) laid the foundation for the growth of the electrical systems on aircraft. Due to a lack of a suitable supply of engine magnetos, the engine designers required that the aircraft provide 6 -8 VDC (via a battery) [START_REF] Matson | Aircraft Electrical Engineering[END_REF]. This "first step" established what would be a growing utilization of electrical power, leading to a slow transition from Phase I to Phase II. By the 1930's, aircraft technology had matured to the point that reliable, and potentially profitable, commercial air services began on a wide scale (after the Depression). The first "modern airliners", the Boeing 247 (1932), Douglas DC-2 (1934) and DC-3 (1935) for instance, had 12 VDC systems powering utilization equipment for instrumentation, lighting (external, maintenance, interior, etc.), radios, motors, audible alarms, and heaters [START_REF] Whitford | Evolution of the Airliner[END_REF]. In Europe at this time, aircraft manufactures had implemented 24 -28 VDC systems (e.g., Junkers Ju 90), and by 1938 the United States the Army Air Corps (USAAC, later become the United States Air Force) specified 24 VDC systems for new aircraft [START_REF] Matson | Aircraft Electrical Engineering[END_REF]. This voltage was selected due to increased utilization equipment and larger aircraft, and that two 12 Volt batteries could be placed in series. It should be noted that by 1934 developmental efforts for single-phase 120 VAC 800 Hz and three-phase 115 VAC 400 Hz electrical power systems for "large" aircraft were underway by the USAAC. These systems flew on the Boeing XB- 15 (1937) and Douglas XB-19 (1941) respectively, setting the stage for long range aircraft system development during the Second World War.

The evolution and expansion of the proportion of electrical utilization equipment has been termed "more -electric"; and has been used as early as the 1940's to refer to the "electrification" of previously pneumatic, hydraulic, or even manual powered devices. The German fighter aircraft Focke-Wulf Fw190 was deemed a "more electric" aircraft with electrical stabilizer trim, electric landing gear retraction, and various "electrification" of controls [START_REF][END_REF][START_REF]Ta152 H-0 un H-1 Vorläufiges Flugzeug-Handbuch, Elekktrisches Bordnetz Beschreibung[END_REF][START_REF] Piccirillo | Electric Aircraft[END_REF]. Concurrently, the American long-range bomber Boeing B-29 was deemed the "more electric" aircraft with electrified and electrically controlled gun turrets, landing gear, bomb bays doors, electric driven hydraulic pumps, autopilot-controlled flight surfaces, engine pressurization ("superchargers"), etc. [START_REF] Collison | The Superfortress is Born-The Story of the Boeing B-29[END_REF]. Weight or initial cost were not necessary the primary motivation for the "electrification" of various aircraft; ease of installation, common components (e.g., wiring, connectors, interconnections, etc.), reduction of maintenance costs, are reasons for changing from mechanically, pneumatic, or hydraulic forms of power. In the case of the B-29, electrical wiring survived "battle damage" far better than hydraulic or mechanical systems and was a major motivation for electrification. The next long range strategic bomber program that would enable flying across the Pacific without refueling was the Convair B-36 "Peacemaker", which flew in 1946. It was the first production aircraft to utilize 115 VAC, 400 Hz electrical system which is the predominate system used today. The original trade study establishing 115 VAC 400 Hz systems was performed in 1935, and then repeated in 1942 for developing the B-36. Of the many benefits of alternating current systems (e.g., smaller switchgear, use of induction motors, improved paralleling/load sharing) was the avoidance of brush wear issues at high altitudes for direct current generators and motors.

Although all non-propulsive or electrical system controls and losses, can be considered "utilization", the distinction between Phase II and III is that electrification of the respective systems was specifically done for engine performance improvements. Arguably, the best current example of Phase III is the Boeing 787 where to improve the specific-fuel consumption of the engines, pneumatic power or "bleed air" was vastly reduced. Bleed air is air that is taking from a later stage in the engine compressor. It is normally used for wing anti-icing and cabin environmental control. The work done on air flowing through the compressor is done by the engines power turbine stage, where another power turbine segmenton a separate, slower rotating shaft -drives the main fan. Comprising of 232 o C (450 o F) air, it is channeled through a system of tubing along the wing and into the center fuselage on modern commercial aircrafts. The pneumatic air system is bidirectional, in that another source can be used to start an engine pneumatically. The cabin pressurization system is rather inefficient since 232 o C air cannot flow directly into the cabin (for obvious reasons!), and enthalpy must be extracted from this air and what is not used for pressurization is rejected overboard. The advantage of this system is higher power density. Replacing this system with an electrical one is counter intuitive. The electrical "replacement" consists of increasing the size of the engine driven generators, increased feeder sizing, rectification to convert the AC to DC, then using motor inverters to convert DC to AC, to drive and control electric compressors. But as just described, the improvement in engine performance and resultant "specific fuel consumption" (SFC) was the driving motivation on the B787 program.

The rationale for Phase IV (electric propulsion) will be presented in the following sections. As mentioned, out of what was available at the timea direct current electric motor of a useful power level and the ability to build a suitable battery-the first non-steam powered flight was in 1883. In a 1944 paper, Godsey laid out the rational for a 400 -500 Hz, 1 kVAC, gas-turbine prime mover-based induction motor propulsion system aircraft [START_REF] Godsey | Aircraft Electrical Horizons[END_REF]. This is remarkably similar what is being developed by a multitude of companies and government funded projects today.

Enabler for More Energy Efficient Air Vehicles

Rationale for electric propulsion-Phase IV

Over the past 65 years, the "efficiency" of subsonic civilian airliner propulsion has increased by 70% (see Figure 1.3-1). Although "efficiency" is simply the ratio of power out to input power, the ability to translate that to fuel consumed per payload and distance is rather complex and vehicle dependent. Propulsion technology is typically assessed by specific fuel consumption (SFC). SFC is the amount of fuel required to produce a unit of thrust per hour of flight (e.g., lbm/h•lbf). Fuel "efficiency" is therefore inversely proportional to SFC. Ignoring the role of vehicle aerodynamics and weight, the evolution of lower SFC have come about from mechanical and propulsion efficiency improvements. Mechanically, the conversion of fuel energy to mechanical work is a combination of the thermal cycle (Bryton) and then minimization of various losses from compressor and power turbine blade design, compression ratio, fuel nozzle and flame shape, flame cooling, etc. Propulsion efficiency is improved by moving as much air near the flight speed of the aircraft. Hence, the by-pass ratio (BPR) of air moved by not supplied as combustion air to the mechanical aspect of the engine is critical to overall efficiency. Equation (1) shows the proportionality of SPC to BPR for a turbofan engine.

𝑆𝐹𝐶 𝛼√

1 1 + 𝐵𝑃𝑅 (1) 
In Figure 1-8 the historical evolution in mechanical and propulsion efficiency is shown. Stemming from the initial development of the jet engine in the late 1930's and 1940's, the first jet aircraft were rather inefficient turbojets. By 1960, civil aircraft propulsion technology shifted exclusively to turbofans enabling a higher BPR. In today's turbojets, there is a limitation in the realizable size of the fan diameter (and several other factors) to enable ultra-high BPR. It is the overall efficiency that is reflected in lower SFC, for the operation of a given aircraft. Note that "high" BPR is defined as 5 or greater. "Ultra-High" BPR is defined as 13 or greater.

The projection of future efficiencies is rather complicated due to the coupling of turbomachinery and aerodynamics. The benefits of "electrification" are often not obvious, since as viewed from mechanical efficiency, a turbine shaft driving a large fan stage is replaced with a generator, power feeders, interconnections, and motors. Often, electrical propulsion designs incorporate power electronics for driving the propulsion motor. Hence, taking a "shaft power transmission" system of over 99% mechanical efficiency and replacing it with an electrical power train of between 70% to 85% (roughly), does not have the appearance of being an improvement. However, electrification of some or all the propulsion power can have the following benefits on overall efficiency:

(1) Ability of controlling spool power: Taking a "two-spool" (a turbomachine with two shafts and two sets of power turbine sections; machines can have more than two shafts as well) engine as an example, electrical machinery on each spool can be used to either add power (motor) to the spool or extract power (generator). Enables propulsion turbine to operate over a greater speed range, such that compressor stall can be adverted while reducing low-speed spool speed during descent. Such an approach has the potential of enabling more optimum thermodynamic performance of the engine.

(2) High power density and speed turbomachinery: Using a turbomachine to exclusively drive an electrical generator enables the machine to rotate at high speeds that either approach the local speed of sound or mechanical strain limits of the materials used. This results in a higher power density machine that might off-set a lower speed machines mass and volume. The large diameter fan (driven by the "low speed spool") tip speed is no longer the design constraint.

(3) Increased effective by-pass ratio: Electrification of the propulsion fans enables a distributed scheme of fans, with collectively an exceedingly high ratio of air being moved than through the turbomachinery prime mover. Moving more air slower, but above the flight speed, approaches maximum propulsion efficiency.

(4) Enable all electric vehicles: Electrification of the propulsion system enables a battery on or augmented system. This has some adverse vehicle design impacts due to the relatively low energy density of current battery or fuel cell technology relative to liquid fuels. The "efficiency" of a system depends on the technology for energy storage or conversion used.

Ignoring the electrical power source sued to charge the batteries or generate hydrogen, etc.

But as evident in Figure 1-8, the dramatic improvement in the fuel efficiency, and hence reduced carbon emissions, of civil aircraft is a daunting challenge [START_REF] Severns | Prime Movers in Air Vehicle Electrification: Trajectories of Technology[END_REF]. Seventy years to improve by 70% has been a long technical journey. But incremental improvement has been largely economically driven-balanced between the cost/benefits of new technology and hydrocarbon fuel prices. As fuel has become the leading component of airline costs, airframers have gone to expensive lengths to develop a more efficient aircraft. Composite structures (B787, A350), high performance composite wings (B787 and B777-X), and high BPR engines (A320-neo and on). As of 2019, passenger aircraft of 100 seats and more, accounted for 90% of all civil aircraft CO2 emissions [START_REF]Energy Systems to Reduce Commercial Aviation Carbon Emissions[END_REF]. Hence, a dramatic departure from the traditional approach is warranted if aircraft emissions are going to be sizably reduced. 

Higher voltages as an enabler for electric propulsion

Traditionally, aircraft electrical power system voltages have been nearly static. Since the advent of 28 VDC electrical system on commercial aircraft in the 1930's, and three-phase 115 VAC 400Hz in the 1950's, standard voltages have not changed for the most part. "Double-voltage" 230/400 VAC 400 Hz systems have been used on military platforms since the 1960's, but only recently with the Boeing 787 and Airbus A350 have increased the primary system voltage to this level. Both of those airliners have significant sections of their power systems at 28 VDC and 115/200 VAC for "legacy" Line Replaceable Unit (LRU) equipment-as well as for compatibility with Ground Support Equipment (GSE).

Recently the Society of Automotive Engineers SAE, which includes aerospace as well, defined voltage levels for high-voltage aircraft systems (AIR7502 [START_REF]Aircraft Electrical Voltage Level Definitions[END_REF]) up to and excess of 3.6 kVAC (5.1 kVDC). Taking a 2/O AWG copper wire as an example, if designed to AS50881 [START_REF] Sae As | Aerospace Vehicle Wiring[END_REF] for both thermally and PD free (unshielded) considerations we can see the effect of power transmission as a function of voltage in Figure 123456789. The copper mass remains constant for the stated 2/O AWG conductor, however, to avoid surface partial discharges at altitude, the insulation mass grows with the square of the voltage. 

Additive Manufacturing enabling higher voltages

As clear in Figure 1-9, the power density benefits of higher voltages obviously grow with the power transfer demand of the application. Furthermore, the "unscreened" designs necessitate large insulation thicknessesto avoid surface PD at air densities-that adversely affect the volumetric and weight densities. For strictly aircraft, HV power transmission wiring, a "screened" design is the sensible approach-as proposed in 1969 for a 7 kV cable and recently in a 2019 EU development effort of a 5 kV cable design [START_REF] Bunker | High-Voltage Packaging Investigations in the Advanced Technology Group[END_REF][START_REF] Hivacs | Development of AC cabling technologies for >1kV aerospace applications[END_REF]. However, not all aspects of an installation allow for screening. Interconnections, busbars, machine windings, etc. offer discontinuities or complex geometries that are a particular challenge to be PD free. AM, and in particular Multi-Material (MM)-AM, perhaps offer a solution to enable high power density (volumetric and mass) designs. Such envisioned examples are:

• Electric field grading.

• Tuned impedance and time constants.

• Multifunctional structures.

In addition to localized stress reduction for improved insulation life, field grading of complex geometries and at discontinuities (e.g., wire terminations, interconnections, etc.), enables a minimization in insulation volume. In aerospace designs, low air pressure and higher temperature lower the Partial Discharge (PD) inception point. Unlike many HV terrestrially designs that are designed with constant PD exposure, PD in aerospace applications is not desirable. Typical design service temperatures of insulation are between 150 o C and 260 o C -although in actual use the temperatures are well below this. Hence the "high temperature" insulation material used tends to suffer significant life reduction when exposed to PD [START_REF]Impact of High Voltage on Wiring[END_REF]. Additionally, PD generates Radiofrequency (RF) interference, audio noise and corrosives such as nitric acid. Field grading for stress alleviation in power electronics devices has been examined using electrophoretic migration of high-permittivity nanoparticles [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF][START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 2: Permittivity Gradient in Non-Uniform Electric Field[END_REF][START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 3: Application to Power Electronics Modules Encapsulation[END_REF]. The proposal for MM-AM designs would be a macro-particle sized approach. SLA functional graded material (FGM) has recently been examined as has graded conductive Fused Deposition Modeling (FDM) printing [START_REF] Liu | simulation design and 3D-printing fabrication of conductivity graded insulator[END_REF].

Concurrent to the consideration for field grading designs is the consideration of "transmission line effects" of the adjoined system and any discontinuities [22,[START_REF] Blake | Improvements in Stress Control Materials[END_REF][START_REF] Rivenc | Suitable properties of stress grading materials[END_REF]. MM-AM could offer a means of enabling insulations designs with spatial varying permittivity and conductivity. With the desire to reduce switching losses and reduce the weight of motor drives for aircraft propulsion, extremely fast switching times available are problematic for insulation life and the generation of PD. Akin to the discoveries of insulation life issues with Pulse Width Modulated (PWM) motor inverters in the 1990's, this field is still a challenge to which MM-AM insulation might enable mitigation [START_REF] Persson | Transient effects in application of PWM inverters to induction motors[END_REF][START_REF] Kaufhold | Failure mechanism of the interturn insulation of low voltage electric machines fed by pulse controlled inverters[END_REF]. Tuned power transmission lines were originally proposed by Skilling in 1927; "tuned" by system frequency not variations in line impedance for short lines [START_REF] Skilling | Tuned Power Lines[END_REF][START_REF] Skilling | Tuned Power Lines[END_REF]. Work on MM-AM dielectrics for the purposes of grading is extremely limited, although at rather thorough review of the literature was conducted and summarized in 2017 [START_REF] Wang | 3D printing of polymer matrix composites: A review and prospective[END_REF]. A section of this work insightfully discussed AM fabricated polymer matrix composite dielectrics, with the observation that "… the flexibility of 3D printing technology, the principal components of the effective permittivity tensor can be tuned by adjusting the dimensional patterning…" Ayat examined MM-AM to enable low loss and lower temperature machine design through optimized winding shapes; but with a homogeneous ceramic insulator AM material [START_REF] Ayat | Design of Shaped-Profile Electrical Machine Windings for Multi-Material Additive Manufacture[END_REF].

Chinese patent CN114147934A ("Dielectric functional gradient 3D printing wire manufacturing device and method", previously mentioned) is an example of using filaments of differing or of varying permittivities to construct AM graded dielectric composite structures.

"Multifunctional" applications are those that integrate various functions into one AM structure. Functionality can be dielectric, thermal, and mechanical. An example of this was motor inverter output choke that integrated structural support for the magnetic windings, electrical isolation, and thermal cooling. Figure 1-10 illustrates such a design for a NASA prototype 1 MW, 1 kV 1 kHz inverter choke that was cryogenically cooled with LN2 and enabled liquid and gaseous phases of Nitrogen to be used [START_REF] Cheetham | Exploration of Additive Manufacturing for HTS Cable Components for Electric Aircrafts[END_REF][START_REF] Wang | MW-Class Cryogenically-Cooled Inverter for Electric-Aircraft Applications[END_REF]. The FDM ULTEM 9085 assembly enabled installation of wiring and ferrite cores, electrical insulation, and internal flow channels of liquid nitrogen [START_REF]Annual Review (Presentation)[END_REF]. In the initial design and material selection, the dielectric properties were not a consideration nor a concern. Subsequent testing revealed "semiconductive" properties of the material that was likely due to a carbon-fill for structural stiffness. An insulative material was used in that application, with adequate dielectric, thermal and mechanical strength (pressurized with LN2).

An initial examination of AM (SLA) dielectrics began in 2003 with SLA materials [START_REF] Peterkin | High voltage breakdown strength of rapid prototype materials[END_REF]. In this work, various SLA samples exhibited around 50 kV/mm (1 mm thickness) which was deemed of not particular interesting since other materials exhibited breakdown strengths two to three times this level. However, for reasons cited earlier AM warrants further development for electrical insulation systems, not as a dielectrically superior material or method, but as an enabler of optimization. 

Electrical Insulation Concerns

As one visualizes the printing of a structure using AM, it is easy to see the potential risks for a structure that will be exposed to a high voltage potential. As a small volume of material is either cross-linked via ultraviolet light (e.g., stereolithography), melted, sintered, deposited (e.g., fused deposition, directedenergy deposition (DED)), or otherwise fused, potentially interfacial boundaries might be developed, if not on adjacently deposited volumes, but either row to row or layer to layer.

In purely mechanical applications, in the case of an AM produced stainless-steel, the mechanical anisotropic behavior of this method has been examined and quantified. In printed metals, the following NIST [START_REF] Weaver | Understanding Anisotropic Tensile Properties of Laser Powder Bed Fusion Additive Metals: A Detailed Review of Select Examples[END_REF] summary offers a sensible explanation:

There are several physical reasons for anisotropic mechanical properties in additively manufactured metals. These include but are not limited to directionally dependent grain and phase morphology; crystallographic texture; directional porosity/defects; and heterogeneity associated with the melt pool, layer-wise microstructure. All of these are prevalent in most additive manufacturing processes, and it is difficult to separate out the role that each play in the mechanical anisotropy. [START_REF]Standard Guide For Nondestructive Examination Of Metal Additively Manufactured Aerospace Parts After Build[END_REF]. An examination of metallic AM structures using neutron spectroscopy identified that, as layers were being added, inherent residual stresses cause warping and distortions that lead to geometrical differences between the final part and the original computer-generated design [START_REF] Prater | Neutron Characterization for Additive Manufacturing, Advanced Materials and Processes[END_REF]. This effect also limits geometries that can be fabricated using AM, such as thin-walled, high-aspect-ratio, and overhanging structures. Residual stresses can also impact component performance during operation. For example, in a thermally cycled environment such as a high-pressure turbine engine, residual stresses can cause components to distort unpredictably. Different thermal treatments on as-fabricated AM components have been used to minimize residual stress, but components still retain a nonhomogeneous stress state and/or demonstrate a relaxation-derived geometric distortion. In the development of producible and repeatable parts, the process is likely "Edisonian" in nature (i.e., "trial and error"). For polymer AM built structures, such as shown in Figure 1-12 for SLS Nylon-12, inhomogeneous structures have an unknown effect [START_REF] Zarringhalam | Effects of processing on microstructure and properties of SLS Nylon 12[END_REF]. Interfacial polarization, short term dielectric strength as well as aging are all curiosities upon inspection of this figure. Such structures are consequence of the printing technology and methodology-all of which are evolving. What might be quite satisfactory from a mechanical perspective, might result in unacceptable dielectric performance under electrical or other stresses. The research into these issues has been quite limited.

Gibson (2021) described the difference between "traditionally" manufactured parts and AM ones succinctly as, Some AM processes inherently create parts with small voids trapped inside them, which could be the source for part failure under mechanical stress. In addition, some processes may cause the material to degrade during build or for materials not to bond, link, or crystallize in an optimum way. In almost every case, the properties are anisotropic (different properties in different directions). For most metal AM processes, rapid cooling results in different microstructures than those from conventional manufacturing. As a result, AM-produced parts behave differently than parts made using a more conventional manufacturing approach. [START_REF] Gibson | Additive Manufacturing Technologies[END_REF] Hence the evaluation of anisotropic behavior, and if voids truly are a concern are to be evaluated in this Thesis. The prevalence of voids, as will be discussed, would be evident in Partial Discharge (PD) testing and "poor" dielectric strength of the printed materials. 

Research Objectives

Assess the suitability of AM dielectrics for aerospace electrical insulation applications.

▪ Assess the dielectric "performance" of different printing methods.

▪ Develop a recommended approach for assessing AM printed dielectrics.

▪ Compare dielectric characteristics to existing models to include mechanisms for dielectric breakdown and performance as a function of thickness.

▪ Evaluate dielectric performance relative to aerospace requirements for equipment and Electrical Wiring and Interconnection Systems (EWIS) components. Tables 2-1 through -3 enumerate the specific tests associated with the electrical, environmental, and thermal groups [START_REF] Sae As ; F | Test Methods for Insulated Electric Wire[END_REF]. These tests are performed on the "finished" wire, which constitute the insulation and conductor. The development work by the various wire manufactures and dielectric material procedures is not represented here. The intent here is to provide sufficient background as to the scale of testing and ultimately "certification" of wiring systems is at the individual wire type level. Aircraft may have tens of different of types of wires used, with their own respective gauges or conductor options.

Other insulation systems used on aircraft, understandably have their environmental requirements leaved on the individual equipment. The equipment suppliers then have internal requirements to design and test sub-components of the equipment before subjecting the whole "unit" (i.e., piece of equipment) to environmental testing. [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF]. An excellent overview in basic considerations regarding the requirements of electrical insulation given by [START_REF] Perkins | selection of Materials for Use as Electrical Insulation-A Philosophical and Systematic Approach[END_REF] [START_REF] Perkins | selection of Materials for Use as Electrical Insulation-A Philosophical and Systematic Approach[END_REF].

Temperature

In the design of equipment and the "subassemblies" to include the selection of dielectric materials, the "environment" as well as the internal temperature distribution is a key consideration. In power system equipment, the typical maximum temperature ranges for electrical insulation vary from 180 o C in an oil cooled (by de-aerated oil or oil spray) generator, 90 o C for power feeders, and 65 o C for power panels. Thermal sizing considerations for design typically have an upper "abnormal" limit for withstand temperature; and a maximum temperature for the "life" of the dielectrics. In Polytetrafluoroethylene (PTFE) based insulation systems, which are very common due to the desirable characteristics of PTFE (high temperature rating, dielectric strength, resistant to UV, self-extinguishing, resistance to fluids, low permittivity, etc.), the design considerations for wire sizing (thermal sizing) are performed at the upper limit of maximum ampacity, ambient temperature, and adjacent wires ("bundling"). Subsequently, the design point of a 150 o C (tin plated copper) to 260 o C (nickel plated copper), to which protective devices are chosen to not to exceed during a high current fault, is never approached in service. It is an oddity of the aerospace industry, compared to terrestrial systems of lower thermal ratings, that the design points are often above the point where the materials or processes could reliably support for a 20+ year design. Specifically, the 150 o C design limit for tin-plated systems is above the ~ 100 o C range for the formation of a resistive copper-tin intermetallic compound (IMC). Since in practice, tin plated wires are below 90 o C due to lower current flow and ambient temperatures than the design "corner", the "150 o C" rating of this interface has not been problematic. Table 2-4 delineates various temperature ratings in aerospace, with Table 2-5 listing the terrestrial ("Classes") limits for comparison.

For current aerospace designs, the thermal design points of 150 o C, 177 o C, 200 o C and 260 o C are common for the reasons identified in Table 2-4. Note that the aerospace "thermal ratings" are predominately chosen due to conductor limitations, although there are cases when the limitation is due to the properties of the insulation materials such as proprietary blends of ethylene tetrafluoroethylene (ETFE), and older insulation materials such as elastomers and aromatic compounds (due to outgassing and embrittlement). SAE AS4851 "Relative Thermal Life and Temperature Index for Insulated Electric Wire" is one reference which provides guidance [START_REF] Sae As4851a | Relative Thermal Life and Temperature Index[END_REF].

In terrestrial systems, the various thermal classes are limited by the aging limits of the associated dielectrics. [START_REF] Dakin | Electrical Insulation Deterioration Treated as a Chemical Rate Phenomenon[END_REF] is credited with formalizing thermal life of electrical insulation, with ultimately the definitions originating in American Institute of Electrical Engineers (AIEE, later IEEE) No. 1 [START_REF] Dakin | Electrical Insulation Deterioration Treated as a Chemical Rate Phenomenon[END_REF][START_REF]IEEE Recommended Practice -General Principles for Temperature Limits in the Rating of Electrical Equipment and for the Evaluation of Electrical Insulation[END_REF]. Table 2-5 shows the various thermal classes assigned after testing of the respective insulation system (e.g., via aging of formette or motorette test articles), with an estimated life of 20,000 hours (~ 2.3 years of continuous service) [START_REF]IEEE Recommended Practice -General Principles for Temperature Limits in the Rating of Electrical Equipment and for the Evaluation of Electrical Insulation[END_REF][START_REF]Electrical insulation -Thermal evaluation and designation[END_REF]. Note that aircraft electrical machinery normally have a Mean-Time-Between-Failure (MTBF) in the range of 20 to 30 kh. For liquid nitrogen cryogenically cooled systems, and trans atmospheric vehicles.

-60 o C Lower specification limit Lowest limit typically for commercial equipment exposed to ambient air in flight.

T = +10 o C Hotspot (minimum)
Insulation systems often have defects or other contributing factors that result in localized heating and a higher-than-average temperature of the remaining insulation. These are called "hot-spots" and must be factored into the derating for a given thermal life.

T = +20 o C Hotspot (conservative)

65 o C (typical)
Non forced air-cooled internal power panel ambient limit In the event of either not designed for "forced" air cooling, or merely through convection cooling within a power panel, local "ambient" air temperature for design.

o C

Fluorinated Ethylene Propylene (FEP) wire Insulation thermal (life) limit for M22759/13 -/15 tin plated copper aerospace wire.

o C

Limit for tin plated wires Tin plated copper wires and interconnections are very common. This limit is a compromise for rated versus inservice temperatures as they affect the formation of an Intermetallic Compound (IMC). IMC is both harder (can fracture and delaminate plantings) as well as more resistive, so can cause electrical joints to fail. In tincopper interfaces, IMC formation can start at room temperatures. Elevated temperature increases the rate of IMC formation (following Arrhenius), with 100 o C being the allowed limit in most industries.

See M22759/16 and other aerospace wire.

o C (typical)

Some ETFE insulation materials

Often, insulation materials have additives to enable the extrusion process or with flexibility of the wire. The wire manufacture can set limits on the allowable temperature.

o C

Limit for stranded aluminum wires Aluminum experiences mechanical creep (elongation/ flow) when exposed to high temperatures and vibrations. This limit is a compromise for a typical 20-year service life of wiring and interconnections. The plastic flow of the metal results in loss of contact pressure, and subsequently results in a thermal "run-away" of the termination due to increasing resistance.

o C Limit for silver plated wires

Example: M22759/1, 11, etc. wire

260 o C
Limit for nickel plated wires, and upper limit for transatmospheric flight trajectories Example: M22759/84 and similar aerospace wire types.

o C Lower recrystallization of copper

As copper is warmed, but below its melting point (1092 o C), it mechanically "softens". For copper that has exceeded 272 o C and then cooled, a re-crystallization is observable when microsectioned and inspected. Regarding termination temperatures, aerospace standards are rather silent on requirements. The IEC electrical joint limitation of 90 o C (115 o C for nickel-or silver-plated copper) to ensure a 40+ year life, is a conductor limitation (see IEC 62271-1, and [START_REF] Fuhrmann | Investigations on stationary electrical joints with a bare and a silver or nickel coated contact partner regarding the permissible temperature limit according to ANSI IEEE and IEO[END_REF]). No analogous limitation for terminations exists in aerospace, with a 1950's vintage specification identifying current limitations for termination size and torque [START_REF] Sae Air38c | Guide for the Design of Threaded Screw or Stud Type Electrical Equipment Terminations[END_REF], particularly with high power transmissions with high currents (> 400 A).

A given design must operate without failure at the required normal and abnormal operating temperatures, taking the extreme cold and extreme high temperature with hot-spot determination for the application. When life of the insulation system is to be considered, these extremes need not be considered as the primary aging temperature. Short duration or momentary thermal extreme such as during system faults, are very rare. Perhaps merely a few minutes in a twenty-year life. The typical operating temperatures are far lower, typically conductor temperatures for high power aircraft feeders are in the 70 to 90 o C range although they might be designed for 200 o C during an overload condition (e.g., 150% capacity for 5 minutes), at the extreme ambient temperature. Work performed by Haghighi (2018) analyzed the In-service Aircraft for a Global Observing System (IAGOS) atmospheric data set, complied by commercial aircraft [START_REF] Haghighi | Definitions of Test Conditions for High Voltage Aerospace Systems Using the IAGOS Atmospheric Dataset[END_REF]. Normal ambient air temperatures ranged from -65 o C to 35 o C (162 to 760 Torr respectively, or 13.1 km (43 kft) to sea-level). Note that installed wiring "ambient" temperature is affected by many things and even in wing installations the surrounding air if often 10 o C or warmer than the atmospheric ambient. For insulation life analysis the anticipated average with "hotspot" margin should be used, since failure only needs to be localized ("weakest link" or statistical extreme value, see Sec. 3.3).

Pressure and Gases

As a point of convenience and practicality since the goal of understanding the behaviors and limitations of atmospheric air is to enable an assessment to the sizing and performance of aerospace insulation systems, we will use the 1976 Standard US. Atmospheric Model [90]. This model has been validated for well above the range of altitudes of interest. The standard model is based upon hydrostatic equilibrium, with temperatures based upon linearized altitude segments scaled from historical measurements. The "segments" are referred to as "layers", of which there are eight to a height of 100 km. Table 2-6 summarizes the parameters associated with modeling the pressure as a function of altitude, for a given layer [START_REF] Sforza | Commercial Airplane Design Principles[END_REF]. "Lapse Rate" is an exponential factor used for compensating for layer non-isothermal temperatures and that effect on pressure. Based upon hydrostatic equilibrium, the relationship between static pressure and altitude p(h) [in kPa] can be expressed as [START_REF] Sforza | Commercial Airplane Design Principles[END_REF],

𝑝(ℎ) = 𝑝(ℎ 𝑖 ) • [ 𝑇 𝑖 𝑇 𝑖 +𝜆 𝑖 •(ℎ-ℎ 𝑖 ) ] 𝑔 𝐸 𝑅•𝜆 𝑖 𝜆 ≠ 0 (2)
Else, Various aircraft are limited to "service ceiling", being the highest altitude an aircraft can meet its handling limits (e.g., maintain a rate of climb of 100 ft/s) for its aerodynamic design and its propulsion system. Typically, the propulsion system is a dominating limitation. Table 2-7 identifies propulsion system types with the associated service ceilings typical for aircraft, the static-pressure at the ceiling and an example of corrected pressure for a notional 85 o C insulation temperature from a 20 o C lab. Note that the adjust pressure is just an example or a piece of equipment with an internal temperature of 65 o C, with an additional 20 o C added for an insulation "hot-spot" (see Table 234). For equipment normally operated in a pressurized cabin, if the equipment is essential for the safety of flight of the aircraft or mission, then it must not have failure during a depressurization event. Other than engine installations, this is the design point where high temperature and low pressure are considered for most power system equipment.

𝑝(ℎ) = 𝑝(ℎ 𝑖 ) • 𝑒𝑥𝑝 [- 𝑔 𝐸 𝑅 • 𝑇 𝑖 • (ℎ -ℎ 𝑖 )] = 0
The adjustment in pressure is for testing purposes where controlling equipment temperature is difficult in an environmental chamber. Often to is easier to adjust pressure to account for higher temperatures (above lab ambient, typically 20 o C) than control the temperature of the article under test. The effect on PDIV is that at higher temperature or lower pressures, the mean free path of the free electrons undergoing field acceleration increases resulting in more energetic electrons to support ionization of gas atoms. This pressure correction expression (Equation 3) is often referred to the "Dunbar Correction". It stems from Paschen (1889) and Townsend (1914), of a uniform static electric field with electron-based ionization without other sources of ionization or absorption (e.g. Townsend's first ionization criterion). Although thus being a simplification of the physics of the ionization of a gas, it is a useful relationship of acceptable accuracy. Taking the volume to be constant, the "Dunbar correction" for equivalent pressure P given the test pressure ptest and temperature, in degrees Celsius

( o C), 𝑃 = 𝑝 𝑡𝑒𝑠𝑡 [ 273.15+𝑇 273.15+𝑇 𝑡𝑒𝑠𝑡 ] [Torr] (3) 
In service, the gas pressure within voids within insulation, or internal to "hermetically" sealed equipment, often are at a pressure somewhere between sea-level and ambient pressure at cruise. Due to the time delay of the microscopic migration of gases, this may be on the orders of hours to days (as in vehicles launched into space). For insulation voids undergoing partial discharges, the local pressure after discharge is quite high as well as being a high temperature. Thus, the prediction of PD within a void is based on the pre-breakdown conditions as a matter of convenience.

With respect to permittivity, air is very close to the permittivity of free space. In the treatment of air capacitors, there has been some studies to quantify the variation in permittivity in air due to humidity and other constitute gases as a means of predicting deviations in capacitance measurements [START_REF] Cular | the Measurement and Uncertainty of Air Dielectric Capacitors from 1 kHz to 10 MHz[END_REF].

In unique applications, other gases must be considered in aerospace designs. One example was the American Space-Shuttle. After landing, the orbiters main engines, Alkaline fuel cell system tanks and fuel lines are purged with over 2,000 m 3 of helium to remove residual or trapped water [START_REF]NASA, Space Shuttle: Orbiter Processing-From Landing To Launch, NASA-Facts[END_REF]. In the design of a replacement hydrazine-based APU with Lithium-Ion (Li-ion) based electric "EAPU", Helium gas was the key sizing consideration for the 270 VDC battery [START_REF] Hillard | High voltage design guidelines: A timely update[END_REF]. Thus, energized components not only were designed for vacuum but for Helium which has a Paschen minimum approaching 170 Volts. Otherwise, Helium or other low ionization point gases are used sparingly on aircraft. Often proximity sensors may be helium filled, with a "no leak" welded metal enclosure. Gas lamps such an interior florescent lighting, landing lights, anti-collision (strobe) or navigation lights may be filled with xenon or other gasses. This is less of issue in new designs due to the shift to Light-Emitting diode (LED) technology for power consumption reduction and extended life.

Other gases of interest are hydrogen and methane for propulsion, helium for LTA vehicles or hermetically sealed devices. In cryogenic applications such as superconducting systems, gases leaks, or venting may result in a mixture of gas types around electrical components. High temperature superconducting (HTC) applications have included liquid nitrogen (77 K) and liquid methane (109 K).

It should be noted that in liquid hydrogen or helium applications, constitutes of air also liquefy for inadequately thermal insulation around storage tanks and piping. So as was the case in designing a 270 VDC system for the space shuttle, unwanted gaseous contaminates must be factored in the design since they alter the Partial Discharge Inception Voltage (PDIV) of either an "air" or "vacuum" based design.

Radiation

Atmospheric radiation concerns that impact design considerations really came to fruition in the late 1980's and early 1990's. Aircraft programs like the Boeing 777-200 implement design requirements for consideration of atmospheric neutron-flux generated by the impact of cosmic ration on diatomic nitrogen and diatomic oxygen. Due to the advancement of microelectronics and reliance of such devices impacting the flight safety of the aircraft, design requirements and test methodologies were imperative. Due to the growth in microelectronic density ("density" of circuits per given area or volume), these limits were revisited in the 2010's due to various upset issues ("single Event Effects" (SEE)) by Boeing on in-service learnings on the 787. IEC 62396 Process management for avionics -Atmospheric radiation effects, with Parts I and II, provides an excellent background and set of design requirements for avionics equipment [START_REF]Process management for avionics -Atmospheric radiation effects -Part 1: Accommodation of atmospheric radiation effects via single event effects within avionics electronic equipment[END_REF][START_REF]Process management for avionics -Atmospheric radiation effects -Part 2: Guidelines for single event effects testing for avionics systems, International Electrotechnical Commission (IEC)[END_REF]. Yet, these standards are silent on the variation in the conductivity of air due to atmospheric radiation.

Atmospheric radiation from the perspective of crew and passenger exposure risk has been a subject of interest to NASA. Recently, NASA has initiated a series of projects to investigate radiation exposure to humans. Projects such as Radiation Dosimetry Experiment (RaD-X) stratospheric balloon flight mission, were specifically examining cosmic radiation in the aircraft environment [START_REF] Mertens | Overview of the Radiation Dosimetry Experiment (RaD-X) flight mission[END_REF].

On insulation, ignoring Ultraviolet (UV) deterioration if exposed to sun light, the effect of atmospheric radiation is twofold:

(1) The availability of "seed" electrons if a gap or void has enough voltage applied across it to support the possibility of partial discharges. Possibly increasing the periodicity of discharges in some systems (e.g., direct current), and

(2) Variation in the conductivity of air, effectively shifting the electric field division between dielectrics and air-if air is within the electric field of concern.

From Volland's (1984) work, the resistivity of air from sea-level to 60 km (~ 200 kft) follows:

𝜌(𝑧) = 𝑎 1 𝑒 -4.527•𝑧 + 𝑎 2 𝑒 0.375•𝑧 + 𝑎 3 𝑒 0.121•𝑧 [Ωm] (4) 
Where, a1 = 46.9 x 10 12 [Ωm]

a2 = 22.2 x 10 12 [Ωm] a3 = 5.9 x 10 12 [Ωm] z = altitude [km]
Note that the resistivity of air is dominated by the volumetric density of ions; both positively and negatively charged. Below 70 km, conductivity is isotropic. Above this level, in the ionosphere the conductivity becomes anisotropic and must be expressed as a 2 by 2 matrix.

Figure 2-1 shows NASA's schematic of particle production due to secondary atmospheric cosmic radiation generation, with a Boeing B787-8 shown (left) [START_REF] Mertens | Overview of the Radiation Dosimetry Experiment (RaD-X) flight mission[END_REF]. Complementing this image is an excerpt of the CESM1 (WACCM) atmospheric model to include conductivities (right) [START_REF] Baumgaertner | Toward a comprehensive global electric circuit model: Atmospheric conductivity and its variability in CESM1 (WACCM) model simulations[END_REF]. The variation in small ion based conductivity is striking, spanning several orders of magnitude with altitude and other atmospheric variations.

The following symbols are used for elementary particles:

𝑒 -, 𝑒 + , electron and positron.

√, photons. High energy photons, also called gamma-rays, decay into electronpositron pairs. 𝜋 0 , 𝜋 -, 𝜋 + , pions; unstable with a mean lifetime of 26 ns for the positive and negatively charged pions, decaying into positive and negative muons (which decay into electrons and positrons) and muon neutrinos. Neutral charged pions decay very fast (< 10 -16 s) into high energy photons (gamma rays).

𝜇 + , antimuon which has a mean lifetime of 2.2 µs. It decays into a positron, an electron neutrino, and a muon antineutrino. 

CESM1-WACCM

Global conductivity profile with variabilities

Contaminates

In wiring, the insulation is tested for its resistance to chemical degradation when exposed to a wide range of fluids per AS4373 Test Method 601 Fluid Immersion [START_REF] Sae As ; F | Test Methods for Insulated Electric Wire[END_REF]. These fluids range from jet turbine oil, aircraft anti-icing fluids, cleaning compounds, hydraulic fluids, and other dielectric fluids or coolants. The equipment requirements, such as in DO-160 Sec. 11, don't necessarily align with what EWIS components are subjected to, and the equipment requirements are often tailored to their installation zone (e.g., landing gear area, wing area, cargo-bay, electronics bay, passenger compartment, etc.) [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF]. Like any test standards, there are sections or threats that have become obsolete or have not adopted to new chemicals being introduced. Perhaps the use of potassium-formate based runway deicers is the most significant example, impacting both the corrosion of metallic components (e.g., connector pins, brackets) to facilitating creepage issues due to the conductivity of these compounds, their adhesion to insulation, and their low viscosity so the migration of contamination covers many sections of an aircraft. Pesticides, coffee, urine, sulfur deposits (affecting silver plantings), are other examples of contamination found during dielectric or other electrical failures on aircraft. The decreasing of PDIV or clearance distances due to dust or solid particulate altering the electric field stress, has limited study at low pressures. Vacuum contactors with armature/contact erosion or wear have been studied, as have "dirty" electrodes in air. [START_REF] Whitehead | The Electrical Strength of Air[END_REF] found PDIV reductions on the order of 33% between smooth and "dirty" (with dust and other particles) on copper wires [81a].

Other factors that can compromise dielectric designs such as airgaps, are gases other than air. As mentioned, the U.S. Space Shuttle post mission Helium "wash" introduced a gas boundary with a dramatically reduced Paschen minimum. Designers of aircraft using hydrogen or methane fuel (cryogenic), will need to design for these compromising factors.

Environmental Testing

To further elaborate on aerospace equipment design, equipment design for civil aircraft very often follows the test requirements identified in Radio Technical Commission for Aeronautics (RTCA) standard DO-160 [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF]. The primary goal is to define a common set of test requirements while identifying different details in those requirements (e.g., vibration severity, unpressurized vs pressurized installations, etc.). Table 2-9 provides a summary of the DO-160 test categories, with notes on applicability for each section relative to electrical insulation. Note that within a given DO-160 section, tests are defined for various environmental requirements that will be specified by the Procurement Agency (i.e., customer procuring the equipment for a given application).

Equipment, or Line Replaceable Unit (LRU), is normally not energized for the non-electrical or nonelectromagnetic testing. Fluids Susceptibility (Sec. 11), Sand and Dust (Sec. 12) and Salt Fog (Sec. 

Electrostatic Discharge Yes

Insulation systems are often a contributor ESD issues in equipment; hence surface coatings and other measures should be considered.

Fire and Flammability Yes

Limits the selection of insulation material, and/or additives (e.g., borates).

Reliability Comments

Electrical systems and their components are typically designed for short exposures that exceed the "normal" operational ranges of stress-factors. Such stress-factors or "operational environments" were detailed in section 2.0. The exceedance of normal ranges is termed "abnormal"; and it is the abnormal requirements coupled with typically proprietary based "derating factors" that are used for the "design point" for component rating or assembly spacings. Regarding "abnormal" power quality, such as detailed in MIL-STD-704, DO-160 Section 16, or specific company or program standards, the prescribed limits are a generalization of the system response to post fault clearing. A low impedance fault near a main bus may draw a large fault current, sagging system voltage, but it is the subsequent clearing of the affected section that results in a high voltage seen throughout the remaining system. The system "surge impedance" is what dominates the peak voltage in addition to details such as the saturation of the generator magnetics. Such events are exceptionally rare, but they drive the upper voltage design point for equipment and EWIS components.

Components are "qualified" to a set of system or equipment requirements, spanning the aerospace environment as addressed in Section 2.0. Equipment qualification is performed at the outer specification limits of the equipment, and due to the cost of hardware and of testing, a small sample of equipment is tested. Rarely do equipment or system developmental campaigns incorporate Reliability Enhancement Testing (RET), Accelerated Life Testing (ALT) and/or Highly Accelerated Life Testing (HALT). In high volume production such as automotive or consumer electronics, RET/ALT/HALT are systematic methods to identify reliability chokepoints or weaknesses in a design. Although testing is above design specifications, it is often the components that fail first in such testing are the same ones that will fail earliest in service under normal operations.

Historically, design margin was quantified using "de-rating" terms. A "de-rating" is a scalar factor applied to an environmental or other stress (e.g., voltage, current, etc.). Through a comprehensive and organizationally demanding process of Reliability and Maintainability (R&M), in-service data is collected and maintained down to the part number for components such as resistors, transistors, capacitors, coils, relays, etc. From the reliability analysis of various applications such as commercial aircraft, launch vehicle, fighter aircraft, helicopter, a factor was generated to apply to temperature limits, voltage limits, etc. In the United States, this effort was dominated by Military procurement agencies, and managed through standards such as MIL-STD/HDBK-217 [100].

Obviously, a treatment of reliability of AM composite dielectrics is far beyond the scope of this Thesis; although once challenges that will be identified here as well as those which have not yet been discovered, the development of an approach for life and margin will need to be understood before fielding in manned or expensive vehicles. Here we will address a very small set of abnormal cases with the intent to identify the potential unique considerations that will need to be assessed to have reliable designs. And to identify challenges of AM dielectrics in airborne applications that are different than terrestrial applications.

Model Development

The objective of this chapter is to discuss some of the considerations weighed to assess the potential dielectric properties of AM materials. The subject is both narrow yet vast in the existing literature on dielectrics, and only a limited treatment can be offered here. To complement the anticipated test results, and to assist in the assessment of them, development of a few models will be addressed. Appendix E (Error and Uncertainty Analysis) will detail error analysis techniques to be applied to data and individual instrumentation of test techniques.

Dielectric Characterization

Desirable Characteristics

Generally, the primary desirable electric characteristics of a dielectric are:

-Low relative permittivity, with stable performance over the desired temperature and frequency ranges.

-High dielectric strength.

-Low dielectric losses.

-Long life under various stress factors (electrical, thermal, mechanical, radiation, etc.).

-Isotropic behavior.

-Homogeneity.

-High arc erosion tolerance.

-High surface tracking resistance.

Desirable nonelectrical properties of an electrical insulation purposes are:

-Homogeneity and lack of defects (e.g., cracks, voids, interfacial sections).

-High thermal conductivity.

-High softening temperature.

-Low thermal expansion coefficient.

-Low moisture absorption, and hydrophobic.

-Low porosity.

-High mechanical strength.

-Dimensional stability and repeatability in manufacturing.

-Chemically resistant.

Conductivity Estimation Model

As will be discussed in the results section (Sec. 5.3 Volume Resistivity) of this Thesis, conductivity measurements take offered a wide dispersion of results. Given that Dielectric Relaxation Spectroscopy (DRS) will be employed to measure complex permittivity over a wide range of temperatures and frequencies, this section developed an approach to take the complex permittivity data and perform an estimation of the real conductivity.

The approach detailed here is a simplified one in which the material is treated as an isotropic homogeneous medium. To formulate a more holistic approach, which is beyond the scope of this Thesis, it is recommend that Maxwellian stress tensor-based approach is taken building upon work on nonlinear piezoelectric materials. The Maxwellian stress tensor brings together the electromagnetic field generation of Lorentzian forces (from the Lorentz force equation) that can be incorporated with thermodynamics and mechanical stress models. The anticipation of building upon piezoelectric formulations is that polymetric AM structures printed are "ridged", and that the stiffness of the structures would lead to simplifications to the stress-tensor structure. Such approaches detailed in [START_REF] Brau | Modern Problems in Classical Electrodynamics[END_REF] and [START_REF] Kloos | Maxwell Stresses and Dielectric Materials[END_REF], with expansive treatments by Böttcher (1973) and [START_REF] Eringen | Electrodynamics of Continua I: Foundations and Solid Media[END_REF] [START_REF] Brau | Modern Problems in Classical Electrodynamics[END_REF][START_REF] Kloos | Maxwell Stresses and Dielectric Materials[END_REF][START_REF] Boettcher | Theory of Electric Polarizations: Vol. I and II[END_REF][START_REF] Eringen | Electrodynamics of Continua I: Foundations and Solid Media[END_REF].

Complex Conductivity

By their very nature, insulators have very low conductivities. However, conductivity is far from zero, and it changes within a material for a variety of reasons such as temperature, ionizing radiation, mechanical stresses, "aging" of the material, growth, or migration of impurities, etc. Although for DCfields, insulators are much higher in their resistivity than air-both insulators and air resistivity can change by many decades in magnitude.

For a linear, homogeneous, and isotropic medium, the current density 𝐽 ⃑ [A/m 2 ] is related to the electric field 𝐸 ⃑⃑ [V/m] by the conductivity σ [S/m],

𝐽 ⃑ = 𝜎 • 𝐸 ⃑⃑ [A/m 2 ] (5)
Where the conductivity is a complex scalar. For anisotropic material, the conductivity is a second rank tensor. The complex conductivity is normally simply a constant, but it can be expressed in complex form as,

𝜎 = 𝜎 ′ + 𝑗 • 𝜎 ′′ [S/m] (6)
The complex conductivity represents the charge carrier transport within the medium, with the real portion pertaining to ohmic conduction and the imaginary with Faradaic diffusion mechanisms [START_REF]Dielectric Characterization and Reference Materials[END_REF].

The faradaic diffusion involves the oxidation or reduction with the electrode material and the dielectric. The anticipated electrodes for dielectric testing are either gold or various brass-alloys. Therefore, chemical reactions between the AM-polymers and the test electrodes can be assumed to be zero (this will be validated in DRS testing that does provide the complex conductivity). The following will be assumed,

𝜎 = 𝜎 ′ + 𝑗 • 𝜎 ′′ → 𝜎 ′

Complex Permittivity

In its most basic form, the permittivity of a material represents the polarization within a material "displaced" from its neutral or zero-field state. Polarization displacement 𝐷 ⃑ ⃑⃑ , as described by von Hippel [START_REF] Hipple | Dielectric Materials and Applications[END_REF][START_REF] Hipple | Molecular Science and Molecular Engineering[END_REF] and others, takes several forms such as: electronic, atomic, molecular dipole orientation, hopping, and ionic-interfacial/space-charge. The displacement of charge within a medium is defined as the product of the complex permittivity ε and the applied electric field 𝐸 ⃑⃑ ,

𝐷 ⃑ ⃑⃑ = 𝜺 • 𝐸 ⃑⃑ [C/m 2 ] (7)
The simplification of the permittivity from a general (anisotropic) to isotropic, in Cartesian coordinates, is given by,

𝜺 𝜀 0 = [ 𝜀 𝑥𝑥 * 𝜀 𝑥𝑦 * 𝜀 𝑥𝑧 * 𝜀 𝑦𝑥 * 𝜀 𝑦𝑦 * 𝜀 𝑦𝑧 * 𝜀 𝑧𝑥 * 𝜀 𝑧𝑦 * 𝜀 𝑧𝑧 * ] → [ 𝜀 𝑥 * 0 0 0 𝜀 𝑦 * 0 0 0 𝜀 𝑧 * ] → 𝜀 * = 𝜀 ′ -𝑗 • 𝜀 ′′
Where the permittivity ε has been converted to relative permittivity ε by dividing by the fundamental physical constant the permittivity of free space 𝜀 0 . The complex permittivity 𝜀 * , which we will just refer to as "permittivity" hereforth, is comprised of the real 𝜀 ′ and imaginary 𝜀 ′′ parts. If the DC conductivity 𝜎 0 is not negligible in a dielectric, the complex permittivity 𝜀 * can be expressed as,

𝜀 * = 𝜀 ′ -𝑗 • (𝜀 ′′ + 𝜎 0 𝜔•𝜀 0 ) [dimensionless] ( 8 
)
Where 𝜔 = 2𝜋𝑓 , and frequency f is in [Hz]. Schematically, this relationship is given in Figure 3-1 for a lossy dielectric cross-section. 

Estimation of Conductivity from AC-Current Measurements

Although an assessment of the degree of interfacial and dipolar polarizations are to be examined later, these polarizations are temperature dependent. To facilitate printing, many AM processes using polymers (as opposed to ceramics or metals) rely on low softening point or low melting point materials with the primary application being "ambient" terrestrial applications (< 50 o C). Mechanically softened structures do result in the enabling of higher unattached ionic migration as well as greater degree of movement of dipolar compounds. It would be expected that both the real and imaginary parts of the permittivity would be affected by both temperature and frequency, and the real part of the conductivity more dramatically affected by temperature for carrier dominated materials. Weak electric fields are of interest in this discussion, being below effects of electric field on material conductivity. Although for high voltage stress designs, such considerations are critical since electric field inversion can occur. [START_REF] Jonscher | The 'universal' dielectric response[END_REF] offered a qualitative approach to classify and generalized dielectric medium [START_REF] Jonscher | The 'universal' dielectric response[END_REF]. In his treatment, a "universal" dielectric response based upon the examination of responses of a wide variety or materials, and over a wide spectrum of frequencies (but below 1 GHz, to avoid phonon dominated relaxations) is developed. Good agreement was shown between relaxation behavior to a "universal" fractional-power law. More importantly, his treatment offers a convenient means of classification of dielectric response. Figure 3-2 from Jonscher, offers a comparison in the susceptibility response of two different dielectrics; (1) dipolar dominated material, and (2) carrier dominated material. Note that the idealized Debye relaxation, of the imaginary part of the susceptibility, is overlaid at the peak frequency (𝜔 𝑝 ) point, which forms a "knee" in the imaginary part of the susceptibility. So, the "dipolar response" generalized in Figure 3-2 are a departure from Debye. For the "carrier dominated response", electronic or ionic charges make the dominate contribution to polarization. The critical frequency (𝜔 𝑐 ) is the point where the material transitions from a carrier dominated behavior to a dipolar behavior. It is strongly influenced by temperature and at lower temperatures the behavior will show less low-frequency dispersion (LFD). LFD occurs due to slowly mobile charge carriers in a material and covers a broad range of phenomena; discontinuous hopping movements between localized sites and traps, be it electrons, polarons, ions or other charge carriers. It can also occur due to surface transportation of ion-based charge. Bulk characteristics of the AM materials will be the primary focus of this Thesis tests, however as we will see with the microsection results, significant internal cavities or air volume will result in surface behavior dominating it what could have been assumed to be "bulk" properties. Not shown in figure 3-2 is the low-loss case, where the real and imaginary portions of the frequency dependent susceptibility are of equal slow and nearly parallel. This is termed a "flatresponse". The complex dielectric frequency dependent susceptibility, normally developed first in the analysis of polarization with permittivity then being introduced, can be expressed in terms of the complex permittivity, 𝜒(𝜔) = 𝜒 ′ (𝜔) + 𝑗𝜒 ′′ (𝜔) = (𝜀 ′ (𝜔) -1) + 𝑗𝜀 ′′ (𝜔)

[dimensionless] (9) The frequency dependence of the "AC-conductivity" is described by the "augmented" Jonscher (1977) relation [START_REF] Jonscher | The 'universal' dielectric response[END_REF][START_REF] Sundarakannan | Frequency and temperature dependent dielectric and conductivity behavior of KNbO3 ceramics[END_REF],

𝜎 𝐴𝐶 ′ (𝜔, 𝑇) = 𝜎 0 (𝑇) • [1 + ( 𝜔 𝜔 𝐻 ) 𝑛 ] + 𝐴 • 𝜔 • 𝑒𝑥𝑝 ( 𝑇 𝑇 0 ) (10) 
The notion of an "AC-conductivity" (or "effective conductivity") is an extension of conductivity, is a bit of a misnomer. Conductivity is normally a direct-current field measurement, based upon the current flow into a material after the initial polarization currents have decayed. Conductivity is accurately measured, typically, by first applying a DC-field to a medium, allowing time for it to reach a maximum dielectric polarization. Secondly, the voltage source is removed, and the circuit shorted while measuring the current as the medium's polarization energy is depleted. The resultant charging current and drain current is used to quantify the resistive loss of the material. Here we are using real component of the current in phase with the applied AC-voltage to determine an equivalent AC-conductivity. The utility of this approach, which will be applied and assessed, is that it enables a cross-comparison between the Differential Relaxation Spectroscopy (DRS) and DC conductivity measurements. The DRS will be performed over a wide range of temperatures, whereas the conductivity measurement (via electrometer/high resistance meter) is at a singular unregulated temperature.

Rearranging to find the conductivity as a function of temperature,

𝜎 0 (𝑇) = (𝜎 𝐴𝐶 ′ (𝜔,𝑇)-𝐴•𝜔•𝑒 ( 𝑇 𝑇 0 ) ) (1+( 𝜔 𝜔 𝐻 ) 𝑛 ) [S/m] (11)
Leaving unknowns as {𝐴, 𝑛, 𝜔 𝐻 } to be fit from the data as a method to estimate the conductivity at a given temperature. As mentioned earlier, the interpretation or quantification of electrical conductivity is ambiguous due to the numerous charge transportation processes. An empirical relationship for the real conductivity (i.e., "DC-conductivity" in our context) is given by, for "low" fields,

𝜎 0 (𝑇) = 𝜎 0 • 𝑒𝑥𝑝 ( -𝐸 𝑎 𝑘•𝑇 ) [S/m] (12)
Where, 

𝜎

Dielectric Breakdown Model

Overview of Dielectric Strength

The determination of "dielectric strength" is by its very nature stochastic; being depended upon when a stressed region of a given material fails. Dielectric strength is the breakdown voltage (disruptive discharge) divided by the sample thickness. Presumably, the "weakest" section of the material structure will "fail" and initiate a breakdown site. However, given the test methods employed with hemispherical electrodes, a relatively limited volume of material is actual under stress. Multiple test sites or samples must be made to characterize what dielectric strengtha scalar-will be used as a design consideration. However, dielectric strength is dependent on many factors such as temperature, thickness, voltage profile, frequency (to include DC), and "age" of the material. Hence, the context and limitation of "dielectric strength" measurements needs to be understood by the designer.

Dielectric breakdown strength tests date back to the 1890's, with Koller being one of the first to publish results [START_REF] Koller | Ueber den elektrischen Widerstand von Isolatoren bei höherer Temperatur (German: "On the electrical resistance of insulators at higher temperatures[END_REF] followed by Steinmetz [START_REF] Steinmetz | Note on the Disruptive Strength of Dielectrics[END_REF]. The American Society for Testing and Materials (ASTM) established a committee (D-9) on electrical insulating materials in 1909 [START_REF]Electrical insulating materials: International Issues[END_REF] The intent of dielectric strength testing is the "fairly representative" quantification of a given material (for solid dielectric testing) in an unaged state. Although the desirable breakdown time is within 10 to 20 seconds, it is not a true "intrinsic" breakdown-which takes care in obtaining due to the shape of the electrodes and recessing of electrodes. The short duration test is meant to obtain an "unaged" breakdown, ideally without partial discharges or thermal breakdown, while being closer to breakdown levels in service. Electrodes producing inhomogeneous fields are also more "representative" of early service failures, whereas the more homogeneous intrinsic breakdown testing yields far higher breakdown strengths. Electrical life testing is performed, typically, at a constant voltage level with the time to failure (electrical breakdown) used to determine the material life. It is interesting to note that during dielectric strength testing the average electric field at breakdown is dependent upon sample thickness; in intrinsic breakdown, this is not the case until sample thicknesses are very small (~1 m) as observed by Sharbaugh [113,[START_REF] Sharbaugh | Dependence of the Electric Strengths of Liquids on Electrode Spacing[END_REF].

For the sample material and print orientation, as the sample thickness is increased the average breakdown field strength decreases. The testing maintained the same ramp-rate of the applied voltage, meaning for high breakdown voltages the time to achieve breakdown was longer. The testing performed in this thesis, the ramp-rate was fixed as to reduce the degrees of freedom when comparing various sample printing methods and orientations. The question that must be evaluated as a potential source of error is if breakdown times greater than 20 seconds depart from the standard breakdown time range and introduce an aging aspect. To evaluate this risk, it is proposed that the Weibull shape parameter would differ. Another problem is that due to the rather small sets of samples, particularly the thicker samples that typically on one test site could be used to avoid surface flashover, the statistical variance (presumably) may not enable a discerning analysis as to if aging had an effect or not.

Statistical Method for Assessing Dielectric Strength

IEEE Std 930/IEC 62539 provides guidance in how to analyze the data of dielectric breakdown testing [117]. The work done by Dissado and Fothergill, which is cross-referenced in Std. 930, provides a comprehensive overview of statistical methods and limitations applied to breakdown data [START_REF] Dissado | Electrical Degradation and Breakdown in Polymers, The institution of Engineering and technology[END_REF]. The conventional probability distribution function to characterize the analysis of breakdown data is the 2parameter Weibull distribution, which is essentially the 3-parameter Weibull distribution with the "minimum" stress level set to zero. The standard also addresses the Gumbel and log-normal distributions.

Initially developed as a statistical analysis to be applied to mechanical reliability and fracture mechanics/rupture of a material in 1939 [START_REF] Weibull | A statistical theory of the strength of material[END_REF][START_REF] Weibull | the Phenomenon of Rupture in Solids[END_REF], mechanical failure in a material can be viewed as consisting of three elements: extreme value statistics, fracture mechanics and material microstructure [START_REF] Batdorf | Fundamentals of the Statistical Theory of Fracture[END_REF]. Weibull's work focused on the first of these elements, being that the extreme or weakest section of a material or structure would dominate the expected failure statistics. In 1951, Weibull provided examples of the broad applicability of his extreme value-based statistics beyond his earlier work [START_REF] Weibull | A Statistical Distribution Function of Wide Applicability[END_REF]. However, it wasn't until the 1960's that the importance of such analysis was recognized by industry.

During the 1960's to 70's, Weibull generated a series of studies on reliability statistics for the USAF-AFRL. The application of the Weibull distribution to dielectrics occurred in the 1970's and on, with Occhini being notable [START_REF] Occhini | A Statistical Approach to the Discussion of the Dielectric Strength in Electric Cables[END_REF].

The significance of the Weibull distribution as applied to dielectric failure, is that it stems from the concept for a "structure" is only as strong as its weakest element. Much like a ship's anchor chain is only as strong as the weakest link. For materials that are brittle, meaning that the applied stress to the structure approaches the plastic deformation and yield point of the material, regions that may have defects or other inhomogeneities will mechanically fail first. This then propagates as a catastrophic failure in the material. For AM produced materials, this can easily be visualized as volumetric elements that might have a defect or even an interfacial surface that will "fail" dielectrically under a voltage stress. Therefore the "strength" of the material for withstanding the applied electric field is depended upon the "weakest" elements-by applying this statistical method.

Weibull Probability Density Function (PDF) f:

𝑓(𝑥|𝛼, 𝛽, 𝛾) = 𝛽 𝛼 ( 𝑥-𝛾 𝛼 ) 𝛽-1 𝑒𝑥𝑝 [-( 𝑥-𝛾 𝛼 ) 𝛽 ] (13) 
𝑥 > 𝛾, -∞ > 𝛼 > 0, 𝛽 > 0

Weibull Cumulative Distribution Function (CDF) F:

𝐹(𝑥|𝛼, 𝛽, 𝛾) = 1 -𝑒𝑥𝑝 [-( 𝑥-𝛾 𝛼 ) 𝛽 ] (14) 
Where, α, scale parameter β, shape parameter γ, location parameter This is referred to as the "3-parameter" Weibull function. Setting the location parameter to zero (𝛾 = 0), the "2-parameter" Weibull set of functions is obtained. This is what is commonly used in dielectric strength analyses, although for assessing what stress-level does not result in degradation of life the 3parameter Weibull is useful. For the 2-parameter Weibull, moments are:

Mean: 𝛼 • 𝛤 (1 + 1 𝛽 ) (15) 
Variance:

𝛼 2 • 𝛤 (1 + 2 𝛽 ) -[𝛤 (1 + 1 𝛽 )] 2 (16) 
Standard deviation:

𝜎 = √ 𝛼 2 • 𝛤 (1 + 2 𝛽 ) -[𝛤 (1 + 1 𝛽 )] 2 (17) 
Where Γ(𝑥) denotes the "gamma-function". The gamma function was defined by Euler (1729) as,

𝛤(𝑥) ≡ ∫ 𝑧 𝑥-1 𝑒 -𝑧 𝑑𝑧 ∞ 0 , 𝑧 > 0 (18)
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Regarding the dielectric strength as a function of sample thickness, we can use the mean of each Weibull fit for a given sample thickness and perform an exponential fit to that data, of the following form,

𝐸 𝐵𝐷 (𝑑) = 𝑚 • ( 𝑑 1 𝑚𝑚 ) -𝜆 ± 𝛿𝐸 → 𝑚 • 𝑑 -𝜆 ± 𝛿𝐸 [kV/mm] (19)
Where the sample thickness d [mm], and effective strength at 1 mm is m [kV/mm]. Borrowing the term used for the mean of a Weibull distribution used for reliability estimations, the mean of a Weibull fit dielectric breakdown data will be referred to as the "characteristic dielectric strength". Specifically, the set of {𝛼 1 , 𝛼 2 , 𝛼 3 , ⋯ } with associated thicknesses {𝑑 1 , 𝑑 2 , 𝑑 3 , ⋯ } to determine m and λ. The error associated with this estimated form 𝛿𝐸 will be taken as,

𝛿𝐸 = √(𝑑 -𝜆 ) 2 • (𝛿𝑚) 2 + (𝑚 • 𝜆 • 𝑑 -𝜆-1 ) 2 • (𝛿𝑑) 2 (20) 
Taking 𝛿𝜆 → 0 and 𝛿𝑚 = √𝜎 1 2 + 𝜎 2 2 + 𝜎 3 2 + ⋯. See Appendix E (Error Analysis) for the derivation of this expression.

Griffith-Type Breakdown Model

Schneider (2013) developed a model for dielectric breakdown based upon the local electromechanical stress equaling, or exceeding, the energy required to propagate a crack. Building upon a theory for the crack propagation in brittle material, originally developed by [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF], Schneider examined the dielectric energy required to sustain the critical elastic energy rate for developing a crack [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF]. The fracture of a crystalline solid occurs in two stages: first the nucleation of the crack, and second the propagation of the crack. Orowan and Mott (1948) showed that the mechanical stress at the tip of the propagating crack was a function of the electric energy of available to separate the two crack faces [START_REF] Tetelman | The Plastic Deformation at the Tip of a Moving Crack[END_REF]. This energy involved is both the molecular cohesive energy need to separate two "planes" of the structure, and the resultant elastic energy released by their separation. In this context, Griffith's distinction of a "brittle" material is one that contains many small cracks but not sufficient to propagate until the material is under a critical level of elastic stress. Sih and Leibowitz (1967), clarified Griffith's work to derive relationships for episode defects with the effect on local stress distributions correcting Griffith's criterion-a short coming Griffith identified in 1924 [START_REF] Sih | On the Griffith Energy Criterion for Brittle Fracture[END_REF][START_REF] Griffith | The theory of rupture[END_REF]. Analogous to the work of Sih and Leibowitz, in that a non-zero diameter shape was needed to propagate a crack, Schneider incorporated a space-charge limited model to define the approximate non-zero diameter filament, but of a critical length, which was needed to support propagation. Filament initiation was presumed to be on the surface of the material, with local space-charge injection considered. Here, a "filament" is a tubular electrically conducting channel resulting in a fracture of the material. The conduction is limited by the local space-charge, and the material is assumed (as a simplification) to be a perfect insulator; being free of traps, no free charge carriers, and in thermal equilibrium. Geometrically, the tubular length is taken as 𝑎 with the radius is approximately a tenth of the length (

𝑎 10

). Schneider's development is rather complicated and such a treatment will not be attempted here; but review of his work is recommended. Reviewing several of his papers is required to form a complete expression [START_REF] Schneider | A Griffith type energy release rate model for dielectric breakdown under space charge limited conductivity[END_REF][START_REF] Neusel | Size-dependence of the dielectric breakdown strength from nanoto millimeter scale[END_REF][START_REF] Fisher | Dielectric breakdown toughness from a filament induced dielectric breakdown in borosilicate glass[END_REF]. Earlier work by Zeller (1984) on "electrofracture" and Fothergill (1991) provided an early concept on space-charge limited filamentary electromechanical breakdown [START_REF] Zeller | Electrofracture mechanics of dielectric ageing[END_REF][START_REF] Zeller | Electrofracture mechanics of dielectric aging[END_REF][START_REF] Fothergill | Filamentary electromechanical breakdown[END_REF][START_REF] Fothergill | Filamentary electromechanical breakdown in polymers[END_REF].

From Schneider's model [START_REF] Schneider | A Griffith type energy release rate model for dielectric breakdown under space charge limited conductivity[END_REF], the breakdown electric field strength Ebd is dependent upon the mechanical and electrical properties of the material, its thickness d, and the critical filament length abd of the triggering breakdown path:

𝐸 𝑏𝑑 = 1 𝑐 √ 6 5𝜋 √ 𝐺 𝐶 𝜀 𝑟 •𝜀 0 • 1 √𝑑 • 1 √𝑎 𝑏𝑑 • 10 -6 [V/m] (21)
Where, c, is a coefficient of the path length, where c > 0.

GC,

Critical energy release rate, with units This path length coefficient is typically assumed to be 𝑐 ≅ √0.15 [130].

[ 𝐽 𝑚 ] = [ 𝑚•𝑘𝑔 𝑠 2 ] d, Material thickness [m]
This approach is for relatively fast breakdown mechanisms, but not for intrinsic breakdown. The physical limitation for "intrinsic" breakdown strength of a polymer materials is on the order of 100 µm (typically 20 µm for ceramic materials) [START_REF] Neusel | Size-dependence of the dielectric breakdown strength from nanoto millimeter scale[END_REF]. Below this intrinsic breakdown strength maximum thickness dC, the thickness of the material does not affect the breakdown strength. Above dC, the breakdown strength follows an inverse square-root of the thickness relationship (roughly). This is the regime of interest in this Thesis since sample thicknesses will be within the range of 300 µm to 5 mm, and time-to-failure will be in the 15 to 60 second range. Additionally, dielectric strength testing will be conducted on samples at laboratory ambient temperatures. Obviously as streamers are generated during testing, the conducting or charging material is very hot (e.g., dielectric fluid can develop nucleoid boiling before the specimen breakdown), Griffith-type energy release rate models work well up to 100 o C [START_REF] Hoshina | Dielectric Breakdown Mechanism of Perovskite-Structured Ceramics[END_REF].

To help visualize the breakdown process, Figures 3-2 and -3 show an example test in a dielectric fluid.

In Figure 3-2, a 2 mm thick sample (specifically FDM ULTEM 1010 sample YZ2A) with semispherical electrodes are in contact with the sample surface. As the voltage is increased streamers appear in random locations on the surface of the sample. Figure 3-3 is a sequence of streamer locations, over a 12-second duration, that appear and then dissipate, until ultimate dielectric failure of the sample occurs. In applying Giffith's theory of the propagation of mechanical fracture in a material, Schneider's approach can be visualized here as a series of conducting filaments penetrating the sample surface with one ultimately growing long enough to facilitate breakdown. Note that in the testing illustrated, the voltage stress is increasing with time (voltage ramp-rate of 1.0 kVAC/s at 50 Hz). This method is being sought to take advantage of the aggregate data of many samples of various thicknesses, and presumably similar internal energies for material type (the role of print orientation will be examined in Sec. filament lengths; independent of the material or print-orientation. The difficulty is that the critical energy isn't knownfor the testing performed-nor the shape factor of the breakdown path. Fluctuations or a distribution of breakdown strengths is due to random variations in the critical filament length. It should be noted that there are a multitude of dielectric breakdown models, but only the tradition Weibull based analysis and the discussed Schneider model will be compared (see [START_REF] Dissado | Electrical Degradation and Breakdown in Polymers, The institution of Engineering and technology[END_REF]).

As is shown in Figure 3-2, the electrode type to be used in the dielectric breakdown testing are a 13 mm diameter set of spherical electrodes (IEC 60156, Figure 1) [START_REF]Insulating liquids -Determination of the breakdown voltage at power frequency -Test method[END_REF]. This test set-up does result in a "semi-homogeneous" electric field distributions on the surface and subsequent within the dielectric under test [START_REF] Baur | A comment on the test methods for the breakdown voltage of dielectric liquids[END_REF]. As mentioned earlier, this is desirable from a characteristic testing perspective since it is more representative of applications with the resulting breakdown strengths. So, if applying the breakdown voltage across a given sample thickness, the resultant "mean" electric field strength isn't necessarily the breakdown field strength in Schneider's model. To attempt to adjust for this distortion in the applied electric field we can include a factor for the maximum field intensity. Proposed by [START_REF] Schwaiger | Beitrag zur elekrischen Festigkeitslehre[END_REF], the degree of uniformity η can be defined as the ratio of the peak mean field 𝐸 ̂𝑚𝑒𝑎𝑛 to the peak maximum field 𝐸 ̂𝑚𝑎𝑥 , [START_REF] Schwaiger | Beitrag zur elekrischen Festigkeitslehre[END_REF] 𝜂 = 𝐸 ̂𝑚𝑒𝑎𝑛 𝐸 ̂𝑚𝑎𝑥 (22) Then the applied breakdown voltage Vbd, accounting for field distortion, is,

𝑉 𝑏𝑑 = 𝜂 • 1 𝑐 √ 6 5𝜋 √ 𝐺 𝐶 𝜀 𝑟 •𝜀 0 • √𝑑 • 1 √𝑎 𝑏𝑑 [V] (23)
To determine the "degree of uniformity", we can use the work performed by [START_REF] Kao | The Calculation of the Electric Field for an Infinite Dielectric Plate between two Spherical Electrodes[END_REF] [START_REF] Kao | The Calculation of the Electric Field for an Infinite Dielectric Plate between two Spherical Electrodes[END_REF]. Figure 34, following Kao's conventions, illustrates two spherical electrodes on either side of an infinite dielectric plate of thickness d. Note that the equivalent charge for the creation of an electrostatic field can be off set from the center of a given electrode. This off set is not known and will be the subject of estimation when analyzing test results. For our purposes, we will choose parameters consistent with the IEC 60156 test configuration in Figure 3-2. The dielectric fluid relative permittivity is 𝜀 𝑀 , while the material under test is 𝜀 𝑆 (i.e., "sample"). The sample thickness is d, and the equivalent charge point to the face of the dielectric sample is denoted as x. The electrode radius is R. To help visualize this relationship, we can assign values from the anticipated testing. The dielectric fluid has a relative permittivity of 𝜀 1 = 1.86 at 20 o C, and the electrodes have a diameter near 13 mm [START_REF] Solvay Datasheet | Galden® HT PFPE Heat Transfer Fluids[END_REF]. The sample thickness will vary between 300 µm and 5.0 mm. Figure 345was generated over the range of thicknesses and for the equivalent point charge location ("x" in Figure 34) between 80% and 120% of the electrode radius, with a sample of relative permittivity of 4 submerged in the dielectric fluid. A sample permittivity of 4 was assumed.

Figure 3-5 is striking in that for the thicker the sample, they are possibly more erroneous the breakdown measurement; with the error shifted to a lower breakdown value. In the case of a 5 mm sample, with the equivalent charge point being 90% of the electrode radius, the actual breakdown field strength is over 20% higher than would be calculated by taking the breakdown voltage divided by thickness. It should be noted this method of dielectric breakdown strength calculation based on voltage divided by electrode separation dates to Whitehead (1926) and is the common practice today [START_REF] Baur | A comment on the test methods for the breakdown voltage of dielectric liquids[END_REF]. It is a convenient approach and given that most breakdown tests are performed on thin (< 1 mm) samples, the error is minimized. Rearranging the Schneider expression, we have, The coefficient of the path length c, being nebulas in this application, can be incorporated into the expression for Ψ 𝐶 . But for our treatment we will assume the value attributed by Fischer [START_REF] Fisher | Dielectric breakdown toughness from a filament induced dielectric breakdown in borosilicate glass[END_REF]. Recalling the equation for the energy stored in an ideal, parallel electrode capacitor of area A and capacitance C, the relationship for Ψ 𝐶 can be interpreted as an energy per unit area. Simply,

𝛹 𝐶 ≡ ( 𝐺 𝐶 𝑎 𝑏𝑑 ) = 𝑘 • ( 𝜀 𝑆 𝑑 ) • ( 𝑉 𝑏𝑑 𝜂 ) 2 [ 𝐽 𝑚 2 ]
𝛹 𝐶 ∝ 1 𝐴 • 1 2 𝐶𝑉 2 = 1 2 • 1 𝐴 • 𝜀 𝑟 𝜀 0 𝐴 𝑑 • 𝑉 2 = 1 2 • 𝜀 𝑟 𝜀 0 𝑑 • 𝑉 2 [ 𝐽 𝑚 2 ] (27) 
Being energy incident to an area, the physical interpretation of Ψ 𝐶 ("Psi-sub-C") is that it is analogous to "fluence". The "critical energy fluence" can be defined as the minimum energy needed to be deposited on the leading area of a conductive filament to support the propagation of electromechanical breakdown. The choice of "energy fluence" and the use of capital Psi is consistent with the radiation energy fluence used in particle physics, for energy deposited on a given cross-sectional area (Symbol Ψ, units [J/m 2 ] [142]).

The utility of using an expression as Ψ 𝐶 is that since neither the critical energy release rate GC nor the critical filament length abd are resolvable from breakdown measurements alone, a Griffith type model can be constructed to model the effects of thickness and permittivity. Assumptions such as this quantity can be used for modeling. The curiosity of this approach is the ability to pull all dielectric breakdown tests for the same sample build orientation and material together for analysis for the various thicknesses tested. If the model is "valid", the distribution of the "critical energy fluence" Ψ 𝐶 would be within a "narrow" distribution of a mean value. There are several sources of error and simplification, leading to likely not an exact fit to what is fundamentally a stochastic mechanism. Permittivity of the material around the space charge limited filament is an example since permittivity changes with temperature. It is assumed constant here. As is the field uniformity estimation which does not necessarily represent the local electric fields during the streamer discharges and the final disruptive discharge (i.e., breakdown).

The motivation for the development of a Schneider based model was to enable the utilization of multiple thickness breakdown strength measurements for a "common" assessment. Due to the design of the samples and test plan, the number of dielectric breakdown tests to be conducted will vary between five (5) and over fifteen (15). Although meeting the minimum statistical requirements per IEEE Std 930/IEC 62539, the more samplesstatistically-the more desirable [START_REF]IEC/IEEE Guide for the Statistical Analysis of Electrical Insulation Breakdown Data (Adoption of IEEE Std 930-2004[END_REF]. Hence for a given AM method and build orientation, all samples tested for breakdown can be analyzed as a group in addition to the various thickness sets via the traditional Weibull analysis.

Test Techniques and Methods

Generic Approach to Material Analysis

This section details the experimental methods employed to obtain the dielectric properties of the AM printed samples. The intent is to describe the objectives, equipment used, methods, errors, uncertainties, or limitations. To enable a more detailed treatment, the specific deratings and justification of the error analysis is contained in Appendix E. Those results are summarized here as appropriate.

Test Methods

Dimensional Measurements

Objective:

To obtain dimensional data on test samples to then be used in dielectric parameter calculations. Specifically thickness measurements were used in dielectric strength calculations, as an input to the volume resistivity measurements and as an input to the dielectric relaxation spectroscopy. Errors in measurement, surface roughness or departures from flat samples all result in propagation of errors in other measurement methods. In the case of the FDM printed samples, due to the nature of the surface consisting of cylindrical filaments, the surface roughness was a concern for complex permittivity, volume resistivity and space-charge measurements. Roughness measurements were taken before and after a smoothing process-which consisted in hot-pressing to flow the surface. For partial discharge and dielectric strength testing of FDM samples, the surface was left as printed.

Equipment:

(1) Mitutoyo Absolute IP-54 hand-held digital caliper, model 293-676N. Shown in Figure 4-1, with a Measurement of SLS-XY 600 μm sample "A".

(2) Metal ruler. Metric scale with 1 mm markings.

(3) TENCOR Alpha Step IQ Mechanical profilometer. Depth (vertical) sensitivity of the order of a nanometer, with a probe pressure weight of 1 to 40 mg.

(4) Keyence VHX-1000 Automated scanning microscope. Magnification between 100 to 1000, vertical resolution of 0.5 µm, and maximum sample size of 100 mm x 100 mm.

Methodology:

Thickness: Thickness measurements were performed using a digital caliper (non-rotating), with typically five (5) measurements taken per sample.

Roughness: Two methods were utilized to quantify the "roughness": by using a mechanical profilometer and a variable focus automated microscope. The Total Indicator Reading (TIR), also known as Full Indicator Movement (FIM), is the difference between the maximum and minimum measurements. Since the probe width exceeded the FDM "valley" width in several cases, the assessment of roughness was also performed with an automatic scanning microscope. This data was only used to assess the change in surface done by elevating the surface to 235 o C while applying pressure to the sample. See section 5.1.3 for FDM sample preparation. Error analysis:

For the error analysis associated with single dimensional measurements a normal (Gaussian) distribution was assumed and confirmed via a Q-Q plots due to the modest sample set size (SLA 289, SLS 144, and FDM 116). Typically, five (5) measurements were taken, either around the location of the breakdown site in the cases of measuring breakdown point thickness, or evenly spaced around the sample in the other cases. The standard deviation from these measurements was used to indicate "error" and the arithmetic mean was used for the measured value. Appendix E analyzes the distribution of all sample thickness measurements, to confirm the symmetry of the measurements and appropriateness of a normal distribution.

Volume Resistivity

Objective:

The volume resistivity measurements characterize the direct-current component of the volume impedance of the various samples. Volume resistivity is a basic, and important, characteristic of the dielectric. It also provides a check on the extrapolated "zero-frequency" permittivity measurements conducted using DRS (Dielectric Response Spectroscopy).

Applying a DC-field across a material with a very high resistance, indicative of good insulators, does not lead to an instantaneous settling of the resulting current. Polarization currents must be allowed to decay until a steady-state or near steady state value of the DC current is obtained.

Equipment:

A KEYSIGHT Electrometer/High Resistance Meter (Model B2985A) was used to perform volume resistivity measurements. This tool can also preform surface resistivity measurements, but this was not performed. Surface resistivity measurements were avoided due to a lack of control in humidity and temperature of the samples, in addition to the concern over the engagement area of the ground electrode (see the error analysis section). The B2985A Electrometer interfaces with a sample holding fixture that has a carbon loaded elastomer covered central electrode (normally set-to the electrometer current input). The upper plate can be tightened to a given force level between 0 to 10 kg-force.

Methodology:

A 500 Volt-DC voltage was applied across the sample. A one-hour (3600 seconds) dwell time was found to be sufficient for reaching the asymptotic conductivity value due to the polarization of the sample. Once a sample was tested, it was not retested due to the possible remanent induced polarizations.

Parts were inserted in the sample measurement fixture (see Figure 4-4 [START_REF]Keysight Application Note, Measuring Insulating Material Resistivity Using the B2985A/87A[END_REF]), with alignment of the sample to be in full contact with the guard electrode. Care was taken to trim the parts so that the upper surface was flat where it mated with the upper electrode. Protrusions were allowed on the bottom side of the samples if they did not contact the low-side or guard electrodes. Once installed in the sample fixture, the dedicated hand screw was used to apply a preloading force on the stack-up of electrodes and sample. The lower electrode is covered with a carbon loaded elastomer and mates under compression to form contact with the samples lower surface. Typically, between 2 and 4 kg-force was applied. The fixture then has a top cover that is closed during testing to create an attenuated electromagnetic environment around the sample, allowing for undisturbed low current measurements.

A B

The following configuration was used for the samples, with each sample's average thickness [in mm] entered in the configuration file. Measurements were taken every 6 seconds for an hour, so that a total of 361 measurements were taken.

Electrometer/High Resistance Meter Model B2985A input parameters (see Figure 4-5 [START_REF]Keysight Application Note, Measuring Insulating Material Resistivity Using the B2985A/87A[END_REF]):

EPER, Effective perimeter = The rather rapid, given the high resistance of the samples, convergence can be seen within 30 minutes, and then a consistent scatter of measurement data. The very low levels of current measured with 500 VDC applied, result in the scattering for the associated resistances. Figure 4-6 shows a time plot of the resistance measurements over the hour recording (sample FDM YZ2F shown). The mean value was used, with the standard deviation (note gaussian distribution) was fed into the error analysis (see next section). 

Error analysis:

The error in obtaining the bulk conductivity stems from many factors. The likely dominating error is not quantifiable here, that being the effect of sample humidity (surface and internal moisture content), and temperature in a non-climatically controlled room. Another factor, presumably small yet the conduction current of the sample is also very small, was that some samples did not fully engage the guarding electrode in the test fixture offering some surface leakage to occur. As stated in the design considerations for the AM samples, 40 mm by 40 mm dimensions were chosen to fit in the permittivity (see 4. fully engaged. FDM ULTEM sample YZ2F had been trimmed during the flattening process (so that the upper electrode could engage the surface equally), but the exact 40 mm width resulted in a small arc of non-engagement of the guard electrode as shown. 

Calculated uncertainty:

The following equations were used to quantify the amount of uncertainty associated with the various dimensional (i.e., sample thickness, electrode diameters), voltage and current uncertainties. A detailed explanation is provided in Appendix E.

Step 1: Sample thickness, STH

The sample thickness uncertainty was estimated by the respective standard deviations of the thickness measurements taken for each sample type (SLA, SLS, FDM) and print orientation (XY, YZ. Note XY-30 o print was omitted due to poor quality of those samples).

{𝑆𝑇𝐻 = 𝜇 𝑑 , 𝛿𝑆𝑇𝐻 = ±𝜎 𝑑 } [mm]

Step 2: Electrode effective area, EAR For all resistivity measurements:

𝐸𝐴𝑅 = 804.2 [mm 2 ] 𝛿𝐸𝐴𝑅 = ±17.8 [mm 2 ]
Step 3: Determine voltage and current measurement uncertainty See Appendix D (Data and Data Reduction) for the specific variations in current fit to a gaussian-Normal distribution. The voltage uncertainty was taken from the Electrometer specification at 0.05% [START_REF] Datasheet | B2980B Series Femto/Picoammeter and Electrometer/High Resistance Meter[END_REF].

{𝑉, 𝛿𝑉} = {500.0, ±0.25},

[V] {𝐼, 𝛿𝐼} = {𝜇 𝑖 𝑙𝑎𝑠𝑡 40 , ±𝜎 𝑖 𝑙𝑎𝑠𝑡 40 } [A] a b 57 
Due to the current measurements taken by the Electrometer were of a 60-minute duration, the current was approaching an asymptotic limit corresponding to only the resistance of the samplebut often not fully. The last 40-current sample measurements were used to perform a statistical fit to and quantify the mean value (µ) and standard deviation (σ). Appendix D provides the respective distributions for a decreasing set of measurements at the end of the test (last 100 points, 80 points, etc.). This merely provides a visual "check" of the 40-sample assumption (or compromise on only using 40-samples without extrapolation to an infinite time).

Step 4: Determine uncertainty associated from inputs in resistivity calculation.

𝜌 𝑉 = 1 10 • 𝑉 𝐼 • ( 𝐸𝐴𝑅 𝑆𝑇𝐻 ) (28) 
𝛿𝜌 𝑉 = 1 10 • [( 1 𝑆𝑇𝐻 • 𝑉 𝐼 • 𝛿𝐸𝐴𝑅) 2 + ( 𝐸𝐴𝑅 𝑆𝑇𝐻 2 • 𝑉 𝐼 • 𝛿𝑆𝑇𝐻) 2 + ( 𝐸𝐴𝑅 𝑆𝑇𝐻 • 1 𝐼 • 𝛿𝑉) 2 + ( 𝐸𝐴𝑅 𝑆𝑇𝐻 • 𝑉 𝐼 2 • 𝛿𝐼) 2 ] 1 2
In units of [Ω-mm].

Other measurement error:

The B2985A Electrometer did not have the optional thermometer or relative humidity sensors installed; hence variation of laboratory ambient temperature is perhaps the dominating environmental source of error. The variation in laboratory room temperature spanned between 19 to 29 o C, dependent upon windows being opened or closed, laboratory specimen heater (set at 150 o C) operating in the room, and the presence of other experiments. Ambient humidity during this period spanned between 40 to 70%RH. The effects of temperature and humidity on conductivity for each sample have been extrapolated from the complex permittivity measurements at 20 o C; both initially (sample having been exposed to relative humidity) and after exposure to the higher test temperature (either 80 o C for SLA "White" samples, or +200 o C for all others).

Partial Discharge

Objective:

For the assessment of the "bulk" of various AM samples, Partial Discharge testing was used for the detection of internal voids.

Equipment:

A Power Diagnostix Partial Discharge test cell, placed in a shielded electromagnetic enclosure, was utilized, allowing for a measurement sensitivity below 0.5 pC. Testing in air was first performed in the event of significant defects were present. Then test samples were submerged in dielectric fluid (SOLVAY Galden® HT55 perfluorinated fluid) to prevent surface flashover and/or surface discharges at higher voltage levels. Testing of SLA samples had a variac configuration that only supported 10.5 kVAC, hence once in oil no PD were observed within those samples. The objective in that case, was to screen the samples for any "significant" defects that would have resulted in low dielectric strength. None of those samples exhibited abnormally low dielectric strength values. This will be discussed in greater detail in Sections 5.0 (Results) and 6.0 (Discussion). 

Methodology:

For the first measurements of the day, the system was calibrated using a 1.0 pC calibrating unit (see Figure 456789). Samples were cleaned and inspected, then placed in the center axis of a spring-loaded electrode fixture. The fixture was then lowered into a beaker of dielectric fluid so that the upper voltage connection was also submerged (see Figure 456789). The fixture was physically tapped to enable any trapped air bubbles to flow off the sample. The door was closed to the EMI enclosure, which enables the voltage application relay to close the test circuit. From a low voltage setting (< 1 kV), voltage was manually gradually increased to the point that charge measurements exceeded the "background" charge level. This voltage was recorded as was the range of charge fluctuations, and then the voltage was lowered back to the minimum (< 1 kV) level. A wait period of over 60 seconds was taken, before repeating the process. Typically, five (5) measurements were taken for each sample under PD-test.

Error analysis:

The uncertainty attributed to both PDIV, and the associated charge was determined by assuming a Gaussian-Normal distribution. This is a simplification to PDIV measurements, which typically have a higher initial value that subsequent voltage ramp-up until inception. The "likely" physical reason behind this is that after the first initiation of discharges, the sample has been slightly altered by the PD to include charge accumulation in any voids, heating of any voids or surface areas, and liberation of gases, etc.

Dielectric Relaxation Spectroscopy (DRS)

Objective:

Obtain the complex permittivity of a material over a specified temperature and frequency range. Additionally, this method calculates the impedance, phase angle, and conductivity (AC based). The temperature range of -60 o C to +200 o C was selected as a "normal" low end requirement for noncryogenic aircraft applications, and the upper temperature was selected as a reasonable compromise for allowable oxidation of the test instrumentation.

Equipment:

A Novocontrol Technologies "Alpha and Beta" [Relaxations] Analyzer was used for the measurement of complex permittivity. The Novocontrol instrument utilizes a programmable script to run various sinusoidal voltage frequencies at a commanded temperature. The sinusoidal excitation is applied at a given frequency and the resulting current is measured (in terms of amplitude and phase shift between voltage and current waveforms). The signal frequency range spans 13 decades, from 3 Hz to 20 MHz. Predominately used on capacitive samples with very low conductivity, the measured apparent current can range between 10 fA (10 -14 A) to 100 mA, with the applied voltage amplitude around 1V.

See Figure 4-12 for the configuration used.

Methodology:

A Novocontrol Technologies Alpha and Beta [relaxation] Dielectric Analyzer was used for Dielectric Relaxation Spectroscopy (DRS). Unless otherwise noted, measurements were performed from -60 o C to +200 o C, and frequencies between 10 mHz to 1.0 MHz. Gold surface electrodes of 28 mm diameter were sputtered onto samples, with a thickness of approximately 300 Å. In the case of the YZ-plane printed SLS samples, the printing process added small ridges to ensure sample strength. For these samples, a 450 Å gold application was made. On FDM samples, a single application of 500 Å gold application was made after the samples were "smoothed" in a 235 o C press for three (3) minutes.

For novel materials, or if vendor data is questionable, it is preferable to perform Thermogravimetric Analysis (TGA) to understand the limits of the material before undergoing mass-loss. Unfortunately, TGA instrumentation was not available for this Thesis, and DSC was used instead to identify the melting temperature. The complex permittivity measurements will yield erroneous result if the sample warps or flows (as it softens while approaching the melting point). Worse, samples that exceed their thermal limits may outgas, melt, or burn and damage the instrumentation, hence the importance of understanding the material limits and setting the DRS. Test duration; test points and frequencies. The desired duration of an automatic scan of a sample is chosen to comply with the capacity of a single LN2 dewar, as N2 is used all along the measurement cycle for the temperature regulation of the sample.

Anticipating relative permittivitys in the 3 to 5 range, and a sample size not to exceed 40 mm by 40 mm with 28 mm diameter Au sputtered electrodes. For a sample thickness of 600 µm the typical capacitance was between 27 and 45pF. Sample capacitances in the range of 50 to 200 pF are desirable for the Novocontrol system.

Error analysis-and introduction of errors:

Measurement error minimizing within the Novocontrol is attempted through a calibration process, accounting for instrumentation circuit impedances and cables, and housing the sensitive electronics in non-temperature varying sections of the testing head. Only the sample, electrodes and bare wiring are exposed to the heated nitrogen while the testing is performed.

For the average thickness of an AM printed sample, a "five-point" pattern was adopted for the measurement of thickness of a square sample. This combined the measurement error of thickness with the variability in the thickness of the sample.

Dielectric Breakdown Strength Objective:

Obtain the dielectric breakdown strength of a given sample. Utilizing the breakdown voltage and then performing a thickness measurement via the hand-held digital caliper, the bulk breakdown strength was calculated.

Equipment:

A BAUR DPA 75C oil test unit was used to perform dielectric breakdown testing. Electrodes used were compliant with IEC 60156 ~13 mm spherical brass configuration ( [START_REF]Insulating liquids -Determination of the breakdown voltage at power frequency -Test method[END_REF], Figure 1). Samples were submerged in dielectric fluid (same fluid type as used in PD-tests) to prevent surface flashover. A ramp rate of 1.0 kV/s at 50 Hz was used until breakdown occurred. Articles under test were observed for flashover events, as well post-test inspection for "breakdown" without a puncture site. Flashover events were noted but omitted from the data and considered as an invalid result. Thinner samples (< 4 mm) typically supported five (5) breakdown test sites without the interference of carbonized channels from previous breakdowns. For thicker samples, this was reduced to either two or one breakdown test per sample due to the increased breakdown voltage. Breakdown sites were measured for thickness using a non-rotating digital micrometer (Mitutoyo "Absolute" Model IP-54). Furthermore, close attention was paid to the purity of the dielectric fluid to avoid test debris corrupting the testing. The unit is capable of test voltages up to 75 kVRMS, at 50 Hz. Overcurrent and electrode de-energization time < 10 s. The slew rate is programable between 0.5 to 10 kV/s, and a breakdown accuracy of + 1 kV with a resolution of 0.1 kV. The oil temperature is measured to a resolution of 1 o C. Breakdown recordings were transcribed by hand from the unit's display. Figure 4-13 shows the BAUR DPA 75C dielectric breakdown test unit in operation at moment of dielectric breakdown, in oil. The enlarged area shows local ionization on surface of the test sample during a bulk breakdown, with the displayed voltage at 53.7 kV.

Methodology:

The following methodology was employed for each sample. All samples were tested in a dielectric fluid to minimize surface flashover of the specimens.

▪ Inspect sample for cleanliness, inspect dielectric oil (if reused) for absence of suspended particulates (if unacceptable or when changing samples, filter oil through a paper filter).

▪ Install sample between electrodes in desired location and adjust electrode distance until slight pressure is felt by tactile feeling. Fill oil level above sample by more than 10 mm.

▪ Start measurement.

▪ Observe sample under test for surface flashover. This occurs quickly and is verified by no breakdown site observable on the sample after overcurrent trip.

▪ Manually record breakdown voltage.

▪ Remove and inspect sample. Reposition and repeat test for multiple test sites on same sample (up to five were done on thinner samples, e.g., < 4 mm). Appendix E (Error Analysis) details the derivation of the above equation, as well as examines the uncertainties in the Weibull base statistical methods and modeling.

Differential Scanning Calorimetry (DSC)

Objective:

Differential scanning calorimetry is used to measure the amount of heat released or absorbed by a sample during heating or cooling over a range of temperature. By measuring the heat flux and identifying points of inflection, material phase transitions can be readily identified. Such transitions are glass transition temperature, fusion, and crystallization events. Methodology:
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A small section of sample was placed in the LNCA fixture. The temperature profile started at 0 o C then was warmed at a 10 o C/min rate to the maximum temperature, then cooled back to 0 o C. Two temperature cycles were performed to check repeatability.

Microsection -"Quality" of Print Visual Inspection

Objective:

Microsectioning of AM generated structures is a critical tool in the evaluation of the quality and suitability of a printing process. Interfacial defects, voids or missing discrete volumes of material, or the unwanted effects of AM software which may unwittingly (to the designer) allow variation in internal densities to save material usage, need to be quantified and understood. The aggerate effects of such "defects" will be apparent during dielectric strength testing (Sec. 4.2.4), bulk volume partial discharge testing (Sec. 4.2.5), and in any time-to-failure under electrical or multi-factor stress testing (i.e., "life testing"). However, the visual identification of such unwanted defects is an indispensable tool for the classification and resolution of such problems. That stated, microsectioning is a timeconsuming endeavor. Only a few AM samples will be selected for this method of examination. These will be limited to AM methods exhibiting "abnormally" low dielectric strength or exhibit internal PD.

Equipment:

▪ Microsectioning items is common throughout the electronics industry; particularly as part of a quality control process for printed wiring boards (PWBs). It is also extremely useful as the final step in performing failure analysis of Printed Wiring Assemblies (PWAs), after imagining (e.g., surface photography and Computed Tomography (CT) X-ray scanning). IPC-MS-810 in conjunction with IPC-TM-650-No. 2.1.1 detail the basic process of stabilization of the sample of interest ("potting"), performing finer and finer grades abrasive grinding, and then fine "polishing" of the [147,148]. If metallic grain structures are of interest, micro etching can be employed. Inspection is performed using a "metallographic" microscope (typically capable of 100X to 200X magnification).

TM-650-No. 2.1.1 does make the following statement, which is readily apparent to anyone involved with microsectioning-the importance of a skilled technician:

Because manual metallographic sample preparation is regarded by many as essentially an art, this method describes those techniques that have been found to be generally acceptable. It does not attempt to be so specific as to allow no acceptable variations that can differentiate metallographers. Furthermore, the success of these techniques remains highly dependent upon the skill of the individual metallographer.

For AM structures that are somewhat transparent or translucent, a darkfield illumination to inspect for voids is useful. The default illumination in metallographic scopes is brightfield, which is wonderful for looking at the surface of the mount, but which does not allow you to see beyond that surface. Darkfield enables better inspection of the interior, if the materials are not completely opaque. Using both illumination techniques can be a very complimentary approach towards inspection.

The AM of a dielectric or a binary composite pair of dielectrics is a single process of spatial disposition of material. Voids and separation between layers, or gross errors in dimensions, are the "features" to be examined. Although much more complex but also far better understood, the quality analysis of PWBs is recommend as being leveraged. An approach comparable to "Class 3" High Performance/Harsh Environment Electronics Products is recommended for electrical insulation application under High Voltages. IPC-A-600 and IPC-6012 (series) provides analogous inspection guidance, although there is no comparable set of standards or guidance for AM dielectrics [START_REF]Acceptability of Printed Boards[END_REF][START_REF]IPC-6012D, Qualification and Performance Specification for Ridged Printed Boards[END_REF]. Figure 4-16 is taken from IPC-A-600 merely to illustrate microsectioning examples. The following defects are illustrated, (a) "Weave exposure", where unwanted layers extend through the surface, (b) "Crazing" were there are separations between dissimilar materials (e.g., resin and glass), and (c) "Laminate voids", where epoxy did not flow to fill gas volumes. 

Error analysis:

Errors in dimensional measurements, where calculate distances between selected points are dependent upon the metallographic microscope and connected system used.

Solid Geometry Definition for AM

Solid modeling was developed using Autodesk Fusion 360 software:

Software version used: 2.0.7463, Active Plan: Fusion 360, Student Autodesk Fusion 360 © 2019 Autodesk, Inc.

Figure 4-17 shows the "workspace" of Autodesk Fusion 360, which is very typical of Computer Aided Design (CAD) packages. Models were generated from "solids" where subtractions were applied to produce the desired sample assemblies to be uploaded to an AM process for printing as a Standard Triangulation Language (STL) file format. Recalling that one of the objectives of this Thesis was to assess if anisotropic properties were exhibited in AM builds. Two orthogonal planes were chosen, one building along the x-axis on a YZ-build plane (see Figure 4-18) and building along the z-axis on a XYbuild plane (see Figure 4-20). Solid models for the creation of test samples were made from simple commands of positive material extrusions, and negative (subtractive) extrusions. Fusion360 enables the addition of text, which and either be subtracted (i.e., engraving) or extruded away (i.e., embossing) from the given surface. For example, the vertical YZ sample (Figure 4 Sample identifiers, either engraved or embossed, were located on the outer edge since the center section of the samples were typically the placement location for electrodes or the disposition of gold for surface electrodes. Various sample thicknesses were printed to ascertain the role of partial discharge and bulk breakdown strength. Samples intended for complex permittivity measurements or polarization/depolarization (e.g., conductivity measurements) were designed to be thinner at 0.6 mm-when supported by the AM process. The lower thickness was based upon the minimum thickness that would not warp or mechanically fail during handling.

Method 1: Stereolithography (SLA)

Available Materials

For SLA printing, a Formlab Form 2 printer was used with "White" (WHITE FLGPWH04), "High Temperature" ("High Temp V1" FLHTAM01) and "High Temperature" ("High Temp V2" FLHTAM02) photopolymer resin. The chemical composition and electrical properties of these materials were not available in the printer literature.

Test Article Design

With the Form 2 printer, the recommend minimum unsupported thickness was 600 m; the smallest feature of this printer was between 50 and 100 m (material dependent). Dielectric and thermal data was very limited with the stock Formlab's photopolymer resins. These minimum print requirements drove the design of the minimum thickness (at 600 m), and the thickest determination at 5.0 mm was chosen for the anticipation of limitation of the dielectric tester maximum test voltage (60 kV) and the PD detection instrumentation. The maximum thickness of 5.0 mm was designed into the "base plate" of the SLA coupon assembly, with 3.0 mm as a reasonable thickness for comparison to 600 m. The article design evolved from one printing to the next, due to the difficulty in using SLA printing in the XY-build plane for thin (600 m to 3 mm) samples. The initial design (Design 1) for the "low temperature" (80°C) YZ-build plane samples is illustrated in Figure 4-19. This structure fabricated six ( 6) 600 m and twelve (12) 3.0 mm samples. The upper and lower support structure (5 mm thick) was used to form six (6) 5.0 mm thick XY-build plane samples. The second design (Design 2) is illustrated in Figure 4-20, with thicknesses indicate. The objective was to create a set of XY-build orientation samples to assess anisotropic behavior relative to the YZ-build orientation samples. Between samples a cylindrical element was added in anticipating that the assembly might warp. After printing of the first design, these features were removed before printing.

The failure of building a "usable" part (see Sec. 4.4.3) on the XY-plane with the SLA printer prompted a third design (Design 3). This design was rotated by 30-degrees along the X-axis. After the SLA "White" assemblies printing experiences, a simpler structure was designed that enabled the non-photopolymerized resin to flow away as well as reduction of support structure (added by the AM software) away from the surface of the coupon. As was discovered in the XY and 30-degree rotated XY SLA builds, horizontal plane builds resulted in pitted coupon surfaces due to support treeing added by the printer software-and extra polymerized resin that had voids and cracks. Figure 4-21 illustrates the last SLA design (Deign 4). The "High Temperature" photopolymer resins were used in the printing of this assembly, as well as the SLS "White" (Stratasys RGD835 VeroWhitePlus) resin.

AM via SLA

Printing of the "White" (White V4) photopolymer resin assembly took 10.3 hours and was built with 670 layers of 100 µm thickness. For the "High Temperature" (V1 and V2), printing of the fourth design (Figure 4-21) of 1130 layers with a 50 µm thickness, took 12.5 hours print. Figure 4-22 shows the FORM 2 printer set-up with interfacing computer and FORM printing software. The build part is shaded in blue, with the print support structure to be printed with the part, is shaded in light brown. The generation of the "support structure" is automatic. The print control software also calculates the number of layers, thickness of layers, volume of resin to be consumed and estimated print time. Post printing, parts were carefully removed from the printing plate (see Figure 4-23 (right)). The printed assembly often adhered to the printing base plate and had to be mechanically pried off. Once removed, the assembly was placed into a Formlab isopropyl alcohol (IPA) washing unit (see Figure 4-23 (left)). The parts then were rinsed with distilled water and blown dried with dry air. Next, the assemblies were subjected to a post-curing thermal process. For the "White" material, post-curing occurred at 60 o C for 17 hours to reach the resin Heat Distortion Temperature (HDT) of 58.4 o C. During the post-print thermal cure of the "High Temp V1" assembly at 150 o C, the material outgassed. The outgassing formed surface cracks and vent lines on the material rendering them unsuitable for testing. Reprinting, but using the "High Temp V2", assembly was UV-cured for 120 min at 80 o C, to achieve a HDT of 238 o C per the FORM 2 printer guidance.

Build Direction

Figure 4-23 (left) shows the SLA "White" assembly that yielded poor quality coupons. The 30-degrees rotated XY plane print is shown before being removed from the printer base (left). The flat XY-plane build is shown in the UV and Thermal curing unit (left). Note the poor surface quality of the build.

To obtain the 40 mm by 40 mm square samples, each assembly was trimmed of interconnecting support material. Then the individual samples were rinsed with deionized water, washed with Isopropyl Alcohol (IPA) and dry air blown. Figure 4.4-6 shows the trimmed assembly for the SLA "White" (V4) resin, with each sample labeled. Samples "A" and "B" had gold electrodes sputter on to their surface for use in the Novocontrol test cell. Samples "A" through "F" were 600 µm thick, samples 1 -12 were 3.0 mm thick, and the top and bottom of the printed assembly were cut into six (6) 5.0 mm coupons. Figure 4-23 offers a comparison between the XY-build (flat), 30-degree rotated XY build (along the X-axis), and the YZ-build planes, for the "High Temperature V2" photopolymer resin. The attachment points of the printing support structure are evident in the XY and 30-degree XY samples; they are the small indentations on the surface. The flat XY-build has larger printing support attachment points (larger circles), as well as voids and partial cavities formed by unwanted resin being cured, as it failed to drain from a horizontal orientation. A drainage angle prevented this from occurring in the 30-degree rotated assembly and the vertically printed (YZ) assembly. Visible in the YZ-build orientation samples are higher density "stripes" that did not extend above the surface of the more transparent sections of the samples. This was added by the print software since it was not part of the solid-model (STL-file). Figure 4-26 shows a pre-trimmed YZ-build 18-coupon assembly (inverted from Figure 4-21 view). This SLA "High Temperature (V2)" build consisted of 3.0 mm and 600 µm. Note that one of the thinner samples had cracked on handling (very brittle) and is missing material.

Method 2: Selective Laser Sintering (SLS)

Available Materials

Selective Laser Sintering (SLS) is a form of Powder Bed Fusion (FBF). A thermal head is applied to the incremental volume of powdered material stock, resulting in the sintering at high temperature of that element to adjacent elements. Sintering is the fusion of adjacent powder particles without meltingbut at elevated temperatures. The process works well for polymer as well as ceramic materials. For polymer materials, thermoplastics can used in SLS AM while thermoset materials are not. This is due to the degradation of thermoset materials when excessively heated, and not melting or softening [START_REF] Gibson | Additive Manufacturing Technologies[END_REF]. 

MATERIALS DESCRIPTION

Transparent

• "transparent" material is a multipurpose PolyJet photopolymer for standard clear plastic simulation. It combines high dimensional stability with surface smoothness.

Rigur and Durus

• Rigur (RGD450) is an advanced, polypropylene-like material that enables the 3D printing of precision prototypes. Rigur offers durability and a smooth surface finish.

• Durus (RGD430) is the original simulated polypropylene material and exhibits great impact resilience and an elongation at break of 44%.

Tango Family (Rubberlike)

• The Tango family of PolyJet photopolymers can simulate rubber with different levels of hardness, elongation, and tear resistance. Gray, black, white, and translucent, Tango material can be used on a wide variety of finished products ranging from soft-grip handles to footwear.

Vero Family (Rigid)

• PolyJet Vero Materials are rigid, opaque photopolymers that provide excellent visual detail. They can be blended with other photopolymers to create variations in hardness, flexibility, translucency, or heat resistance.

• VeroBlackPlus (RGD875), VeroBlue (RGD840), VeroGray (RGD850),

VeroWhitePlus (RGD835)

Support 705 • PolyJet's gel-like support materials are specially designed to provide support to overhangs as well as complicated geometries during part creation. The support material can be easily removed by hand or using water.

Conversely, thermoplastic materials are well suited for SLS due to their low melting temperatures. However, as discussed in Sec. 2.0, it is often desirable to have insulation systems that are stable well above 150 o C-preferably 200 o C for aerospace applications. The SLS printing was performed using a Stratasys Eden 2 printer with "White" (Stratasys RGD835 VeroWhitePlus) resin. "RGD" refers to the Stratasys class of "ridged" resins. The datasheet from the manufacture is given in Figure 4-2 [152]. 

Test Article Design

Typical layer thicknesses for SLS methods (as of 2020) range between 20 to 150 m [START_REF] Gibson | Additive Manufacturing Technologies[END_REF], and the smallest feature for the Stratasys EDEN250 attempted was to 300 m. The "Design 4" (Figure 4.4-3) was used for the both the XY-build and YZ-build orientations. A raised 250 m text was added to each part (as a solid extrusion) to uniquely identify each coupon.

Due to the ability of SLS to print in either the XY-build or YZ-build planes without the issues experienced with the SLA printing, a XY-flat assembly was designed of varying coupon thicknesses. This was specifically designed for breakdown testing to investigate the effect on thickness. Figure 4-27 shows this 20-sample configuration ("Design 5") with the printed product as an example. The Stereolithography printed object is shown to the right. 

AM via SLS

Printed parts were carefully removed from the print base, un-sintered supporting material was removed, and the parts were rinsed, cleaned, and blow-dried. No additional curing was required. SLS yielded very useable parts which were not as brittle as the SLA items. Like the SLA samples, trimming was 78 Due to the thinness of the samples (0.6 mm), the printer software added reinforced sections for print stability. This resulted in a slight (<0.1 mm) rise on both sides of the samples, which was undesirable. Sample C-YZ has been gold sputtered (with a 28-mm stencil to form a circular electrode).

Method 3: Fused Deposition Modeling (FDM)

Available Materials

A "mail-order" AM printing company was used to fabricate Fused Deposition Modeling (FDM) samples. Various materials were available as identified in Table 4-3. Notable were the ULTEM 1010 and 9085 (polyetherimide) which were candidates for "aerospace-type" materials due to current use on aircraft, with ULTEM 1010 selected for this thesis since it was "rated" above 200 o C per the build company FATHOM. It should be noted that during this Thesis, the available AM materials and capabilities have greatly improved. Materials and AM methods not available in 2019, are now prevalent in 2022. Additionally, some AM printer and material providers have extensive testing of their finished products of interest to the electrical insulation designer. This was not the case when the SLA and SLS parts were printed in 2019 and 2020 respectively. 

ABS-M30™ (acrylonitrile butadiene styrene)

• Versatile material good for form, fit & functional applications • Familiar production material for accurate prototyping Specifically, for ULTEM 1010, Stratasys provided a comprehensive datasheet with some electrical properties to include orthogonal build properties [START_REF] Datasheet | ULTEM 1010 Resin-FDM Thermoplastic Filament[END_REF]. Table 4-4 provides a sample of this information, with is Heat Deflection Temperature (HDT) and Tg is the glass transition temperature. The datasheet also provided graphs of Differential Scanning Calorimetry (DSC), and Thermomechanical Analysis (TMA) test results. 

Test Article Design

The previous CAD geometries were unsuitable for FDM printing after coordinating with the AMprinting service, which imposed a minimum thickness 2.0 mm. Although the FDM printer was capable of thinner builds, the limitation was imposed due to handling (cleaning) and shipping. This is less desirable for various material characteristic tests, that have increased accuracy with thinner samples (permittivity and resistivity testing). Figure 4-31 shows the CAD model designs with build plane indicated. Each assembly contained six (6) 2.0 mm and 3.0 mm coupons, and eight (8) 5.0 mm coupons for a total of twenty (20). More of the thicker (5.0 mm) samples were designed into the assembly in anticipation of the dielectric breakdown testing where often only one test site per coupon can be attempted on a thicker sample. Being thicker and requiring a higher breakdown voltage, surface flashover between the electrodes and the sample can occur. So, the thicker samples are limited to one test site in the middle of the part, to offer the largest creepage distance. Thinner samples, up to 2.0 mm, can have five ( 5) breakdown test sites in contrast. 

AM via FDM

The FDM-XY and -ZY build orientations were fabricated by FATHOM printing services (Oakland, CA, USA), using a Stratasys Fortus 450MC printer. Per the Stratasys 450MC datasheet, parts were produced within an accuracy of ± 127 µm (± .005 in.) or ± .0015 mm/mm (± .0015 in./in.), whichever is greater) [START_REF]Fortus 450mc 3D Printer[END_REF]. The initial print by FATHOM resulted the destruction of the parts as they attempted to clean the build resin from the assembly. They were able to re-print the assemblies and ship "asprinted"uncleaned. Figure 4-32 are the as received assemblies, and Figures 4-33 and -34 show the trimmed and cleaned samples. This material was rather tough and hard to remove from the surface of the samples, build ULTEM that was less curried but still adhering to the processed fibers. In Figure 4-33, sample XY2C developed a semitransparent appearance after hot-pressing. Hot-pressing was used for conductivity and permittivity samples, to smooth their surfaces. Sample XY2C indicated that the press temperature was too high (250 o C), and samples afterwards were pressed at 235 o C without issue. 

Results

This section provides a consolidation of that data to provide a comparison of the results relative to the various print orientations and thicknesses. The discussion section (Section 6.0) compares the print methods and materials relative to one another and the assessment of the validation of developed models (Section 3.0).

Dimensional Measurements

Dimensional control and geometric tolerances are important to understand with any manufacturing process. Within a printed dielectric structure, geometric control is extremely important due to the interfacing with conductors, interconnections, and perhaps other interfaces. An example of this are PWBs, where layer to layer orientation is critical (and has been a source of PWB failure with via and plated through holes (PTH), crosstalk, loss of insulation margin, etc.), as well as layer-to-layer thickness. In applications where an insulator forms a surface, in air, dimensional tolerances are less stringent. Often to accommodate design requirement variations in temperature (e.g., highest temperature with "hot-spot" applied) and altitude, and the possibility of in-service damage due to equipment installation, maintenance, dropped tools or other mechanical issues, the insulation thickness should be designed with margin to prevent PD or outright dielectric failure. In this section, the results of hundreds of thickness measurements will be reviewed of the AM samples printed. Thickness is a key characteristic of the samples, although other dimensional indices typically of interest are surface roughness, planarity, parallelism (between one face and another), minimum radii, and porosity to name a few.

Except for FDM, where roughness measurements were taken due to electrode plating concerns, the dimensional analysis will be limited to the sample thickness. Figure 5-1 shows a display method to be used to assess thickness data across the methods and orientations printed. The abscissa coordinates (xaxis) are the ratio of the thickness measurement to the mean for a given sample type. Plotted on the ordinate coordinate (y-axis) is the ratio of the thickness measurement to the design thickness (i.e., "target" thickness). If the measurements had no variance and were at the designed thickness, the datapoints would be centered at the (1, 1) position on the plot. Above the unity slope line, the thicknesses were above the design target; below, they are thinner. The thicker the sample, the lower the deviation from the unity slop line if the thickness variation is consistent for all the builds. Note that since each data point on the abscissa is given as the ratio to the mean, the distribution about the "d/mean = 1" line encompasses an equal statistical distribution (normal). A second method of assessment was to examine if there was a discrete thickness "error". For a given AM process used, print layers are additively applied to obtain a desired thickness. The stack-up of layer thickness variation will result in a smoother distribution in thicknesses, than if thickness error was due strictly to discrete layer being away from the target thickness. This assessment is performed by AM method and print orientation (where applicable), with an absolute "error" taken as the measured thickness less the target thickness. In the first method (see Figure 5-1), the analysis has been normalized to either the mean or the target thicknesses. The second method is absolute and will be displayed using a histogram of the distance from design ("target" thickness).

SLA Sample Thickness

Figure 5-2 gives the results the normalized thickness measurements to size mean and target thickness. All results were above the unity slope line indicating that all the thickness measures were thicker than the designed. The thinner samples (0.6 mm) had a far greater level of variation than the thicker samples. For the SLA "High Temperature (Ver 2)" photopolymer resin, the samples were thinner than designed.

In the temperature curing of the "High Temperature (Ver 1)" samples (data not shown here), a 150 o C temperature was selected post the UV-cure. This resulted in significant out-gassing of the parts, with vent lines visible on the surface of the parts rendering them unsuitable for dielectric testing. When reprinting the "high Temperature" resin, only a "version 2" resin material was available. The "Ver 2" parts were cured at 80 o C for 120 minutes without signs of damage. A likely explanation for why the "High Temperature" resin resulted in thinner parts, is part shrinkage during curing. The parts were harder than the "white" resin, and relatively brittle. The fully cured "High Temperature" did not suffer any apparent damage during the Novocontrol testing (Sec. 5.4) when heated to 200 o C.

Figures 5-3 and -5 show the difference from the designed thicknesses ("target") and the "as-built" thicknesses. The SLA "White" 0.6-and 3.0-mm samples were on average 40 µm thicker than what was targeted, which was within the accuracy range of the layers. The XY-build orientation was thicker by 75 µm on average, but this dimension for SLA was difficult to control due to the pooling of non-cured photopolymer resin while printing. Table 5-1 summarizes the thickness measured. 

SLS Sample Thickness

SLS coupons evaluation of thickness distribution to designed thickness showed that SLS items were thicker than the design thickness. Figures 56and -7 show the distribution of this skewing via the process used. In a production design, such effects would have to be account for with the "build-design" modified to obtain the desired end-product, or "as-built", thickness. What is evident is that for the 18sample assemblies, the thickness dispersion is comparable on either the XY-or YZ-build planes. Table 5-2 quantifies the mean and standard deviation of the builds, with the XY-build plane slightly better for dimensional accuracy. Markedly different are the "flat" XY-build, as quantified in Table 5-2 and Figure 5-8, with a mean difference between "as-designed" and "as-built" of 11 µm. Note that Figure 5-8 has all the SLS sample measurements represented; both the 18-sample assembly as well as the 20 sample "flat" XY-build plane assembly.

An unanticipated issue with printing the thinner (600 µm) YZ-build plane samples was the addition of extra material for the print supports. As visible in Figure 4-28 in comparison to Figure 4-30, there is a slight raise seen as 5 mm wide stripes in the images for the YZ-build. This was added by the build software and was only apparent after printing. The rise of these supports was approximately 10 µm off the surface of the thinner samples. The 3.0 mm samples, the strips were visible but not raised. Voltage breakdown test electrode sites were chosen away from these sections. 

FDM Sample Thickness and Roughness

Thickness

Since FDM fabricated parts consist of cylindrical fibers laid adjacent to one another, the surface has a "wavey" texture. In the following section on "roughness", this will be quantified. Both the SLA and SLS methods produced rather "smooth" parts, with the exception where the build software increased the desired thickness of samples for rigidity during printing. The FDM process is fundamentally different since it uses a heated filament that is continuous for a given lay. Figure 5-9 illustrates a surface image of one of the FDM printed parts. Since the filaments are heated and undergo some extrusion or elongation, the filament diameter may vary. In examining this view, the printed filament diameter is approximately 250 µm. The difference between the "as-designed" and "as-built" thickness for an arbitrary thick sample would be roughly this value-presuming that the build software did not compensate for the upper filament height not the centerline of the filament.

The results for the FDM builds are of greater off set from the design targeted thickness, as well as a greater dispersion in the sample thicknesses. Figure 5-10 indicates that the samples are thicker and have a wide dispersion compared to the SLA and SLA methods. Figure 5-11 shows that this dispersion is discrete: of approximately 250 µm (about a filament diameter) increments. This likely indicates some samples with one less print layer, and other with an extra print layer relative to the thickness mean. The XY-build orientation fits better into this assumption, where less so with that of the YZ-build. 

Surface Roughness

As evident in Figure 5-9, surface roughness was a concern for testing of FDM produced samples. Both Dielectric Relaxation Spectroscopy (DRS) and Volume Resistivity measurements depend upon "full" contact with the surface of the tested samples. DRS is particularly sensitive to the electrode area during a test since it is comparing a geometrical equivalent air-capacitor to measurements to determine complex permittivity and other characteristics. As described in Sec. 4.2.4, gold was sputtered onto the surface of the samples to form a "gap-free" surface electrode. In the case of volume conductivity measurements, the surface smoothness is less of a factor with a carbon-loaded electrode compressed against the sample. But smoother is preferable. FDM samples destined to undergo DRS or conductivity measurements had their roughness reduced via a hot-press technique. This sub-section provides the original roughness measurements and an example of the hot-press results.

Table 5-4 captures the roughness indices measured, with Table 5-5 providing a description of those indices. Although the surface probe did not reach the depth of the "valley floor" formed by the ULTEM 1010 fibers due to the physical width of the probe being in contact with either side of the "valley", the TIR deeps are comparable between the two methods. 

Roughness Terminology

Ra Roughness Average (Ra)

Rq Root Mean Square (RMS) Roughness Rz Maximum peak to valley height of the profile, within a single sampling length; Average Rz value over assessment length TIR Total Indicator Reading (TIR), also known by the newer name "full indicator movement" (FIM), is the difference between the maximum and minimum measurements 
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Differential Scanning Calorimetry

SLA Material Thermal Limits

Differential Scanning Calorimetry (DSC) was not performed on the SLA materials. The datasheets were consulted to determine the upper test temperature for the DRS.

SLS DSC

DSC testing was performed on the Stratasys "VeroWhitePlus RGD835" material, and the results are given in Figure 5-14. The DSC testing was repeated several times, and with a relatively high melting temperature of 314.8 o C. The glass-transition temperature as given in Table 4. 97 

FDM DSC

DSC data was obtained from the datasheet from Stratasys for their FDM ULTEM 1010 thermoplastic filament. This is presented in 

Post-DSC test fragment

Original sample (post dielectric breakdown testing) Trimmed section 98 

Volume Resistivity

SLA Volume Resistivity

Volume resistivity of the SLA "White" samples were not performed. For the SLA "high Temperature" (version 2), the resistivity measurements The KEYSIGHT Electrometer of two samples at DC voltage. The measurements resulted in rather high levels of resistivity and should be considered suspicious. SLA HT YZ 600 µm "E" sample measured current and resistivity:

FDM Volume Resistivity

The volume resistivity measurements for the XY-and YZ-build orientations are listed below. Noteworthy from the data is the relatively high resistivity of the measurements. The DC measurements were performed at laboratory ambient (~23 o C). The applied voltage was 500.00 + 0.25 VDC. FDM 2.0 mm XY-build sample "D" measured current and volume-resistivity: Current:

1.141 ± 0.0741 x 10 

Complex Permittivity and Impedance

A summary of properties of interest, specifically relative real part of the permittivity, loss tangent, and impedance magnitude is given in this section. For the various indices presented, a common axis scale was used to better enable comparison between one AM method, material, or build-orientation. Sec. 6.2 will provide a closer examination of permittivity and an assessment of relaxations. 

SLA Complex Permittivity

SLA Impedance

For the SLA produced resin structures, dominated by capacitive reactance with frequency, both exhibited similar impedance over the temperature and frequency ranges. Figures 5-24 and -25 provide the results for the "White" and "High Temperature" (version 2) photopolymer resins respectively. As evident in the permittivity measurements for the "White" resin (Figure 5-24), the real part of the permittivity was much higher for that chemical composition of resin than the "High Temperature"; however, since impedance is plotted on a logarithmic scale the differences are subtle. 

SLS Complex Permittivity

Although the DSC testing (Sec. 5.2.2) would indicate that the material had a very high melting point, testing indicated that the temperature limit of desirable dielectric properties-low loss, high conductivity, constant permittivity-was far lower. As evident in Figures 5-26 through -29, above 55 o C and the permittivity changes dramatically. Table 4.5-2 gave the Heat Deflection Temperature (HDT) in the range of 45 -50 o C, which can be interpreted as when the material begins to soften and loose its rigidity. This corresponds to the upper temperature limit of this material unless a change in loss-tangent and permittivity is desirable for a unique design application. Real part of the permittivity for the XYand YZ-builds are given in 106 107 

SLS Impedance

For the SLS RGD835 resin, dominated by capacitive reactance with frequency, both XY-and YZ-build orientations exhibited similar impedance over the temperature and frequency ranges. 

FDM Complex Permittivity

The FDM relative real part of the permittivities for the XY-and YZ-build orientations are given in Figures 5-32 and -33. Below 150 o C, the XY-build average the real part of permittivity is 3.30 + 0.14, while orthogonally the YZ-build average is 4.06 + 0.33. The XY-build measurements began at +200 o C and then were cooled to -60 o C while the 49-frequency points were dwelled at for measurements. In the DRS test for the YZ-build orientation, the sample was initially taken to +120 o C to enable some drying, then lowered to -60 o C with a stepped temperature up to +200 o C. The real part of the permittivity of the YZ-build is likely due to differences in moisture content. See Sec. 6.2.2 (Effect of Moisture Content).

Figures 5-34 and -35 give the associated loss-tangents of these two build orientations. Figure 5-36 offers a comparison of the two orientations over the temperature range. As noted above, XY-and YZbuilds stepped through the various temperatures from different directions (XY right to left; YZ left to right). The slope of permittivity with temperature is different between the two test sequencies.

Additionally, as will be evident in the microsection section (Sec. 5.7.2), the FDM structures are polymer-air composite structures. The air void orientations result in different measured permittivities.

For the XY-build DRS scans, measurements that were indicative of a loss of conductivity in the surface electrodes were removed from the data displayed in Figures 5-32 and -34. Due to the roughness of the FDM samples, even those hot-pressed to smooth the surface to better enable a continuous goldelectrode to be sputtered, there appears to be parts of the testing at higher frequencies that resulted in loss of conductivity across the electrode. This effectively reduced the electrode area, resulting in the Novocontrol instrumentation to calculate very low or below unity permittivities and non-capacitive phase angles. This is due to the calculated indices from the measurement of current and voltage are compared to an ideal air-capacitor of equivalent area and sample thickness. In future testing with FDM samples, a compressed gold or silver foil might be advisable to maintain the electrode area. 

FDM Impedance

As with the other samples, the impedance measurements were dominated by capacitive reactance with frequency. Both XY-and YZ-build orientations exhibited similar impedance over the temperature and frequency ranges. 

Partial Discharge

The initial samples SLA samples were tested in air, but it was quickly realized that PD was occurring on the surface of the samples (PDIV between 4 to 6 kV). Further testing on SLA was then conducted within Galden HT-55 dielectric fluid, with no PD detected up to the test limit (step-up transformer limit) of 10 kV.

Given that electrode/sample surface PD was induced, both the SLA and SLS AM processes yielded "gross-defect" free parts. The intention of the PD testing was to identify voids or other print defects, which were not evident. Thus, samples were PD tested as a screening for defects before undergoing the destructive breakdown testing.

This was not the case regarding the FDM parts. The partial Discharge Inception Voltages were consistent with that of air or a similar air gap (near 3.2 kV/mm). The comparison between SLS and FDM samples is given in Figure 5-39. Both build directions of the FDM, XY-and YZ-build, offered low PDIV. Once PDIV was monitored above the "floor" of normally < 0.2 pC, the voltage increase was halted, and the measurement taken. The electric field was assumed to be uniform (η = 1). The FDM samples exhibited PDIV constant with large air voids. In the microsection of these samples, this was confirmed to be the case.

Dielectric Strength

Dielectric breakdown testing was performed on all samples not utilized for other testing such as DSR.

For thin samples, up to five test sites were used per sample to increase the number of tests. Medium (1 to 3 mm) sample thicknesses allowed for up to four sites, and thicker samples (4 and 5 mm) only had one breakdown initiation site per sample. Testing was consistent with IEC62539 [START_REF]IEC/IEEE Guide for the Statistical Analysis of Electrical Insulation Breakdown Data (Adoption of IEEE Std 930-2004[END_REF], except for the thicker SLA samples amounted to three 4 mm and two 5 mm. The SLA and SLS breakdown values were also in agreement with prior work, specifically [27,[START_REF] Appelhans | Comparison of dielectric properties of additively manufactured vs. solvent cast polyimide dielectrics[END_REF]. The FDM samples performed poorly compared to the SLA and SLS materials. The reason for this will be evident in Sec. 5.7.2 (Microsectioning of FDM Samples).

SLA Dielectric Strength

The dielectric strength for several thicknesses of the SLA "White" photopolymer is given in Figure 5-40, with the associated 2-parameter Weibull fit parameters given in Table 5-6. A 1.5 kV/sec 50 Hz ramp rate was used, in dielectric oil to mitigate flashover. Performing an exponential fit to the scale parameters α, so those for a cumulative probability of breakdown of 63.2%, and the corresponding thickness, we have the following expression:

𝐸 𝐵𝐷 (𝑑) = 29.08 • 𝑑 -0.443 [kV/mm] (31)
This is via a least-squares fit with a regression of R 2 = 0.999. A 1 mm for SLA "White" sample, the expected dielectric strength would be 29.1 kV/mm. The proposed interpretation of a < -0.5 exponent in Equation ( 31) is that the breakdown mechanism is a combination of electromechanical (see Section 3.3), and thermal breakdown. This is via a least-squares fit with a regression of R 2 ~ 1.000. A 1 mm for SLA "High Temperature" sample, the expected dielectric strength would be 31.7 kV/mm. Note for this testing a 1.5 kV/s ramp rate was used for all samples. 

FDM Dielectric Strength

FDM ULTEM 1010 samples of thickness 2 through 5 mm were tested for dielectric breakdown strength. Figure 5-44 provides the breakdown strength measurements for sample build-orientation and thickness, with the associated Weibull fit. The associated Weibull shape and scale parameters are given in Table 5-9. Testing was performed in oil, with a voltage ramp-rate of 1.0 kV/sec, at 50 Hz. The difference in performance between the XY-and YZ-build orientations is striking; with the YZbuild orientation having greater dielectric strength. Also notable is the lack of adherence to the ∝ 1 √𝑑 ⁄ relationship of breakdown strength to sample thickness. Figure 5-45 shows the exponential model fit to the XY-and YZ-build orientation data. The YZ-build orientation is above the 0.5 power, although due to scatter of data points and a "fit" of R 2 = 0.71 it is within the anticipated model. The XY-build orientation, however, exhibits a sever departure from this relationship (see development in Sec. 3.3.3). the relationship follows a fourth-root relationship with a poor correlation (R 2 = 0.45). 

Microsectioning of Selected Samples

The discussion section will use the microsection results to help understand the other test results such as partial discharge, complex permittivity, and dielectric strength. Each sample micro-sectioned was subjected to a low viscosity red dye; hence much of the images show a red stain to the samples which is not the original color. Blackened areas are carbonization due to partial or disruptive discharges.

SLS Samples

Before starting the microsectioning process, a low viscosity red dye was applied to the upper surface of each sample. For the SLS samples, the dye exited at the bottom at the breakdown site location. This indicated that the breakdown channel penetrated the full sample width but also served as a check that there were no other channels or sample porosity. The SLS samples were homogeneous in their printing and of low porosity.

Figure 5-46 shows the cross-section of an XY-build orientation. Faintly visible are the consolidation of print layers, approximately 300 μm in height. This is consistent with the minimum print feature, but the SLS process layer disposition thickness should be finer than this. As visible on the right side of Figure 5-46, the breakdown channel extended into the page being offset as the channel reached a print layer. The material, although "fairly" homogeneous, is not perfectly so. Note the striations on the surface of the sample was due to the polishing process not using a fine enough grit paper. Per TM-650-No. 2.1.1, polishing striations should not be visible. The SLS YZ-build orientation exhibited similar behavior as the XY-build orientation. Figure 5-47 shows a cross-section of a 3 mm sample (left) with an enlarged view (right). Noteworthy is the large "blemish" of the material indicating a fan out of the streamer channels into the middle of the material before full breakdown. The image to the left has a series of parallel lines superimposed on the image; this is an artifact of the microscope imaging system and not features of the YZ-build. 

Build on XY-plane

FDM Samples

Microsectioning of the FDM samples proved extremely insightful to understand the dielectric performance already addressed. In the application of the low viscosity red dye, the dye leaked throughout the samples indicated porosity throughout the part. Note that the red discoloration in several of the images is due to the application of the dye.

Figure 5-48 shows a microsection of a 2.0 mm thick XY-build FDM sample. The surface of the part had a different ULTEM 1010 fiber lay orientation and a closer packing of the heated filaments. The bulk, however, shows a lower density print and a layup of filaments in stacks as opposed to cross-laid or staggered. As a result, the part was essentially a composite polymer-air structure. Extremely undesirable for electrical insulation. The upper image is the cross-section part, with the lower image of the inset area. The discoloration is such that a "single" carbonized channel is not evident; likely multiple sections of void riddled volume underwent PD activity and ultimately streamer breakdown.

Figure 5-49 provides a better view of a discolored pre-breakdown region of a different sample than Figure 5-48. Also, a XY-build orientation the stack-up of ULTEM 1010 filament is pronounced. A different lay direction of filaments on the outer surface of the sample is visible in the lower crosssection, as well as visible in the inset phot of the sample. The circled red area was to identify the breakdown site of interest for microsectioning.

The YZ-build orientation offered better packing or lay of the ULTEM 1010 filaments, but still resulted in voids within the bulk of the material. In all the microsections views, the discolored regions are evident of scintillations causing carbonization before full breakdown. As in the XY-build case, the FDM process resulted in tighter lays of filaments on the surface but then resorted to a lower density pint within the core of the parts. Figure 5-51 shows the gaps between the filament lays during build. Such elongated voids render the use of this method, if unaltered, useless for any dielectric to be subjected to a "high" voltage. A high voltage being one that would induce PD or support creepage issues on or through the part. 

Conductivities

The DC-conductivity was not measured for the SLA "White" photopolymer samples due to a technical issue. From the DSR measurements, we can see the behavior of this material in Figure 6-1.

Extrapolating the AC-conductivity to the left, the material offers low ionic conductivity compared to the "high temperature" material, although the "white" resin was only tested to 80 o C. The temperature limitation as based on that of the material, and to prevent damage to the DRS test cell. The average conductivity for the SLA-HT was 4.89 x 10 -20 [S/cm] which is a very low level. Of the two samples, both measurements were within a standard deviation of the error. Figure 6-2 provides the AC-conductivity over the scanned frequency range (0.1 Hz to 1 MHz). At temperatures approaching 140oC, the material exhibits carrier dominated conductivity as shown in Figure 6-3. The insert of Figure 6-2 shows the dramatic increase in conductivity with temperature.
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1.E-01 1.E+00 SLA "White" resin The SLS conductivity exhibited a wide dispersion between the four samples (3 XY and 1 YZ-build). Ranging between 2.3 x 10 -13 to 1.8 x 10 -20 [S/cm]. As we can see from Figures 6-4and -5 this material exhibited carrier dominated conduction. As evident from the microsections, the layering of the printed SLS material possibly offered interfacial space charge accumulation resulting in a wide dispersion of measurements. Note that each sample was measured only once due to the inability to "depolarize" samples that had been polarized with the testing.
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1.E-01 1.E+00 SLA "High Temp" resin In examining the cross-sections of the FDM printed material, due to abundance of air void content the resultant structure is that of an array of fused filaments. The conductivity of the XY-build orientation, essentially being a measurement of filaments "stacked" in columns upon one another was over five [START_REF] Lorenz | High Temperature Operation and Increased Cooling Capabilities of Switched Reluctance Machines using 3D Printed Ceramic Insulated Coils[END_REF] times that of the YZ-build orientation. In the YZ-build orientation, there are longer continuous segments of ULTEM. This anisotropic behavior with respect to conductivity is reasonable, although DC conductivities in the range of 4.9 x 10 -18 S/cm for the XY-build, and 9.9 x 10 -19 S/cm for the YZ-build. Very good for electrical insulators and rather surprising given that the FDM builds resulting in air-ULTEM composite structures.
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1.E-01 1.E+00 As mentioned in the permittivity test results, the FDM material suffered continuity issues of the surface sputtered gold electrodes presumably due to surface roughness. In the micro-sectional examination of the FDM samples, the prevalence of air cavities likely had a major impact on the behavior of the material. As is evident in Figure 6-6, between 500 Hz to 10 kHz, several of the temperature runs exhibited highly resistive phase angles or real permittivities below unity; and thus, were removed from the plots. The testing performed in this Thesis did not support resoling the physics of this "unstable measurement region" but must serve as a cautionary tale to future examination of FDM structures. 

Permittivity

Application to Aerospace Electrical Insulation

The SLA "White" material's permittivity increase with relatively modest temperatures, as evident in Figure 5-20, is unacceptable for design unless it is usedpossibly-in a cryogenic application. The cryogenic properties to which mechanical properties (e.g., brittleness, mechanical strength, etc.) would need to be explored. In airborne applications, increasing the relative permittivity when air is part of the insulation system is problematic in that as the permittivity increases more voltage is developed in the surrounding airgappresuming an adjacent ground structure. Stated another way, increased permittivity for the same insulation thickness lowers the PDIV of the installation. As shown in SAE AS50881 and work done by [START_REF] Cotton | Higher voltage aircraft power systems[END_REF], for a 1 mm thick insulator a change in permittivity from 3 to 8 would decrease the PDIV from 1.7 kV-peak to below 1.1 kV-peak (at 50 kft, 20 o C [START_REF] Cotton | Higher voltage aircraft power systems[END_REF]). Thus, in over temperature cases such as high conductor ampacity or during abnormal fault currents, partial
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1.E-01 1.E+00 The SLA "High Temperature" performance (Figure 5-23) over the temperature range of -60 o C to +200 o C had a far more modest increase in the real part of the permittivity. At near 400 Hz, the permittivity went from 3.6 to 4.7, which might offer a designer an acceptable variation.

The SLS RGD835 material, as with the SLS results, does not appear to be a useful insulation material at power systems frequencies and associated equipment thermal requirements. show undesirable effects of temperatures above 55 o C on permittivity. The AM process of SLS has many benefits in the quality of the parts, the lack of voids or defects, and the resolution of the printing. However, the material that was available for this thesis although having a high melting point (315 o C), suffers mechanical softening and a dramatic increase in relative permittivity. Since multiple tests were performed on the same sample after being heated to 200 o C and cooled to -60 o C, it is not likely that the softening of the material resulted in erroneous permittivity measurements by the Novocontrol. The gold-plated electrode maintained its integrity when examined, and the interfacing electrode was held under compression by the Novocontrol test cell. This was not the case with the FDM measurements, when cross-electrode resistance measurements indicated discontinuities on a given electrode side.

Lastly, the FDM ULTEM 1010 material offered stable permittivities throughout the tested temperature range. However, despite their surface appearance the interior of the printed samples consisted of air voids. The initial request to the "print-house" was to print high density parts. Either this was not appreciated by the manufacture or neglected in the printer build software allowing lower density sections to be printed to reduce material content (and cost). If FDM is to be utilized in an aerospace application subjected to electrical stresses, care in design and manufacturing processes must be taken to minimize the size of voids/areas of low material density. Low PDIV and dielectric strength of the FDM samples were evident in testing but the reason for this was only understood during microsectioning. The print process yielded void laden parts rendering the FDM process unsuitable for an insulation material. As printed, they form composite structure of air and ULTEM 1010. What is of interest is the effect of the orientation and size of the air-cavities relative to the electric field and the effect on permittivity.

Effect of Moisture Content

One area of interest not previously mentioned is the effect of moisture content on dielectric performance. Only DRS testing subjected the samples to "drying" before making the dielectric measurements. For all of the DRS tests, the initial measurements were performed at +20 o C on samples that had been exposed to ambient humidity. For both the SLA printed "White" and "High Temperature" photopolymer resins, the samples were cooled to -60 o C before being incrementally heated to +80 o C and +200 o C respectively. This was done out of caution since DSC testing had not been performed, and the thermal limits of the resin were not certain. In these tests there was no distinguishable difference between the initial +20 o C and the +20 o C measurements after starting at -60 o C. An assessment of moisture content could not be made from those results. Yet, this does give merit to the converse case where samples are heated above 100 o C and then cooled, will result in a lower water content withing the samples. Akin to outgassing of materials launched into orbit, which has been well researched for decades for space hardware, the degree of moisture content is affected by pressure, temperature, and time. The lower the pressure, the higher the temperature and the longer the time will result in the greatest loss of gas or moisture within a given material.

For the SLS and FDM permittivity testing, a "drying" profile was implemented after the initial +20 o C frequency sweep. The "drying" occurred either taking the sample to +200 o C and incrementally decreasing to 60 o C, or in some tests from +20 o C to +120 o C, then to -60 o C. For the FDM tests, the last temperature setting was a return to 20 o C. Therefore, a comparison of the initial "ambient" and "dried" was possible. As mentioned since the dwell time of the heating was modest the level of "dryness" is undetermined. The exposure time above 100 o C was nearly two hours due to the dwindling in 20 o C increments for approximately 19 minutes (49 frequency dwell measurements for each dwell temperature). Figures 6-7 through -10 compare the "ambient" and "dried" permittivities (real and imaginary parts) for the SLS and FDM builds. The SLA samples had been exposed to "ambient" lab humidity (e.g., 60 to 80%RH) for over 14 months, while the FDM samples were tested within two months of being fabricated. The FDM samples exposure to humidity was narrower being between 60 to 75%RH. Note that for all other testing, the FDM samples represent the "ambient" case regarding moisture exposure. Furthermore, as the microsection revealed, the FDM samples were unfortunately composite dielectric structures of air and ULTEM 1010. The orientation and size of the air voids in the FDM likely enabled humidity to have a greater impact on permittivity (Figures 6-9 and -10), as well explain the significant difference in permittivity (e.g., between XY of ~3.3 and YZ of ~3.7). For the imaginary part of the permittivity, displayed in Figure 6-10, there is a region of fluctuation in the permittivity at frequencies above 1 kHz. The physics of why this occurred is not clear, however -as is the case with anisotropic behavior of the XY-and YZ-build orientations-the role of significant air cavities is likely the dominating factor. What is curious is that the "ambient" samples were fairly stable in the 1 kHz to 1 MHz, whereas the dried samples exhibited "instability" in the imaginary permittivity.

Although the "drying" of the samples was of a very short duration until the sample reached +120 o C or +200 o C, we can observe that water content raises the relative permittivity. This is the expected result when viewing the sample with water content as a composite dielectric. For the designer, the effects of time, humidity and temperature on dielectric properties need to be considered. This is a common issue with some problems in controlled impedance Printed Wiring Boards (used in digital or communication applications) and insufficient "baking" of the board to enable the outgassing of water.

At low frequencies (e.g., 50 Hz) the real part of permittivity of water is ~79.3 at 22.5 o C [START_REF]CRC Handbook of Chemistry and Physics[END_REF][START_REF] Datsios | Characterization of the frequency dependence of the electrical properties of sandy soil with variable grain size and water content[END_REF]. Taking sand as an example, which has a dry real part of permittivity in the range of 8, due to interfacial polarization with water content (10 to 20% gravimetric, so rather high) the permittivity at lower frequencies far exceeded that of water [START_REF] Datsios | Laboratory Measurement of the Low-Frequency Electrical Properties of Sand[END_REF]. The real part of permittivity exceeded 1000 at 50 Hz in [START_REF] Datsios | Laboratory Measurement of the Low-Frequency Electrical Properties of Sand[END_REF] work. As would be expected for a polymer structure a modest increase in permittivity likely means that a very low moisture (< 1% by weight) content. The literature of studying the effect of water content on permittivity of insulation is unfortunately lacking.

Given that the absorption of water within a polymer structure is beyond the scope of this Thesis, we can see of a simple application of the Clausius-Mossotti formula, as modified by Rayleigh, fares [START_REF] Neelakanta | Handbook of Electromagnetic Materials-Monolith and Composite Versions and Their Applications[END_REF]. For a heterogeneous binary mixture, with a diluted dispersion, 𝜃 is the volume fraction of the inclusion, where the inclusion is small (𝜃 ≪ 1), is, 𝜃 = Applying this relationship to the SLS XY and YZ samples, we have moisture influence between 2.5% and 2.3% respectively. For the FDM samples, XY and YZ moisture influence of 4.0% and 1.7% respectively by volume. This is comparing the "ambient" permittivity as the "effective" permittivity, and the "dry" (post heating for several hours before returning to 20 o C) as the sample permittivity. At 50 Hz. The water content seems over an order of magnitude higher than would be anticipated. A more accurate approach would be via high precision weight measurements. Semi-disperse models as proposed by [START_REF] Wobschall | A Theory of the Complex Dielectric Permittivity of Soil Containing Water: The Semidisperse Model[END_REF], and later modified by [START_REF] Tran | Obtaining Unique Solutions to Hanai's Equation as Used in Wobschall's Semidisperse Model of Moist Soil[END_REF], might be more promising but are beyond the scope here [START_REF] Wobschall | A Theory of the Complex Dielectric Permittivity of Soil Containing Water: The Semidisperse Model[END_REF][START_REF] Tran | Obtaining Unique Solutions to Hanai's Equation as Used in Wobschall's Semidisperse Model of Moist Soil[END_REF]. Other work examining moisture absorption in composite glass-epoxy structures (for PWBs), provides a relative comparison point which would indicate a 0.5 -1.0% absorption for the observed level of permittivity change [START_REF] Cotinaud | The effect of water absorption on the electrical properties of glass-fibre reinforced epoxy composites[END_REF][START_REF] Heinola | A method to evaluate effects of moisture absorption on dielectric constant and dissipation factor of printed circuit board materials[END_REF][START_REF] Heinola | Evaluation of Dielectric Properties of Printed Wiring Board Materials by Using a Microstrip-ring and Strip-line Ring Resonator Methods[END_REF]. A half to a quarter that as calculated using the Rayleigh modified Clausius-Mossotti formula.

Partial Discharge

In reviewing the microsectioning, it is understandable that the PDIV for a given thickness of FDM material would be very close to the PDIV of air at laboratory pressure and temperature (~ 3.2 kV/mm). Other samples did not exhibit this behavior. See Sec. 5.5 (Partial Discharge) and Sec. 5.7 (Microsectioning: FDM Samples).

Dielectric Strength

As discussed in Section 3.1.5, our measurement of "dielectric strength" is performed in a narrow set of conditions of the material. Those being thickness, resultant electric field on or within the material (uniformity), duration of the applied stress (which impacts the available mechanisms for breakdown), and temperature. As discussed, above a critical thickness the regime attributed to intrinsic breakdown is exited, leaving slightly slower mechanisms. As the exposure of time increases with the samples until breakdown occurs, since a constant voltage ramp rate was applied for the most part, the time exposure of the material under stress has some variation. Lastly, the electrodes generate an inhomogeneous field which for thicker samples should be accounted for. The measurement techniques are convenient for comparison between different materials, but the value cannot be taken as an absolute "dielectric strength". Aging due to stress-factors (temperature, moisture, contaminates, voltage, etc.) was not explored.

Sec. In examining the validity of this approach, we will first apply it to the SLS data. Recall that the SLS sample designs (Sec. 4.5.2 Test Article Design) were specifically intended to examine the effect of thickness on dielectric strength. If this approach is of the validity of the concept of "critical energy fluence", for breakdown initiation criterion, we will look at the SLS data. The analysis of the critical energy fluence of the SLA data, for both XY-and YZ-build orientations, is given in Figure 6 In applying the Griffith model to the aggregate of the SLS breakdown data without separating build orientation, we have an estimation as shown in Figure 6-12. The model uses the Weibull cumulative distribution value at Ebd = alpha (63.2 percentile); not the mean. An intermediate value of 4 was used for the permittivity in comparting all the print orientations as one dataset. In actuality, the real part of the permittivity of XY-build orientation was 𝜀 𝑟 = 4.2, and the YZ-build was 𝜀 𝑟 = 3.8. The model used the uniformity for the sample thickness in the dielectric tester (13 mm diameter electrodes with the "equivalent" point charge at 95% of the radius of the electrode) and is represented by the black line on the secondary axis. The orange line is for a uniform field (η = 1) which appears to be a better fit for this aggerate analysis.

𝐸 𝑚𝑎𝑥-𝑏𝑑 = 𝜂 √𝜀 𝑟 •𝑑 • √ 𝛹 𝐶 𝑘 [kV/mm] (34)
Figure 6-13 applies the model using parameters obtained for the two build directions, which include the Schwaiger-Kao model for the respective thicknesses and permittivities. This approach leads to a close fit to the test data. As evident in the microsection examinations of the SLS material, the breakdown path was not along a minimized path length. The layer build did have an influence on the breakdown channel path (see . Using the Critical Energy Fluence alleviates the need for knowing the critical filament length or the Griffith critical energy, but the assumption that the field is the highest (as calculated via Schwaiger) is a likely source of error. A statistical estimation with confidence intervals would be a reasonable approach, or a Monte-Carlo stochastic approach to examine the effects of permittivity, thickness, electrical field inhomogeneity, etc. Figures 6-15 through -17 give a comparison of the three AM methods for the print orientations (note that the only the YZ-build of SLA "High Temperature" was tested). Figure 6-15 shows the SLA "white" photopolymer, with the XY-build being the 5 mm set of samples while the YZ-build were 600 μm and 3.0 mm thicknesses. The relative permittivity used in this calculation was 5 (at 50 Hz and 20 o C). Table 6-1 provides a summary of the Weibull distribution fit of these analysis for comparison. to measurement variations for permittivity (a component of the estimation error), the microsections of Sec. 5.7.1 (SLS Samples) do substantiate these results. The YZ-build layers were parallel to the applied field, while the XY-build layers were perpendicular.

The SLA "White" material offered a higher critical energy fluence in the XY-build orientation (5.0 mm), however that section of the SLA assembly was thicker than the YZ-build samples (0.6 and 3.0 mm). Which might have influenced the differencebut this is unsubstantiated since equal thickness samples were not available. The XY-build orientation did require the highest fluence at 24.5 μJ/mm 2 .

The FDM XY-build orientation offered the lowest critical energy fluence, with a Weibull scale parameter of 11.1 μJ/mm 2 . In examining the microsections of these builds, again the XY-build orientation offered significant voids (every ULTEM filament interface within the build volume) parallel to the applied field. The YZ-build, requiring slightly more energy, offered voids perpendicular to the applied field. The composition of the FDM parts as well as the clear evidence of significant PD activity before breakdown (punch-through), arguable invalidate the application of a filamentary breakdown model. In examining the distribution in Figure 6-17, it is flatter over a given range. Whereas the distribution for SLS, with a greater data count, offer more Weibull based distributions (or closure to a normal distribution).

AM Dielectrics for Electrical Insulation

The effort within this Thesis to assess the suitability of AM build dielectrics for aerospace electrical insulation has been based upon "off-the-shelf" materials and processes. No effort was made to improve part density or the minimization of potential defects. The subject of AM fabrication processes tailored for electrical applications is a separate topic in the realm of Manufacturing Engineering or Materials Science. As discussed, the materials are not superior to other current processes used such as enamels, tapes, papers, films, thermoset, or thermoplastic molded parts. For discrete devices such as capacitors, there is no reason to use AM fabricated structures for high density capacitors unless conductive traces may be applied to film or ceramic structures (not examined here). But much like the argument with electrification of a propulsion system itself, the use of technology that may be discretely inferior to the technology it replaces (e.g., generator, feeder, inverter, and motor replacement of a turbomachine's shaft), can lead to a "system" that has superior performance.

This assessment of acceptable dielectric performance as an enabler to achieve "optimized" integrated performance contrasts with the original introduction of plastics on aircraft. [START_REF] Cooper | Plastics in aircraft electricity[END_REF] summarize the introduction of plastics in aircraft nearly 80 years ago succinctly as [START_REF] Cooper | Plastics in aircraft electricity[END_REF],

SYNTHETIC organic plastics for electrical insulation represent one of the important contributions of the plastics industry to modern military and commercial aircraft. These materials for the most part are not used as substitutes for more suitable but scarce insulating materials, but have been selected because they possess superior mechanical and electrical properties.

Utilizing the methods and materials as already demonstrated, the following applications are realizable using AM technology:

▪ Enabling complex surface design:

o The surface of electrical insulation under a voltage stress can be designed to enhance creepage distances as well as enable the drainage of surface contaminates. Maintaining drainage for condensed moisture or other liquids migrating on the surface, or within, wiring, has worked successfully in aerospace to mitigate the use of relatively low Comparative Tracking Index (CTI)easily carbonized when exposed to surface scintillations-insulation from enabling dry-band arcing. Example materials are polyimides (PI), polyamide-imide (PAI), polyphenylene sulfide (PPS), etc., with CTIs in the range of 180 ~ 210 Volts (per ASTM 3638 [START_REF] Astm D | Standard Test Method for Comparative Tracking Index of Electrical Insulating Materials[END_REF]).

o Complex contour and thickness control of an insulator design, as AM offers such a design to be realized, enables electric stress optimization. Contour optimization through automated optimization processes, coupled with FEM electric field optimization tools, is one such field to be explored in conjunction with AM. Although geometric optimization for electric field strength was first realized over a hundred years ago by [START_REF] Spielrein | Geometrisches zur elektrischen Festigkeitsrechnung[END_REF], it has remained a challenge [167].

▪ Integrated Cooling:

o Terminal assemblies for electrical equipment, power panels or machinery-enabling complex surface contour to facilitate drainage of aqueous contamination and mitigate wet-tracking.

o Generator and motor stator sleeving-integrated cooling channels with electrical insulation.

o Actively cooled electrical insulation of arbitrary geometry-items such as busbars, back-planes, choke cores, etc. could facilitate higher power density due to higher current density parts.

▪ Contour and Cross-sectional Optimization: For aerospace applications to avoid PD over a range of temperatures and pressures, AM offers a designer the flexibility to have a variable thickness of insulation over voltage levels and electric field stresses. Until Multi-Material (MM) printing of dielectrics advances, where stress-grading can be achieved through composite structures with dissimilar permittivities and/or conductivities, insulation thickness can be varied in a design resulting in the minimization of material (i.e., component mass).

▪ Experimentation: Given the flexibility of geometry as well as to design inclusions, gaps, or other voids, test samples can be created that were more difficult to control with thermoset, molded or film dielectrics.

▪ Temperature: All three methods (SLA, SLS and FDM) had materials that maintained useful electrical properties up to 150 o C. The FDM ULTEM 1010 reached 200 o C without degradation to the real part of the permittivity and loss-tangent. However, the FDM process needs to be explored if "void free" assemblies can be produced with this method. Life testing at the anticipated rated temperature would need to be performed in the future, but for aerospace electrical conductors at their rated ampacity, material requirements are in the 105 o C to 150 o C range. Furthermore, due to the evolution of greater efficiency turbofan engines, less air flow has been diverted towards engine accessories and engine cases and elevated case/ambient temperatures resulting in these areas being significantly hotter. On the 787-engine design, the engine case air and radiated heat created a 172 o C ambient temperature for the 787 generators. This resulted in generator insulation traditional designed with nylon, to use TORLON 5030 (now used on B787, A350 and B777-9/10 aircraft).

▪ Mechanical Strength: Although mechanical tests were not performed, the FDM ULTEM 1010 yielded a strong method for fabricating electrical insulation. Mechanical strength is desirable in larger electrical power terminations. The dielectric material is typically used to retain studs, that undergo termination torque as well as tangential forces (see SAE AIR38 [START_REF] Sae Air38c | Guide for the Design of Threaded Screw or Stud Type Electrical Equipment Terminations[END_REF]). Tangential forces on a stud applied when installing feeders with lugs, during the act of manually tightening a bolted joint stepping or hanging onto connected feeders, or under high fault currents. Additionally, in the event of a wire harness clamp failure, the terminal material must be able to support the additional forces over a prolonged period of operation and do so at rated temperature.

Conclusion

Key Findings

The key findings of this research can be summarized as:

SLA and SLS AM fabricated insulation is suitable for a limited set aerospace electrical applications. Specifically, Relativity Permittivity: 3 to 4 (comparable to common plastics and resins)

Conductivity: > 10 The SLS process is the most promising among the three AM methods examined. By the nature of SLS AM, low melting point thermoplastics are used for printing. Consistent with this generalization, the Stratasys RGD835 "VeroWhitePlus" resin had degraded dielectric performance above 50 o C. SLS is currently used for printing ceramics so high sintering energies are in use so higher temperature materials are becoming more available.

SLA produced the most homogeneous parts, with FDM being the least.

The FDM AM ULTEM 1010 offered stable properties to the tested 200 o C limit. However, the FDM AM process yielded unacceptable insulator samples that were composite dielectrics of cylindrical ULTEM filaments and air voids. Conceivably, in very low electric field applications (< 3 kV/mm) there could be used due to other properties. Furthermore, the anisotropic behavior in the real component of the permittivity can be attributed to the orientation of air-ULTEM layers. The XY-build orientation formed a series capacitive network, whereas the YZ-build orientation formed a parallel capacitive network. Hence the YZ-build was of higher relative permittivity (~4.1 versus ~3. 3).

An extension of Schneider's Griffith-type electromechanical filamentary breakdown model proved successful. Assessment and incorporation of the role of thermal breakdown is need; but was not discernable by the number of test samples and test methods employed.

Review of Research Objectives

As identified in Sec. 1.4, the research objectives of this Thesis are as follows:

▪ Assess the suitability of AM dielectrics for aerospace electrical insulation applications.

▪ Assess the dielectric "performance" of different printing methods.

▪ Develop a recommended approach for assessing AM printed dielectrics.

▪ Compare dielectric characteristics to existing models to include mechanisms for dielectric breakdown and performance as a function of thickness.

▪ Evaluate dielectric performance relative to aerospace requirements for equipment and EWIS components.

Addressing these objectives:

(1) The processes of SLA and SLS can yield suitable structures for aerospace insulation applications. The primary concern is the lower, yet still usable, dielectric strength (~30 kV/mm) and relatively low temperature limit for the preservation of dielectric characteristics of the tested materials. FDM as a process is unsuitable unless the packing factors can be improved, or if used in low electrical stress applications (creepage and volume). See Sec. 6.5 (AM Dielectrics for Electrical Insulation).

(2) For the three methods and their respected materials, a variety of dielectric tests were performed to quantify the characteristics and likely performance. Aging and life were beyond the scope of this Thesis but would be critical for any application. See Sec. 5.0 (results) for results.

(3) The approach for assessing AM printed materials is detailed in Sec. 4.0 (Test Methods).

(4) An extension of Schneider Griffith-Energy based filamentary breakdown model to use the "critical energy fluence" was successfully applied. This estimation of electromechanical dielectric strength of a material, enables assessment of permittivity, electric field uniformity and thickness variations. See Sec. 6.4 (Dielectric Strength).

Summary

The current investigation of the dielectric utility and assessment of any inherent limitations in the use of AM for electrical insulation in an aerospace environment is still underway. The initial analyses of Stereolithography (SLA) AM of resin samples, yielded results like other resin-based systems. A sweep of the complex permittivity over temperature and frequency ranges anticipated for aircraft systems did not indicate any concerns or polarization phenomena. Both partial discharge testing of samples under high field strength and instantaneous breakdown showed good performance figures; indicating that the SLA and SLS processes yielded a "void free" product. Conversely, the FDM build method as tested was unacceptable for electrical insulation due to the air sections between nearly every filament. Further investigations are needed to ascertain if the FDM process can produce void free structures. An original intent of this Thesis was the examination of bi-material compost structures. Being unable to secure an AM method enabling Multi-Material (MM) printing, the FDM structures effectively became airpolymer composite dielectrics.

By no means has this work definitized the use of AM for electrical insulation. It has, hopefully, merely "whetted one's appetite" (i.e., raises greater curiosity) for further research and development in this area.

Recommendations for Future Work

Creepage Robustness: In using thermoplastic materials for electrical insulation, many current materials have low wet-tracking performance. Quantified using the Comparative Tracking Index (ASTM D149), "very good" wet-tracking resistant materials are in the > 600 Volt CTI range for the test used. However, very few materials due to temperature rating, cost or strength have such a high CTI. More common in recent years have been the use of materials in the 180 to 210 Volt CTI range. Normally, the installation of equipment and wiring (see AS50881) designs in "drip-loops" and mitigation for the collection of aqueous contamination or the migration of condensation on to exposed electrodes. In some cases, this has been not followed or the contamination has been unexpected from what the designer envisioned. Some wet-tracking electrical faults and a few fires have resulted inservice on Commercial Aircraft. Figure 7-1 is one such example, were wet tracking on ULTEM 220 (polyetherimide) facilitated a sustained arcing event and subsequent fire. Aftermath of an inflight wettracking fault on an electrical contactor with ULTEM 2200 terminal base insulation material (low CTI). Shown is one example of a total of seven such events on Bombardier CRJ-200 aircraft, due to entry door sill snow and water dripping onto power panel under floor [START_REF]Safety Recommendation[END_REF]. For "dry" flashover, often the direct or indirect effects of lighting pose a challenge as well. However, due to the "stochastic time-lag" for short duration (typically 20 to 100 μsec) lighting induced voltage waveforms, very high transient creepage voltages can be endured (> 7 kVpeak for a common aircraft generator installation). 
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AM offered an easy means to design surface features to increase creepage distance (surface distance for flashover or tracking to occur) as well as surface drainage features to prevent to accumulation of aqueous contamination. Some initial work in this area has been performed by [START_REF] Iwata | Influence of surface roughness of additive manufacturing polymer on surface flashover voltage[END_REF], regarding the influence of surface roughness on flashover of AM polymer samples [START_REF] Iwata | Influence of surface roughness of additive manufacturing polymer on surface flashover voltage[END_REF]. Specific elements are terminal strips, equipment terminal blocks (generators and motors), and connectors.

Voids within solid dielectrics: Given that viable dielectric structures can be printed with a reasonable level of precision (approaching 15 µm, 0.6 mil) in SLS methods, work in void Partial Discharges can be conducted. Some work has been done, but the shape of the voids within a sample can be controlled. Work done by McAllister (1991) [START_REF] Mcallister | Electric field theory and the fallacy of void capacitance[END_REF] can be expanded upon experimentally.

AM produced samples with control over void size, shape and orientation would be beneficial to test for developing new dielectric withstand voltage (DWV) testing requirements for aerospace equipment. The current practices were developed in the late 1950's [START_REF] Kilman | High-potential testing of aircraft equipment electrical insulation[END_REF][START_REF]AIEE Proposed Test Code for Aircraft Equipment Electrical Insulation[END_REF] and have not matured for the most part. Some effort has been made using Starr's (see [173], figure 4.11) work for applied voltage and electric field strength for the detection of defects in PWB structures. DWV is performed for both "qualification" of a design in aerospace, but also for electrical stress screening which is performed after Environmental Stress Screening (ESS). The objective is to reduce in-service infant mortality by inducing failure in insulation systems (within equipment) with "sizable" defects. Such work of correlating voltage stress with minimum detectable, and acceptable, defect size would enable tailoring for the insulation under test. Lastly, producing samples with controlled voids would be useful in examining PDIV at altitude within voids. The combination of pressure, temperature and ionizing radiation would provide useful design data for both the detection of PD (signatures) and design requirements to avoid PD. See the AIEE discussion paper 61-138 for air void unanswered questions for aerospace applications [174].

Porosity and the Effect of Moisture Content on PDIV: With "modern" insulation materials on aircraft, such as extruded ETFE or molded thermoplastics, there has not been an interest or need to examine the effects of moisture content on PDIV. With the move from polyimide-based wire insulation in the 1980's to PTFE based wiring, the wide use of PTFE tape-wrapped wire instillation did identify in-service issues with water retention and migration. In the early days of "high altitude" (50 kft) flight and the use of fibrous (e.g., cotton) insulation, work by [START_REF] Wilson | Corona in Aircraft Electric Systems as a Function of Altitude[END_REF] demonstrated a significant reduction in PDIV for wiring exposed to different humidity levels on the ground and then taken to high altitude [START_REF] Wilson | Corona in Aircraft Electric Systems as a Function of Altitude[END_REF]. Normally the effect of humidity on PDIV is rather modest on the range of 10%, and not a concern to the design with "adequate margin". The Wilson work represented more of an outgassing of the water content from moister absorbing materials that then impacted the PDIV performance. In the case of FDM AM insulators, where a quantification of porosity and retention of moisture was not done other than Sec. 6.2.2, an area of investigation could examine PDIV for dry and humidity-soaked insulation.

Use of porous FDM with dielectric fluids-like other structures with significant voids, such as impregnated papers used for insulation, the impregnation of "fibrous" FDM structures with a resin or oil might be a means of improving dielectric performance if the AM geometry offers significant benefits. Voids and other gas filled defects are problematic in resin filled structures. Specifically, the composite structure of E-glass and epoxy to form PWB layers undergoes heating and compression to evacuate any trapped gases-yet some level of small (< 50 μm) are inevitable after decades of process improvements.
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A. Glossary of Symbols Used

Latin-Script Alphabet: System prototype demonstration in a space environment 8

Actual system completed and "flight qualified" through test and demonstration (ground or flight)

Actual system "flight proven" through successful mission operations

B3

Review-Example of Bibliometrics applied to Additive Manufacturing

An analysis of the literature to include patent applications and granted patents is an important tool in the objective assessment of technological maturity. In their 2018 paper on assessing technical maturity of AM, René Lezama-Nicolás et. al. detailed an analytical approach for the quantification of maturityor "readiness" [B4]. Termed a "Bibliometric Method for Assessing Technological Maturity" (BIMATEM), it was defined in a general sense consolidating several other modeling approaches for the development of technology as reflected in "white papers" (e.g. scientific or engineering papers, presentations, conference displays, etc.), patent applications and awards, and "News Records".

In taking the seven categories of AM technology as identified in ASTM ---, the BIMATEM approach was applied to assess the relative technical maturity. The search categories use with the assessed results are detailed in table B-2.

What is implicit, yet not obvious at face value, to the above analysis is that this is for structural AM. It does not treat the performance or adequacy of this technology to specific applications. Although this is adequate for parts that are dimensionally adequate, such as for prototyping or for displaying-it doesn't address items that must be exposed to high temperatures and pressures, such as in engine applications, or electrical parts. The research in electrical component AM is far less. 

B-3

B4

Assessment of Technical Readiness Level

The two predominate patent databases are maintained by the United States Patent and Trademark Office (USPTO) and European Patent Office (EPO). Both yielded dramatically different results from one another due to the EPO database searchesvia Espacenet-returned a mixture of "patents" and other material related to those patents. Additionally, Espacenet searches have multiple country patents (e.g., Australia, China, EU-countries, Japan, United States, etc.) for essentially the same patent. For example, a search for "(("3D printing" OR "Additive Manufacturing") AND (dielectric OR insulation))" in Espacenet (of text-fields) yielded 7,468 results but the same search in the USPTO (of abstracts) yielded 35 patents. Of these USPTO results, seven were removed after review (non-electrical), leaving 28 of interest. Review of the Espacenet results yielded only 64 that pertained to electrical dielectric applications or materials specifically. Oddly, the Espacenet search identified US patents of interest, but not identified in the direct USPTO search.

Examining Figure B-1, it needs to be recognized that using patent applications and awards (i.e., granting of patent rights) as an indicator of TRL carries some risk. Often, inventors file patents to secure the intellectual property of at the "discovery" phase of development (TRL 1 or 2), before publishing externally. In the United States patent system, the policy of "The first inventor to file" (FITF) was implemented in 2013. This shift from "first to invent", resulted in pressure to submit patents at an earlier stage of development, since published documentation pertaining to the origin of the IP no longer was honored. So, it is arguable that associated TRL corresponding to the peak of the patent submission curve would be shifted to a lower TRL-or the distribution might look like two peaks, with the initial one occurring near TLR 2 and then building again at TRL 6 as more details are overcome with a given technology. The European Patent Office (EPO), which was established in 1977, had always had a FITF policy for recognizing inventors.

E-7

Some compression of the same occurs during measurement, but it is consistent with the micrometer with a built-in breakaway torque to limit compression. To the operator, a slight "klick" sound occurs for compression of the sample and no further movement should occur. This was done consistently for all measurements.

Common parameters used to measure surface roughness and thickness of a sample. The "target" thickness was the thickness as designed in the CAD model, and as supplied to the printer. The actual thickness with variation due to measurement, surface profile and variations in average print thickness are why measurements depart from the target. See Depending upon the application of the "thickness" measurement, the variation and error differs.

Dielectric breakdown:

The thickness is the perpendicular distance from the plane of the sample, and presumable is at the macroscopically thinnest portion of the sample. Measurements of thickness for breakdown testing were performed at the breakdown site. However, as evident in microsectioning the "trough" to "trough" distance is the likely breakdown path. As discussed with the Schneider model of electrotechnical breakdown, the breakdown channel is longer than the mere shortest distance and is a random quantity. But we will use the "thickness" as measured at the site as the thickness for the average bulk field strength and attempt to calculate the distribution of path lengths in the analysis section. Complex Permittivity: A few hundred angstroms of gold sputter were applied to all samples used for the Novocontrol measurements. The sample thickness (mean value) is an input to the instrumentation to determining the parameters of an "equivalent" or virtual air capacitor. The thickness is then;

Da-b = dmean + 2*Za Dmeassured = dmean+2*Za+ local variation.

Bulk Resistivity/Conductivity: Sample thickness of was strictly due to the surface and bulk thickness.

The "bulk" consisted of a full coverage flat upper electrode, with a smaller center electrode on the bottom. To the edges of the samples, a guard ring with a narrow edge was compressed into the sample to minimize surface shunt current affecting the current measurements (used to calculate resistance).

E2.2 Notes of resistivity error estimation.

The Keysight B2985A/B2987A Electrometer/High Resistance Meter was used to measure the volume resistivity of each AM sample type. As with most electronic measurement devices, voltage and current are measured to determine bulk resistance. Due to the extreme sensitive current measurement circuit, the variation in individual measurements is dominated by noise and other factors in measuring low level current in high resistance samples. Temperature and humidity were not controlled during the tests, which were performed in one-hour durations per sample. Since the samples we not controlled nor dried and extensively cleaned, surface resistivity measurements were not performed due to the sensitivity of these factors. Samples were "virgin", in that no voltage had been applied to them before this testing-and they were not reused post resistivity testing because of polarization on the sample and an unknown decay time if re-test were to be considered. The manufacture of the Electrometer recommended a recalibration of the unit for temperature variations exceeding + 3 o C. There were instances that the test room exceeded this value (ranging between 19 o C and 25 o C), where calibration was not done. The room temperature variations were due to an oven operation in the room for other experiments, an external window being opened or not, foot-traffic through the room, and ambient air temperature (non-climatically controlled room). Relative humidity was in the range of 60 to 70%RH.

Figure E-3 illustrates the measurement of current through the sample, and how the use of the guard ring shunts surface edge currents from affecting the bulk current measurement. In the case where samples did not fully engage with the guard ring, this is a source of minorand not easily quantifiable-error in the current measurements.

Introduction

Over the past decade "Additive Manufacturing" (AM) has seen an exponential increase in investment, infrastructure, services, and available materials. As the name implies, AM is a manufacturing process that produces parts or assemblies by the addition of one small volume of material at a time. As such, each "placement" or disposition of material is numerically controlled enabling complex and continuous three-dimensional parts to be fabricated. Understandably, AM has been primarily focused on mechanical designs. In aerospace, a rather impactful example is that of the AM fuel nozzle for the CFM Leading Edge Aviation Propulsion-1 (LEAP-1) turbofan engine. An AM produced design enabled optimized fuel flow which improved engine efficiency while replacing 20 machined parts with a single AM assembly. That effort was over 20 years in the making by General Electric and SAFRAN, in the area of developing Selective Laser Sintering (SLA) of metals. This technology is now seeing continual fruition in newer turbojet engines of lighter weight and greater efficiency [1].

As applied to electrical equipment and devices, AM is still at a low level of technical readiness. Significant work has been carried on in the area of printable electronics and in the area of printable dielectrics and conductors for microwave and Radio Frequency (RF) applications. With respect to electrical machines, printing of conductors and magnetics, thermal and mechanical aspects have been the focus [2 -6]. Critical to the operation of any electric equipment is electrical insulation-in this regard the research activities have been largely rudimentary and exploratoryas this effort is as well [7 -14].

Motivation

Since the advent of 28 VDC electrical system on commercial aircraft in the 1930's and three-phase 115 VAC 400Hz in the 1950's, standard voltages have not changed for the most part. "Double-voltage" 230/400 VAC 400 Hz systems have been used on military platforms since the 1960's, but only the Boeing 787 and Airbus A350 have increased the primary system voltage to this level. Both of those airliners have significant sections of their power systems at 28 VDC and 115/200 VAC for "legacy" Line Replaceable Unit (LRU) equipment-as well as for compatibility with Ground Support Equipment (GSE). Existing designs have a pedigree of available components as well as service and certification history. The Boeing 787 had a limited section of 540 VDC power; and there are concerted efforts to develop a supplier base to enable a certified airliner with an extensive 540 VDC (+ 270 VDC) system [15]. However, only applications of "high power" warrant departure from these traditional voltage levels in the near-term.

Recently the Society of Automotive Engineers (SAE), which includes aerospace engineering as well, defined voltage levels G-2 for high-voltage aircraft systems (AIR7502 [16]) in excess of 3.6 kVAC (5.1 kVDC). Taking a 10 m 2/O AWG copper feeder as an example, if designed to AS50881 [17] for both thermally and PD free (unshielded) considerations we can see the effect of power transmission as a function of voltage in Figure 1.

As evident in figure 1, the power density benefits of higher voltages obviously grow with the power transfer demand of the application. Furthermore, the "unscreened" designs necessitate large insulation thicknessesto avoid surface PD at air densities-that adversely affect the volumetric and weight densities. For strictly aircraft HV power transmission wiring, a "screened" design is the sensible approachas proposed in 1969 for a 7 kV cable and recently in a 2019 EU development effort of a 3kV, 600A cable design [18,19]. However, not all aspects of an insulation allow for screening. Interconnections, bus-bars, machine windings, etc. offer discontinuities or complex geometries that are a particular challenge to be PD free. AM, and in particular multi-material (MM)-AM, perhaps offer a solution to enable high power density (volumetric and mass) designs. Such envisioned examples are:

• Electric field grading.

• Tuned impedance and time constants.

• Multifunctional structures.

In addition to localized stress reduction for improved insulation life, field grading of complex geometries and at discontinuities (e.g., wire terminations, interconnections, etc.), enables a minimization in insulation volume. In aerospace designs, low air pressure and higher temperature lower the Partial Discharge (PD) inception point. Unlike many HV terrestrially designs that are designed with constant PD exposure, PD in aerospace applications is not desirable. Typical design service temperatures of insulation are between 150 o C and 260 o C -although in actual use the temperatures are well below this. Hence the "high temperature" insulation material used tends to suffer significant life reduction when exposed to PD [20]. Additionally, PD generates Radio-Frequency (RF) interference, audio noise and corrosives such as nitric acid. Field grading for stress alleviation in power electronics devices has been examined using electrophoretic migration of highpermittivity nanoparticles [21 -23]. The proposal for MM-AM designs would be a macro-particle sized approach. SLA functional graded material (FMG) has recently been examined as has graded conductive Fused Deposition Modeling (FDM) printing [24].

AM Dielectric Samples

Sample Design

Stereolithography (SLA) and Selective Laser Sintering (SLS) AM processes were used to produce samples for dielectric evaluation. Both the minimum achievable sample thickness and the allowable print volume were constraints in designing a "sample assembly" for producing test samples of different build orientations and thicknesses. 
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 11 Figure 1-1: Additive Manufactured parts used on the GE9X engine.
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 12 Figure 1-2: NASA's AM development path for space exploration.

Figure 1 - 3 :

 13 Figure 1-3: Evolution of TRL as assessed by public-domain information-a generalized view.
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 15 Figure 1-5: Xplore database query of dielectric or insulation within AM search.

Figure 1 - 6 :

 16 Figure 1-6: Example of NASA concepts under development for AM based electrical machines.
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 17 Figure 1-7: NASA AM prototype for a PWB based axial-flux motor concept.
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 18 Figure 1-8: Evolution of jet airliner thermodynamic and propulsion efficiencies.

Figure 1 - 9 :

 19 Figure 1-9: Effect of voltage on specific power transmission capability of 2/O AWG wire.

Figure 1 - 10 :

 110 Figure 1-10: FDM fabricated cryogenically cooled 1 MW motor inverter output choke assembly.

Figure 1 -

 1 Figure 1-11 shows representative AM build flaws, such as: (1) Layer Flaw, (2) Lack of Fusion, (3) Inclusion, (4 and 5) Power Bed Fusion (PBF) Porosity, and (6) Directed Energy Disposition Porosity[START_REF]Standard Guide For Nondestructive Examination Of Metal Additively Manufactured Aerospace Parts After Build[END_REF]. An examination of metallic AM structures using neutron spectroscopy identified that, as layers were being added, inherent residual stresses cause warping and distortions that lead to geometrical differences between the final part and the original computer-generated design[START_REF] Prater | Neutron Characterization for Additive Manufacturing, Advanced Materials and Processes[END_REF]. This effect also limits geometries that can be fabricated using AM, such as thin-walled, high-aspect-ratio, and overhanging structures. Residual stresses can also impact component performance during operation. For example, in a thermally cycled environment such as a high-pressure turbine engine, residual stresses

Figure 1 - 11 :

 111 Figure 1-11: Representative AM build flaws in metallic structures.

Figure 1 - 12 :

 112 Figure 1-12: Microstructure view of SLS printed Nylon 12.

Figure 2 - 1 :

 21 Figure 2-1: Particle production due to secondary atmospheric cosmic radiation generation.The Regener-Pfotzer maximum, is the altitude above the earth where ionizing radiation dose rate is maximized. It is approximately at 20 km (65.6 kft). Since commercial aircraft typically fly up to 12.5 km (42 kft) and below, the radiation and subsequent local ionization of air or other ionizing events, are exclusively due to secondary cosmic ray particles. Baumgaertner (2013) modified the Whole Atmosphere Community Climate Model (WACCM), within the Community Earth System Model (CESM1) to calculate the conductivity of air (see right-side of Figure2-1)[START_REF] Baumgaertner | Toward a comprehensive global electric circuit model: Atmospheric conductivity and its variability in CESM1 (WACCM) model simulations[END_REF]. Conductivity determination was based upon small ion concentrations. As more accurate tools are available to help assess the impact of Climate Change and pollutants, a similar approach to Baumgaertner should be applied to assess DC-fields at altitude. The increase in conductivity in air with altitude, as much as two decades of variation, will in general decrease the voltage developed in the airgap in a DC-field. Although encouraging, what can occur is a shifting of the PD inception location within a design following streamer criteria for a minimum voltage ionization path.
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 31 Figure 3-1: Lumped model of a dielectric consisting of complex permittivity and conductivity

Figure 3 - 2 :

 32 Figure 3-2: Classification of dielectric material behavior from Jonscher.

  3 ]. Permittivity of free space.

Figure 3 - 3 :

 33 Figure 3-3: Dielectric strength testing, under a continuous ramp voltage.

Figure 3 - 4 :

 34 Figure 3-4: Sequence of dielectric strength testing with streamer progression.

  6.4 Discussion-Dielectric Strength), with the only stochastic parameter being critical filament length. This contrasts with the Weibull analysis based upon the extreme value theorem applied to a normal distribution. Dielectric breakdown tests will be conducted on samples of different thickness to assess if a Schneider based calculation leads to an invariant distribution shape of critical t = -12 sec V
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 35 Figure 3-5: Two spherical electrode configuration with dielectric sample in between.From[START_REF] Kao | The Calculation of the Electric Field for an Infinite Dielectric Plate between two Spherical Electrodes[END_REF] the maximum Emax and mean Emean electric field within the dielectric sample are:
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 36 Figure 3-6: Schwaiger field uniformly for range of sample thicknesses (0.3 to 5.0 mm).

Figure 4 - 1 :

 41 Figure 4-1: Mitutoyo Absolute IP-54 hand-held digital caliper

Figures 4 -

 4 2 and -3 show the electrometer and the set-up used.Figure 4-3 identifies, (A) the instrumentation and operator interface, and (B) the N1242 resistivity cell test fixture with upper and lower electrodes and lower ring guard electrode within a shieled box.
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 42 Figure 4-2: KEYSIGHT Model B2985A Electrometer.

Figure 4 - 3 :

 43 Figure 4-3: Instrumentation and operator interface (A), and N1242 resistivity cell test fixture (B).

Figure 4 - 4 :

 44 Figure 4-4: Current flow through test sample in Keysight N1424 resistivity test cell.

Figure 4 - 5 :

 45 Figure 4-5: Electrode dimensional terminology for Electrometer.

  side) electrode diameter = 26 mm + 0.5 mm Guard ring electrode inner diameter = 38 mm + 0.5 mm

Figure 4 - 6 :

 46 Figure 4-6: Bulk resistance measurements over time for a typical sample.

  2.4) and dielectric strength (see 4.2.5) test fixtures. Figure 4-7 illustrates and example of an SLS sample (a) fully engaging the guard electrode, while a trimmed (for flatting) FDM sample (b) is not

Figure 4 - 7 :

 47 Figure 4-7: Examples of full engagement (a) and partial engagement (b) of 38 mm guard electrode.

Figure 4 -

 4 Figure 4-8 shows the test set-up; Power Diagnostix Partial Discharge detection instrumentation and user-interface, electromagnetic interference (EMI) shielded test enclosure which houses a motor
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 48 Figure 4-8: Power Diagnostix Partial Discharge test set-up.

Figure 4 - 9 :

 49 Figure 4-9: Partial Discharge test holding fixture, during initial calibration with a 1.0 pC emulator.

Figure 4 - 10 :

 410 Figure 4-10: Typical Partial Discharge "background" charge level before the on-set of PDIV.

Figure 4 - 11 :

 411 Figure 4-11: Example of Partial Discharge Inception Voltage (PDIV) measurement.

Figure 4 -

 4 Figure 4-10 shows the typical Partial Discharge "background" charge level before the on-set of Partial Discharge (PD) inception. The background range was between 0.10 pC and 0.25 pC with most of the testing beginning at 0.1 pC floor.Figure 4-11 shows the point where the voltage is halted to capture the Partial Discharge Inception Voltage (PDIV) for the sample. In this measurement, a charge amplitude of 1.59 pC at 12.03 kV (50 Hz) is shown. Note the harmonic content in the mains voltage waveform. This was indicative of the test facility and is an actual voltage distortion at the output of the step-up variac and HV transformer.

Figure 4 -

 4 Figure 4-10 shows the typical Partial Discharge "background" charge level before the on-set of Partial Discharge (PD) inception. The background range was between 0.10 pC and 0.25 pC with most of the testing beginning at 0.1 pC floor.Figure 4-11 shows the point where the voltage is halted to capture the Partial Discharge Inception Voltage (PDIV) for the sample. In this measurement, a charge amplitude of 1.59 pC at 12.03 kV (50 Hz) is shown. Note the harmonic content in the mains voltage waveform. This was indicative of the test facility and is an actual voltage distortion at the output of the step-up variac and HV transformer.
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 412 Figure 4-12: Novocontrol Technologies Alpha and Beta Dielectric Analyzer.

Figure 4 -

 4 Figure 4-13: BAUR DPA 75C dielectric breakdown test unit in operation.

Figure 4 - 14 :

 414 Figure 4-14: Dielectric breakdown test unit with AM sample, submerged in dielectric fluid.Error analysis:Due to the independence of the errors, the following equation was used to estimate the error in the calculation of dielectric strength DS.

Figure 4 - 15 :

 415 Figure 4-15: Differential Scanning Calorimeter (DSC) set-up.Equipment: Thermal Analysis (TA) Instruments 2010 Differential Scanning Calorimeter (DSC), with interfacing computer and Liquid Nitrogen Cooling Accessory (LNCA).Figure 4-15 shows the DSC test set-up used.

Figure 4 -

 4 15 shows the DSC test set-up used.

  Potting device: Struers Epovac + Buhler Varykleer acrylic resin ▪ Cutting device: Struers Secotom-10 Metallographic Precision Saw ▪ Inspection: Via Keyence VHX-1000E digital microscope Methodology:

Figure 4 - 16 :

 416 Figure 4-16: Excerpt from IPC-A-600J on defect examples.

  Figure4-17 shows the "workspace" of Autodesk Fusion 360, which is very typical of Computer Aided Design (CAD) packages. Models were generated from "solids" where subtractions were applied to produce the desired sample assemblies to be uploaded to an AM process for printing as a Standard Triangulation Language (STL) file format. Recalling that one of the objectives of this Thesis was to assess if anisotropic properties were exhibited in AM builds. Two orthogonal planes were chosen, one building along the x-axis on a YZ-build plane (see Figure4-18) and building along the z-axis on a XYbuild plane (see. Solid models for the creation of test samples were made from simple commands of positive material extrusions, and negative (subtractive) extrusions. Fusion360 enables the addition of text, which and either be subtracted (i.e., engraving) or extruded away (i.e., embossing) from the given surface. For example, the vertical YZ sample (Figure4-18) made from subtractions of material from a solid volume. Crossbeams were added for assisting in the rigidity during printing of the model. Not controllable with this software are the hundreds of supporting structures generated by the AM device software. Each sample is annotated with a unique identifier indicating orientation, thickness, sequential number. The end sample shown indicates that it is YZ-plane, 5 mm thickness, and sample "S12".

Figure 4 -

 4 Figure 4-17: Autodesk Fusion 360 "workspace".

Figure 4 -

 4 Figure 4-18: Vertical YZ assembly constructed by subtractions from a solid volume.

Figure 4 -

 4 Figure 4-19: "Design 1" used for the SLA "White" resin build.

Figure 4 -

 4 Figure 4-20: "Design 2" SLA XY-build orientation design.

  Figure 4-23 illustrates the rotated design being printed.

Figure 4 -

 4 Figure 4-21: "Design 4" SLA YZ-build orientation design.

Figure 4 -

 4 Figure 4-22: FORM 2 printer set-up for printing the SLA "High Temp" photopolymer resin.

Figure 4 -

 4 Figure 4-23: SLA "White" assemblies that yielded poor quality coupons.

Figure 4 -

 4 Figure 4-24: SLA "White" coupons built on a the YZ-plane orientation.
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Figure 4 -

 4 Figure 4-25: SLA "High Temperature" (V2) coupons with different build orientations.

Figure 4 -

 4 Figure 4-26: SLA "High Temperature (V2)" build for an 18-sample assembly (Design 4).

Figure 4 -

 4 Figure 4-27: "Design 5" "flat" XY-build arrangement of varying thicknesses.

Figure 4 -

 4 Figure 4-28: SLS XY coupons from 18 coupon structure.

Figure 4 -

 4 Figure 4-29: SLS XY "flat" coupons from the Design 5 20-coupon structure.

Figure 4 -

 4 Figure 4-30: SLS YZ coupons from 18 coupon structure.required as well as rising and drying before parts were used for dielectric testing. Figures 4-28 through -30 show the trimmed printed assemblies form the respective samples of varying thickness and build orientation. It should be noted that in Figure4-30, SLS YZ coupons had raised sections of the coupon. Due to the thinness of the samples (0.6 mm), the printer software added reinforced sections for print stability. This resulted in a slight (<0.1 mm) rise on both sides of the samples, which was undesirable. Sample C-YZ has been gold sputtered (with a 28-mm stencil to form a circular electrode).
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 431 Figure 4-31: Designs for FDM printed XY-build (left) and YZ-build (right) orientations.
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 4 Figure 4-33: FDM XY 2-, 3-and 5-mm thick coupons.
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 4 Figure 4-34: FDM YZ 2-, 3-and 5-mm thick coupons.
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 51 Figure 5-1: Normalized ratio of measurement to mean against the ratio of measurement to target.
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 5253 Figure 5-2: SLA "White" coupons evaluation of thickness distribution to target(designed) thickness.

Figure 5 - 4 :

 54 Figure 5-4: SLA "High Temperature" coupons thickness evaluation.

88 Figure 5 - 5 :

 8855 Figure 5-5: SLA "HighTemp" as printed to as designed (target) thicknesses. YZ-build only.

Figure 5 - 6 :Figure 5 - 7 :

 5657 Figure 5-6: SLS coupons evaluation of thickness distribution to designed (target) thickness.
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 58 Figure 5-8: SLS thickness compared to the design (target) thickness, for all builds.

Figure 5 - 9 :

 59 Figure 5-9: FDM scanning focus microscope image of surface of a sample showing lay of filaments.

Figure 5 - 10 : 93 Figure 5 - 11 :

 51093511 Figure 5-10: FDM coupons evaluation of thickness distribution of "as-built" to designed target.

Figure 5 -

 5 Figure 5-12 illustrates the surface contour generated by the electronically focusing microscope, used to quantify the Total Indicator Reading (TIR). Note the distinction between the crest-to-valley (Rz) to the highest to lowest points quantified as TIR, where TIR 101.2 µm in this section. The effectiveness of the hot-pressing of ULTEM 1010 samples is shown in Figure 5-13, with the "as-printed" surface on the left and the post hot-press (235 o C + 2 o C for 3 minutes) on the right.

Figure 5 -

 5 Figure 5-12: FDM focus microscope image of surface of a sample showing lay of filaments.

Figure 5 -

 5 Figure 5-13: FDM "as printed" (left) and hot-pressed (right) surfaces.

  5-1 was only 55 o C and is not evident in these results. Furthermore, the spectroscopy measurements indicate that the material does change its loss-tangent and the real part of its permittivity above 55 o C. The parts were tested up to 200 o C within the Novocontrol test fixture, with only one sample appearing to have suffered mechanical flow. In figure 5-14 the first thermal cycle went to 347 o C, with the second reaching 380 o C but with obvious loss of the material properties.Figure 5-15 compares the DSC test sample that reached 380 o C, adjacent to the sample it was trimmed from. The assessment of this testing is that DSC alone is not an indicator of the upper thermal limit of the material for performance. It is merely one tool, but TGA and DSR being more helpful in assessing the limits of the material electrically. Mechanical tests are not addressed here.

Figure 5 -

 5 Figure 5-14: SLS Stratasys "VeroWhitePlus" RGD835 DSC measurement results.

Figure 5 -

 5 Figure 5-15: SLS coupon with trimming for DSC testing (left), with posttest sample (right).

Figure 5 -

 5 16, with a melting temperature Tm of 210.6 o C. During the DRS testing, ULTEM 1010 samples were heated to 200 o C while conducting permittivity measurements. Although the real part of the permittivity and loss-tangent of the material exhibited as slight increase, the material performed satisfactory at this upper test temperature. However, one sample exhibited warpage during testing, and it was an indication of how the edge directly in the flow of the nitrogen gas heating likely exceeded 205 o C. Although the heater controls of the Novocontrol DRS exhibits a "critically damped" response with no discernable overshoot in temperature, the temperature being monitored is at one section of the sample. Regions of the sample can exceed the average temperature as monitored by the thermal sensor. This is what is likely what occurred to result in a warping of one of the samples on the leading edge of the sample relative to the heater exhaust. See figure 5-17. Care must be taken to give thermal sufficient margin. Of the four FDM samples tested, this was the only one to experience warpage and was also possibly in contact with the metal holding fixture (shown).

Figure 5 -

 5 Figure 5-16: FDM XY-build plane, ULTEM 1010 provided in Stratasys datasheet [153].

Figure 5 - 17 :

 517 Figure 5-17: Instance of a FDM sample likely exceeding 205 o C, with warpage of leading edge.

Figures 5 -

 5 Figures 5-18 through -20 gives the DRS results for the SLA "White" material, only tested to 80 o C. Figures 5-21 through -23, detail results from the SLA "High Temp V2" resin for the real part of permittivity and the loss tangent. Both materials were only able to be printed in the thinner samples size in the YZ-build orientation, hence DRS can't be used to assess any anisotropic properties. The frequency range of the measurements were 49 dwell frequencies, between 0.1 Hz to 1 MHz, with seven points per decade.

Figure 5 -

 5 Figure 5-18: SLA "White" resin, YZ-build orientation, the real part of permittivity.

Figure 5 - 102 Figure 5 -

 51025 Figure 5-19: SLA "White" resin, YZ-build, loss-tangent.

Figure 5 -

 5 Figure 5-21: SLA "High Temperature" resin, YZ-build orientation, the real part of permittivity.

103 Figure 5 -

 1035 Figure 5-22: SLA "High Temperature" resin, YZ-build, loss-tangent.

Figure 5 -

 5 Figure 5-23: SLA "High Temperature" resin, the real part of permittivity.

Figure 5 -

 5 Figure 5-24: SLA "White" resin, YZ-build orientation, impedance magnitude.

Figure 5 -

 5 Figure 5-25: SLA "High Temperature" resin, YZ-build orientation, impedance magnitude.

Figures 5 -

 5 26 and -27, while the respective loss-tangents are shown in Figures 5-28 and -29.

Figure 5 -

 5 Figure 5-26: SLS RGD835 resin, XY-build orientation, the real part of permittivity.

Figure 5 -

 5 Figure 5-27: SLS RGD835 resin, YZ-build orientation, the real part of permittivity.

Figure 5 -

 5 Figure 5-28: SLS RGD835 resin, XY-build, loss-tangent.

Figure 5 -

 5 Figure 5-29: SLS RGD835 resin, YZ-build, loss-tangent.

  Figures 5-30 and -31 provide the results for the XY-and YZ-build orientations respectively. Although Figure 5-30 is slightly above 10 11 Ω (5.1 x 10 10 Ω), and -31 is slightly below 10 11 Ω (1.7 x 10 11 Ω), the impedance magnitude axis differs.

Figure 5 -

 5 Figure 5-30: SLS RGD835 resin, XY-build, impedance magnitude.

Figure 5 -

 5 Figure 5-31: SLS RGD835 resin, YZ-build, impedance magnitude.

Figure 5 - 110 Figure 5 -

 51105 Figure 5-32: FDM ULTEM 1010, XY-build orientation, the real part of permittivity.

Figure 5 -

 5 Figure 5-34: FDM ULTEM 1010, XY-build, loss-tangent.

Figure 5 -

 5 Figure 5-35: FDM ULTEM 1010, YZ-build, loss-tangent.

Figure 5 -

 5 Figure 5-36: FDM ULTEM 1010, XY-and YZ-build, the real part of the permittivity.

Figures 5 -

 5 [START_REF] Tan | 3D printed electronics: processes, materials and future trends[END_REF] and -38 provide a plot of the results.

112 Figure 5 -

 1125 Figure 5-37: FDM ULTEM 1010 plastic, XY-build, impedance magnitude.

Figure 5 -

 5 Figure 5-38: FDM ULTEM 1010 plastic, YZ-build, impedance magnitude.
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 539 Figure 5-39: Comparison of Electric Field at Partial Discharge Inception Voltage, all builds.
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 540 Figure 5-40: Dielectric breakdown results of SLA Form Lab 2 "White" resin samples.

Figure 5 - 41 :Figure 5 - 42 :

 541542 Figure 5-41: Dielectric breakdown results of SLA Form Lab 2 "HighTemp" V2 resin samples.5.6.2 SLS Dielectric StrengthDielectric strength results for the XY-and YZ-build SLS RGD835 resin are shown in Figure5-42. The associated Weibull fit parameters are given in Table5-8. A Weibull based analysis was not performed on the "flat" SLS assembly (5 th Design, see. A plot of dielectric strength as a function of the breakdown sight thickness is given in Figure5-43. Testing was performed in oil with a ramp-rate of 1.0 kV/sec, at 50 Hz.

Figure 5 - 44 :

 544 Figure 5-44: Breakdown strength of FDM ULTEM 1010 plastic, XY-and YZ-build orientations.

120 Figure 5 - 45 :

 120545 Figure 5-45: FDM XY-and YZ-build orientations effect breakdown strength.

Figure 5 -

 5 Figure 5-46: SLS XY-build sample microsectioning image.

122 Figure 5 - 47 :

 122547 Figure 5-47: SLS YZ-build sample microsectioning image.

Figures 5 -

 5 50 and -51 show two samples. The 3 mm sample (Figure5-50) shows a region of PD before breakdown just within the sample from the outer print layer.

123 Figure 5 - 48 :

 123548 Figure 5-48: FDM XY-build orientation, cross-section of sample (upper) and enlarged view (lower).

Figure 5 - 124 Figure 5 -

 51245 Figure 5-49: FDM XY-build orientation showing cross-sectional view of ULTEM filaments.

Figure 5 -

 5 Figure 5-51: FDM YZ-build orientation showing cross-sectional view of ULTEM filaments.
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 61 Figure 6-1: SLA "White" Real component of conductivity.

Figure 6 - 2 :

 62 Figure 6-2: SLA "High Temp" Real component of conductivity.

Figure 6 - 3 :

 63 Figure 6-3: SLA "High Temp", "Jonscherian" view of complex susceptibility at 200 o C and 140 o C.

Figure 6 - 4 :

 64 Figure 6-4: SLS real part of the AC-conductivity for both XY-and YZ-builds.

Figure 6 - 5 :

 65 Figure 6-5: A "Jonscherian" view for dielectric classification of SLS at 200 o C.

Figure 6 - 6 :

 66 Figure 6-6: FDM real component of conductivity, XY-and YZ-builds.

Figure 6 - 7 :

 67 Figure 6-7: SLS "White" resin real part of permittivity for "ambient" and dried measurements.

Figure 6 - 8 :

 68 Figure 6-8: SLS resin imaginary part of the permittivity for "ambient" and dried cases.

Figure 6 - 9 :

 69 Figure 6-9: FDM real part of the permittivity for "ambient" and dried cases.

Figure 6 - 10 :

 610 Figure 6-10: FDM imaginary part of the permittivity for "ambient" and dried cases.

  -11. A histogram showing the counts of both the calculated critical energy fluence and the estimated maximum electric field at breakdown. When viewed strictly as a histogram of the critical energy fluence (Figure6-12), the distribution resembles that of a Weibull distribution (non-zero skewness) as opposed to a symmetrical distribution of a normal distribution (skewness of zero). In looking at the distribution of the fluence by breakdown field, there lower fluence band (11 -18 µJ/mm 2 ) appears invariant to the stress which is what would be expected if only the intrinsic properties of the material we of importance. The lower stress levels, those below 25 kV/mm, result in a wider distribution of the fluence. Hence, it is reasonable these might have a different dominating mechanism for failure-not being the propagation of an electromechanical filament following the Griffith fracture model.

Figure 6 -

 6 Figure 6-12: SLS RDG835 Polymer Critical Energy Fluence. All samples by build orientation.

Figure 6 -

 6 Figure 6-13 Griffith-Type Model applied to SLS RDG83. All samples by build orientation.

Figure 6 -

 6 Figure 6-14: Griffith-Type Model applied to SLS RDG83, by build orientation.
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Figure 6 -

 6 Figure 6-16: SLS RDG835 XY-and YZ-build comparison.

Figure 6 -

 6 Figure 6-17: FDM ULTEM 1010 XY-and YZ-build comparison.

Figure's 6 -

 6 Figure's 6-15 through -17 offer a means of comparison between the various materials and build orientations. The amount of energy fluence (energy per area, μJ/mm 2 ) necessary to enable a filamentary breakdown through a dielectric is build orientation dependent. The SLS AM builds are comparable with the YZ-build orientation requiring 15% less energy fluence. Although this might be dismissed due
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 71 Figure 7-1: ULTEM 2200 wet-tracking fault on an electrical contractor terminal insulator.

  Direct* energy deposition OR Laser clad* OR Laserengineered net shaping OR ((Laser OR Direct) NEAR/1 (Metaldeposition)) OR Laser freeform-fabrication OR Laser directcasting OR Laser-consolidation OR ((Direct*) NEAR/1 Light fabrication)) Abstract/Keywords: ((3D OR 3-Dimensional OR three-D OR three-dimensional) NEAR/1 (Print*)) OR (Additive manufactur*Material extrusion OR Fuse* flament-fabricat* OR Fuse* depositionmodel* OR Fuse* layer*model* OR Plastic jet-print*) Abstract/Keywords: ((3D OR 3-Dimensional OR three-D OR three-dimensional) Material jet* OR (Multijet OR Multi-jet) NEAR/1 model*) OR Thermojet OR (Inkjet OR Ink-jet) NEAR/1 print*) Abstract/Keywords: ((3D OR 3-Dimensional OR three-D OR three-dimensional) Powder bed fusion OR Direct-metal laser sinter* OR (Selective laser OR Electron beam) NEAR/1 (Melt* OR Sinter*)) Abstract/Keywords: ((3D OR 3-Dimensional OR three-D OR three-dimensional) Sheet laminat* OR (Ultrasonic NEAR/1 (Consolidat* OR Additive manufactur*)) OR Lamination object manufactur*) Abstract/Keywords: ((3D OR 3-Dimensional OR three-D OR three-dimensional) Vat photopolymerizat* OR Stereolithograph* OR SLA OR Thin-flm photopolymerizat*) Abstract/Keywords: ((3D OR 3-Dimensional OR threeD OR three-dimensional) NEAR/1 (Print*)) OR (Additive manufactur*) 6 -7
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Figure E- 2 :

 2 Figure E-2: Visualization tool for target thickness compared to thickness as built.

Figure 1 :

 1 Figure 1: Effect of voltage on specific power transmission capability of an insulated 2/O AWG wire (scaled from M22759/16-02 ETFE), three-phase feeder arrangement as designed per the criteria of SAE AS50881 (9.1 km, 150 o C) [17].

Figure 2 :

 2 Figure 2: Eighteen (18) 40mm-by-40mm YZ-plane printed samples for SLA and SLS. Thicknesses of 600 μm (6 qty.) and 3.0 mm (12 qty). Edge build along the z-axis.

Figure 3 :

 3 Figure 3: 20 sample XY-plane printed "flat" arrangement for SLS printing, with thicknesses ranging from 300 μm to 5 mm. This designed enabled breakdown testing as a function of thickness.
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 1 

	1:	Technology Readiness Levels.
	TRL
	level Description Summary
	1	Basic principles observed and reported
	2	Technology concept and/or application formulated
	3	Analytical and experimental critical function and/or characteristic proof-of-concept
	4	Component and/or breadboard validation in laboratory environment
	5	Component and/or breadboard validation in relevant environment
		System/subsystem model or prototype demonstration in a relevant
	6	environment
		(ground or space)
	7	

  Espacenet (of text-fields) yielded 7,468 results but the same search in the USPTO (of abstracts) yielded 35 patents. Of these USPTO results, seven were removed after review (non-electrical), leaving 28 of interest. Review of the Espacenet results yielded only 64 that pertained to electrical dielectric applications or materials specifically. Oddly, the Espacenet search identified US patents of interest, but not identified in the direct USPTO search. Table1-2 summarizes the proportion of USPTO and Espacenet patent search results for AM applied to dielectrics or electrical devices with dielectrics.

	FDM
	SLS
	SLA

Table 1 - 2 :

 12 Patent search results for AM applied to dielectrics or electrical devices with dielectrics.

	Subcategory	USPTO	Espacenet
	Discrete components (capacitors)	11%	14%
	Electrical Insulators	21%	20%
	Electrical Machine	7%	2%
	Electrical Wiring and Interconnections	14%	9%
	Electronics and Assemblies	18%	6%
	EME Shielding	-	8%
	Piezoelectric device	-	2%
	Printed Wiring Boards	7%	6%
	Radio Frequency related (antennas)	21%	33%

Direct Printed Silver Conductor Layer Direct Printed Dielectric Layer

  

2 The Aerospace Environment 2.1 Overview

  

	Air is the predominate dielectric surrounding insulation in airborne systems. Airborne systems operate
	from sea-level to the middle of the Stratosphere (0 to 100 kft, 0 to 30 km); if not higher for hypersonic
	or rocket propelled vehicles. The "typical" temperature extremes seen in aerospace, from -60 o C to
	200 o C (213K to 473K), with liquid nitrogen based cryogenic systems operating near -196 o C (77K) and
	those in supersonic flight approaching 500 o C. Pollution, atmospheric radiation, humidity, all play a
	role, although typically minor, in the behavior of air as a dielectric gas.
	For aerospace "insulation systems", the design considerations for insulation use are quite numerous.
	For wiring, which comprises the largest volume of insulation on an aircraft, a comprehensive set of
	requirements and tests have been developed. Raging from cold bend, toxicity, cyclical loading, laser-
	marking, ultraviolet (UV) resistance, resistance to chemical susceptibility of liquids, the gambit of
	requirements is significant (see Tables 2.1-1 through -3). Dielectrically, the set of such requirements is
	just a subset of the total requirements (Table 2.1-1). SAE AS4373 "Test Methods for insulated Electric
	Wire", details the following categories of tests methods [80]:
	Group 100:	Assembly, Handling, and Repair Tests
	Group 200:	Chemical, Biological, Radiological/Nuclear, Biological, Chemical (title only)
	Group 300:	Physical Damage Tests
	Group 400:	Conductor Tests
	Group 500:	Electrical Tests
	Group 600:	Environmental Tests
	Group 700:	Mechanical Tests
	Group 800:	Thermal Test
	Group 900:	Weight and Dimensional Tests
	Group 1000: Wire Identification Marking and Evaluation

Table 2

 2 

	-1:	Group 500 Electrical test per SAE AS4373.

Table 2 -
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	2:	Group 600 Environmental test per SAE AS4373.
	Method	
	No.	Title
		Fluid Immersion
		Forced Hydrolysis
		Humidity Resistance
		Weight Loss Under Temperature and Vacuum
		Propellant Resistance
		Weathering Resistance
		Wicking
		Fluoride Off-gassing
		Nitric Acid Immersion

Table 2 -
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	3:	Group 800 Thermal tests per SAE AS4373.
	Method	
	No.	Title
		Flammability
		High Pressure/High Temperature Air Impingement
		(Burst Duct)
		Smoke Quantity
		Relative Thermal Life and Temperature Index
		Thermal Shock Resistance
		Property Retention After Thermal Aging
		Multi-day Heat Aging Test (Life Cycle)
		Blocking
		Lamination Sealing
		Topcoat Cure
		Cross-link Proof Test
		Flame Resistance
		Insulation State of Sinter
		High Temperature Endurance (Fire-Resistant Wire)
		UV Laser Contrast after Thermal Aging

Table 2 - 4 :

 24 Aerospace insulation temperature considerations.

	Temperature	Description	Rational
	-250 o C	insulation systems Lower limit for LH2 cooled	For liquid hydrogen cryogenically cooled systems
		Lower limit for LN2 cooled	
	-200 o C	insulation systems, and trans-	
		atmospheric flight paths	
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 25 Terrestrial electrical insulation thermal classifications.

	Classification		
	Numerical	Letter	Temperature	
	IEC 60085	IEEE No. 1	[ o C]	Remarks
	90	O	90	Unimpregnated cellulose, cotton, silk, natural rubber.
	105	A	105	Polyamide, polyvinyl, impregnated cellulose
	120	E	120	Resins and polymers such as polyethylene, polyurethane, and
				epoxy resins.
	130	B	130	Epoxy enamels, polyester glass, phenolic glass
	155	F	155	Some polyesters, modified silicone
	180	H	180	Silicone, silicone glass, silicone rubber
	200	N	200	Polyimides
		R	220	Polyimides
		S	250	Polyimides with binders
		C	>250	Polytetrafluoroethylene, glass, ceramics

Table 2 -

 2 6: Standard US Atmospheric model layer parameters.

		Geopotential Altitude	Lapse Rate	Layer Temp.	Thermal
	Layer	h [km]	h [kft]	λL [K/km]	Ti [K]	Type
	1	0	0	-6.5	288.15	Neutral
	2	11	36.1	0	216.65	Isothermal
	3	20	65.6	+1.0	216.65	Inversion
	4	32	105	+2.8	228.00	Inversion
	5	47	154	0	270.65	Isothermal
	6	51	167	-2.8	270.65	Neutral
	7	71	233	-2.0	214.65	Neutral
	8	84.5	278	+1.65	186.95	Inversion

Table 2 - 7 :

 27 Vehicle altitude ranges (generalized).

		Service Ceiling	Pressure	Adjusted for
	Propulsion type	(typical)	[Torr]	85 o C [Torr]
	Vertical lift	3.0 km (10 kft)	525.6	430.2
	Reciprocating Engine	7.6 km (25 kft)	282.6	231.3
	Turboprop	12.2 km (40 kft)	140.4	114.9
	Turbofan (airliner)	15.2 km (50 kft)	87.5	71.6
	Turbojet (Concord)	18.3 km (60 kft)	53.6	43.9
	Miliary (fighter)	24.4 km (80 kft)	20.6	16.9
	Ramjet (varies)	>30.5 km (>100 kft)	8.1	6.7

  14) testing are opportunities to exposed insulator surfaces to contamination. These tests are traditionally performed on de-energized equipment/LRUs and are primarily designed to examine if there are unwanted oxidation or other chemical reactions of the equipment/LRU materials to the contaminates. Humidity (Sec. 6) and Icing (Sec. 24) are tests that can wet surface contamination and enable migration of the contamination by repeated exposure cycles. The Waterproofness (Sec. 8) will remove any surface contamination accumulated so it is not recommended for a sequential test sequence to examine a aqueous contamination is not deposited or accumulates near an insulation surface under creepage stress. Specifically, IEC 60664 material groups of II (400V < CTI < 600V) or IIIa (175V < CTI < 400V). Materials of group IIIb (100V < CTI < 175V) are however questionable and are not recommend for any environment with the risk of condensation or contaminates. DO-160 tests are typically performed as an element of the "qualification" of equipment for a given application or platform. In qualification testing, the equipment under test has been inspected and "conformed" by representatives of airworthiness authorities such as the European Union Aviation Safety Agency (EASA) or the Federal Aviation Administration (FAA). Modification or arrangement of DO-160 testing to first contaminate then perform environmental cycling would be part of "developmental" or "engineering" level testing that does not come under the certification authority processes. Such processes are expensive and time consuming due to the level of inspection and documentation. Developmental testing to evaluate the risk of creepage failure might follow the following sequence: (1) 48-hour salt fog test (de-energized), (2) drying (de-energized), (3) humidity (energized), and (4) icing (energized, with 100 to 150 freeze/thaw cycles). It should be noted that during the 48-hour salt-fog test, surface resistivity between equipment terminals (38 mm typical) on an insulator can decrease over eight orders of magnitude during the test.

designs susceptibility to creepage issues. Waterproofness is very useful for assessing if aqueous contamination will accumulate in the vicinity of triple-points (i.e., electrodes, insulation, and air) or surfaces under a voltage stress. Insulation materials with a Comparative Tracking Index (CTI) of less than 600V (tested per IEC 60112 or ASTM D3638), can avoid creepage failure in the commercial airline environment if

Table 2 -

 2 8: DO-160 tests considerations relative to electrical insulation systems.

			Dielectrics	
	Section Title	affected? Comments
	4.0	Temperature and Altitude	Yes	See sections 2.2 and 2.3.
	5.0	Temperature Variation	Yes	Not only facilitating condensation, but mechanical stresses
				can arise from differing thermal expansion coefficients in
				contact (common).
	6.0	Humidity	Yes	Can change the permittivity of a material (through moister
				absorption), as well as creepage issues with thermal cycling
				(forming condensation).
	7.0	Operational Shocks and	No	
		Crash Safety		
	8.0	Vibration	Yes	Mechanical fatigue or deformation of insulation.
				Exacerbated at low temperature vibration tests.
	9.0	Explosive Atmosphere	Yes	If PD occurs during depressurization,
				1 mJ can ignite Jet-A [99].
	10.0	Waterproofness	Yes	Possible creepage issues if inadequate drainage of the
				insulator surface under a voltage stress.
	11.0	Fluids Susceptibility	Yes	Limits which insulation materials can be used.
	12.0	Sand and Dust	Yes	Possible creepage issues with surface pollution
				accumulation; exprobated with condensation or other fluids
				in service.
	13.0	Fungus Resistance	Yes	Fungus resistance requirements began due to fungus growth
				on insulation in the tropics (WWII).
	14.0	Salt Fog	Yes	Salt accumulation during this testing can increase the
				surface conductivity by over eight decades. It is good to use
				this test with a condensation cycling to evaluate the risk of
				creepage issues in a design.
	15.0	Magnetic Effect	No	-
	16.0	Power Input	Yes	Power quality sets the design stress of the insulation system.
	17.0	Voltage Spike	Yes	Momentary voltage spikes typically do not result in
				significant aging; voltage spikes do exacerbate creepage
				(low altitudes) and sparkover issues (high altitudes)
	18.0	Audio Frequency	Yes	Note that insulation aging and characteristics are influenced
		Conducted Susceptibility		by the applied frequency of the voltage waveforms.
		-Power Inputs		
	19.0	Induced Signal	No	Power, discrete and communication interface filtering
		Susceptibility		
	20.0	Radio Frequency	No	Case filtering and partition of design into Electromagnetic
		Susceptibility (Radiated and Conducted)		Effects (EME) zones, to mitigate self and susceptibility emissions.
	21.0	Emission of Radio	No	Case filtering and partition of design into EME zones, to
		Frequency Energy		mitigate self and susceptibility emissions.
	22.0	Lightning Induced	Yes	Must be factored into creepage issues. However, due to the
		Transient Susceptibility		"statistic lag" of seed electrons to facilitate avalanche breakdown/or streamer breakdown, a stochastic test
				approach should be taking.
	23.0	Lightning Direct Effects	Yes	See above.
	24.0	Icing	Yes	Icing and frost conditions can facilitate long creepage paths
				if conductive contamination is present.
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 41 Example list of materials for SLS printing with the EDEN250 printer used.

Table 4

 4 

-27 identifies the various Stratasys supplied materials for the EDEN250 SLS printer used. This printer uses "model" and "support" materials are resins, which are composed of reactive monomers and oligomers

[151]

.

Table 4 - 2
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: Datasheet for Stratasys "VeroWhitePlus RGD835.

Table 4

 4 Makes great assembly tools for electronic & static-sensitive products • Widely used for functional prototypes of cases, enclosures & packaging

	-3:	Example list of materials for FDM printing from a print house.
	MATERIALS	DESCRIPTION
	TPU 92A		• Accurate elastomer parts with high elongation
	(thermoplastic	• Superior toughness & abrasion resistance
	polyurethane elastomer)	• Wide variety of applications including flexible hoses, tubes, air ducts &
			vibration dampeners
	Antero™ 800NA	• High heat & chemical resistance
	(polyetherketoneketone)	• Low outgassing & high dimensional stability
			• Excellent strength, toughness & wear-resistant properties
	ULTEM™ 1010 resin	• Certified food safety & biocompatibility
	(polyetherimide)	• Highest heat resistance, chemical resistance & tensile strength
			• Outstanding strength & thermal stability
	ULTEM™ 9085 resin	• FST (flame, smoke, toxicity)-certified thermoplastic
	(polyetherimide)	• High heat & chemical resistance; high flexural strength
			• Ideal for commercial transportation applications such as airplanes, buses,
			trains & boats
	FDM Nylon 12™	• The toughest nylon in additive manufacturing
	(polyamide 12)	• Excellent for repetitive snap fits, press fit inserts & fatigue-resistance
			applications
			• Simple, clean process -free of powders
	FDM Nylon 12CF™	• Carbon-filled thermoplastic with excellent structural characteristics
	(polyamide 12CF)	• Highest flexural strength
			• Highest stiffness-to-weight ratio
	PC		• Most widely used industrial thermoplastic with superior mechanical
	(polycarbonate)	properties & heat resistance
			• Accurate, durable & stable for strong parts, patterns for metal bending &
			composite work
			• Great for demanding prototyping needs, tooling & fixtures
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 44 Temperature and electrical test results presented in FDM ULTEM 1010 datasheet.

	Property	XY-build	XZ/ZX-build	Test Method
	HDT@264psi	212.2 o C	ASTM D648 Method B
	Tg	208.4 o C	ASTM D7426 (inflection point)
	Volume Resistivity	> 7.0 x 10 14 Ω-cm	ASTM D257
		2.841 at 1 kHz	2.888 at 1 kHz	
	Dielectric Constant			
		3.089 at 2 MHz	3.156 at 2 MHz	
				ASTM D150
		-0.002 at 1 kHz	-0.002 at 1 kHz	
	Dissipation Factor			
		0.000 at 2 MHz	0.000 at 2 MHz	
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 51 Summary of SLA sample thicknesses and difference from design target.

	Build	Target [mm]	𝒅 ̅ [mm]	±𝝈 𝒅 [mm]	∆𝒅 ̅̅̅̅ [mm]
	SLA-LT-XY	5.0	5.075	+ 0.051	0.075
	SLA-LT-YZ	0.6	0.643	+ 0.019	0.043
	SLA-LT-YZ	3.0	3.036	+ 0.028	0.036
	SLA-HT2-YZ	0.6	0.579	+ 0.012	-0.021
	SLA-HT2-YZ	3.0	2.996	+ 0.059	-0.004
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 52 Summary of SLS sample thicknesses and difference from design target.

	Build	Target [mm]	𝒅 ̅ [mm]	±𝝈 𝒅 [mm]	∆𝒅 ̅̅̅̅ [mm]
	SLS-XY	0.600	0.640	+ 0.015	0.040
	SLS-XY	3.000	3.028	+ 0.027	0.028
	SLS-1XY (flat)	-	-	+ 0.014	0.011
	SLS-YZ	0.600	0.643	+ 0.009	0.043
	SLS-YZ	3.000	3.047	+ 0.069	0.047
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 53 Summary of FDM sample thicknesses and difference from design target.

	Build	Target [mm]	𝒅 ̅ [mm]	±𝝈 𝒅 [mm]	∆𝒅 ̅̅̅̅ [mm]
	FDM-XY	2.000	2.048	+ 0.158	0.048
	FDM-XY	3.000	3.163	+ 0.093	0.163
	FDM-XY	5.000	5.278	+ 0.099	0.278
	FDM-YZ	2.000	2.109	+ 0.082	0.109
	FDM-YZ	3.000	3.082	+ 0.068	0.082
	FDM-YZ	5.000	5.039	+ 0.010	0.039
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	-4:	FDM roughness measurements, as-built (pre-hot press)		
	Sample	TIR [µm]	Ra [µm]	Rq [µm]	Rz [µm]
	Surface Probe			
	XY-2A	103.35	1.452	1.829	1.918
	XY-2B	86.509	1.748	2.314	18.17
	YZ-2C	91.109	1.369	1.798	-8.371
	YZ-2D	93.389	1.235	1.572	26.134
	Microscope			
	XY-2A	101.2			
	XY-2B	88.09			
	YZ-2C	102.4			
	YZ-2D	94.09			

Table 5 -
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	5:	Explanation of roughness indices

Table 5 -
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		SLA 'White' Photopolymer	
		1.00	
	Failure		YZ 0.6 mm
	Cumulative	0.10	Weibull YZ 0.6mm YZ 3.0 mm Weibull YZ 3.0 mm XY 5.0 mm
			Weibull XY 5.0 mm
		0.01	
		10	100
		Electric Field Strength [kV/mm]	
	6:	SLA "White" photopolymer dielectric strength Weibull fit parameters.	

Table 5 -

 5 7:SLA "High Temperature" photopolymer dielectric strength Weibull fit parameters.

	Build|	Weibull 2-Parameters	Scale α Confidence	Shape β Confidence
	Thickness	Scale α	Shape β	Lower 95% Upper 95%	Lower 95%	Upper 95%
	YZ| 0.6 mm	41.82	39.75	41.06	42.59	22.85	69.15
	YZ| 3 mm	17.99	59.69	17.81	18.18	39.28	90.72
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					SLS RGD835 Resin		
		1.00					
	Failure						XY 0.6 mm Weibull XY 0.6mm
	Cumulative	0.10					YZ 0.6 mm Weibull YZ 0.6 mm XY 3.0 mm Weibull XY 3.0 mm
							YZ 3.0 mm
							Weibull YZ 3.0 mm
		0.01					
		10				100	
				Electric Field Strength [kV/mm]		
	8:	SLS RGD835 Resin dielectric strength Weibull fit parameters.	
	Build|	Weibull 2-Parameters	Scale α Confidence	Shape β Confidence
	Thickness	Scale α	Shape β	Lower 95% Upper 95%	Lower 95%	Upper 95%
	XY| 0.6 mm	40.90	12.93	38.77	43.15	7.847	21.32
	YZ| 0.6 mm	39.95	87.59	39.64	40.27	52.96	144.9
	XY| 3.0 mm	19.76	17.17	19.11	20.43	11.40	25.88
	YZ| 3.0 mm	17.57	29.48	17.24	17.92	18.79	46.25
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					FDM ULTEM 1010			
	Breakdown [kV/mm] at			y = 30.829x -0.552 R² = 0.7143				XY YZ
	Strength								Power (XY) Power (YZ)
	Electric			y = 18.044x -0.225				
					R² = 0.4541				
	2	2.5	3	3.5	4	4.5	5	5.5	6
				Thickness at Breakdown Site [mm]			
	9:	FDM ULTEM 1010 Dielectric Strength Weibull fit parameters.		
	Build|	Weibull 2-Parameters	Scale α Confidence		Shape β Confidence
	Thickness	Scale α		Shape β	Lower 95% Upper 95%		Lower 95%	Upper 95%
	XY| 2 mm	14.97		25.51	14.59		15.35		15.34	42.43
	YZ| 2 mm	20.92		9.74	19.58		22.35		5.751	16.48
	XY| 3 mm	14.92		14.83	14.42		15.43		10.26	21.43
	YZ| 3 mm	17.71		15.76	17.15		18.30		10.39	23.92
	XY| 5 mm	12.57		13.27	11.89		13.28		8.00	22.03
	YZ| 5 mm	12.75		25.71	12.40		13.12		14.81	44.63

  provides a combined view of the XY-and YZ-build orientations for the FDM samples tested.

	Figure 6-6	SLS XY-and YZ-Build			
	of AC-Conductivity [S/cm]					XY| -60C YZ| -60C XY|0C YZ|0C XY|100C
	Part					YZ|100C
	Real					XY|200C
						YZ|200C
	1.E+01	1.E+02	1.E+03	1.E+04	1.E+05	1.E+06
		Frequency [Hz]			
						129

  if not properly accounted for. With this material, increased thickness requirements would undesirably increase the weight and volume of the design.

	discharges can occur					
	FDM	ULTEM	1010			
	[S/cm]					
	Conductivity					
	the					
	of Part						XY| -60C YZ| -60C
	Real						XY|20C YZ|20C
							XY|100C
							YZ|100C
							XY|200C
							YZ|200C
		1.E+01	1.E+02	1.E+03	1.E+04	1.E+05	1.E+06
				Frequency [Hz]	

  5.6 (Dielectric Strength) present the dielectric breakdown test results in the traditional format. A statistical based analysis, using a two-parameter Weibull distribution as explained in Sec. 3.3.2, was performed. Using a Least Squares Fit (LSF) of the expected Weibull means (expected value of the fit at the 0.63 percentile of the CDF), Sec. 3.3.3 (Concept of Dielectric Critical Energy Fluence) details the derivation of the critical energy fluence expression from Schneider's work.
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	1:	Comparison of AM methods and build-orientations, of critical energy fluence.
	Method/ Material		Build	′ 𝜺 𝒓 at 50 Hz, 20 o C	Scale α [µJ/mm 2 ]	Shape  [-]
	SLA		XY	5.0	24.5	7.4
	White		YZ	5.0	19.0	6.5
	SLS		XY	4.2	17.0	6.6
	RDG835		YZ	3.9	14.5	16.2
	FDM		XY	3.7	11.1	3.3
	ULTEM 1010	YZ	4.2	16.4	8.6

Figure 6-15: SLA 'White' photopolymer XYand YZ-build comparison.

  𝑔 𝐸 , gravitational acceleration on Earth's surface 9.8 m/s 2 . Standard deviation of the error associated with the calculation of DS [kV/mm] δV, Error in the measurement of the voltage at breakdown [kV]

	T,	temperature [ o C or K]		
	V,	Voltage [V]		
	VB,	Breakdown voltage [kV]		
	{x, y, z}	Cartesian coordinates		
	abd, z,	filament length to propagate breakdown [m] altitude [km]		
	A,	Constant (context dependent)		
	BPR, Greek Alphabet: By-Pass Ratio		
	c, α,	is a coefficient of the path length, where c > 0. Weibull scale parameter		
	d, β,	Material thickness [m] Weibull shape parameter		
	𝑫 ⃑⃑⃑ , γ,	Polarization displacement (vector) [C/m 2 ] Weibull location parameter		
	DS, Γ(𝑥),	Dielectric strength (averaged) [kV/mm] Gamma-function of x		
	e, δ,	base of the natural logarithms, also called "Euler's constant" (e = 2.71828…) variation symbol, associated error of a given quantity
	𝑒 -, 𝑒 + , δd,	electron and positron Thickness measurement error [mm]		
	δDS, Δd, 𝜺, 𝜀 * 𝐸 GC, 𝜀 ′ , 𝜀 ′′ ,	Thickness at breakdown site [mm] complex permittivity (tensor and vector) Critical energy release rate, with units [ 𝐽 𝑚 real part of the complex permittivity imaginary part of the complex permittivity ] = [	𝑚•𝑘𝑔 𝑠 2 ]
	ℎ, ℎ 𝑖 , 𝜀 0 ,	geopotential altitude [m] geopotential altitude [m] at beginning layer i Permittivity of free space 𝜀 0 ≅ 8.854 × 10 -12 [	𝐹 𝑚	].
	𝑖, 𝜀 𝑟 ,	index for atmospheric layer relative permittivity [unitless]		
	I, η,	current [A] Schwaiger degree of uniformity		
	j, 𝜆 𝑖 ,	√-1 (electrical engineering convention for "i") lapse rate of layer i [K/km]	
	𝑱 ⃑ , µ, K, 𝜇 + , p, 𝜋, 𝜋 0 , 𝜋 -, 𝜋 + , pions mean current density (vector) [A/m 2 ] antimuon Boltzmann constant, 8.61733 × 10 -5 [eV/K] ratio circumference to diameter of a circle ( π = 3.14159…) static pressure [kPa] ptest, test pressure [Torr] P, equivalent pressure [Torr] ρ, resistivity [Ωm]
	R, σ, 𝑅, 𝜎 ′ , 𝜎	complex conductivity [S/m], or standard deviation resistance [Ω] real part of the complex conductivity [S/m] atmospheric gas constant, 0.287 kJ/kg-K.
					A-2

𝑎 , activation energy for charge transport mechanism of interest [eV] Ebd, breakdown electric field strength [V/m, V/cm or V/mm] 𝑬 ⃑ ⃑⃑ , electric field (vector) [V/m] SFC, Specific Fuel Consumption (Thrust) [kg/h•N or lbm/h•lbf] 𝑇 𝑖 , temperature [K] at beginning atmospheric layer i. ′′ , imaginary part of the complex conductivity [S/m] 𝜎 0 , scalar of real part of the conductivity for DC [S/m] B-2
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 B 2: BIMATEM generated TRL assessment by technology, by given search criterion[B4] 
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B. Technical Maturity Assessment Notes Technical Maturity Analysis of AM Electrical Insulation using Bibliometrics

Categories of AM: (as identified by Gibson [B1, B2])

• Vat Photopolymerization

• Powder Bed Fusion

• Material Extrusion

• Material Jetting

• Sheet Lamination

• Directed Energy Deposition

• Direct Write Technologies

• Hybrid Additive Manufacturing

B1 Overview

This section is intended to present an analysis of the literature searches performed, showing published papers over years by topic category. The term "bibliometrics" refers to this very search of existing literature, and the chronological quantification of it to assess the stage of technological maturity or evolution of a technology. Bibliometrics typically utilize statistical methods to assess core domains of technology, as well as map out interconnections between entities such as corporations, universities and/or individuals. It is also used to evaluate technological developments or trends within countries of industries. Here we will apply merely a rudimentary bibliometric approach to assess the Technical Readiness Level (TRL), as defined by the National Aeronautics and Space Adminstration (NASA) which has been widely adopted throughout the aerospace industry. Given that this approach is based upon "public domain" data, it can lag proprietary efforts by universities, industry, or governments. However, for technologies or broad application, there is significant bleed over into the "visibility" of the public domain to obtain a meaningful analysis.

B2 Technical Readiness Levels

In 1974 NASA conceived of a technology maturity development process to evaluate readiness for flight on the Jupiter Orbiter program, and by 1984 defined the criterion. establishing readiness levels to evaluate readiness for flight. The evaluation methodology was deemed "Technology Readiness Assessment" (TRA), and scalar attribute assigned from the evaluation was termed "Technology Readiness Level" (TRL). Today, TRL is an important tool in the management of technology development, establishing thresholds for research, demonstrations, and ultimately "fielding" of technology into products such as flight vehicles.

Technical Maturity Assessment B-4 

B5 Bibliometric Analysis

B5.1 Classification of Additive Manufacturing Methods

The field of AM is evolving rather quickly for a manufacturing method, hence new methods are appearing, so the following set of classifications is merely an attempt at enumeration.

ASTM 52900 has designated the following seven AM categories: Technical Maturity Assessment B-7 B-8 

B5.2 Database Searches

B5.2.1 Professional Publications

Published papers, books, conferences and patent applications can be used to illustrate the state of AM. An incorporation of the maturity of technologyor technology maturity-can be highlighted by the distribution over time of papers, patents, and capital investment, and products.

B5.2.2 Patents

The United States Patent and Trademark Office (USPTO) maintains a database of the application and issuance of patents. The on-line database "USPTO Patent Full-Text and Image Database" holds records from 1790 to present. In the United States, the establishment of the patent process was load by Thomas Jefferson. To establish intellectual protections, patents would be issued but publically available to enable other inventions to build upon the work. It needs to be noted that, unlike technical papers, Patents are often writing in very non-specific or expansive terms. This enables greater "coverage" of Technical Maturity Assessment

B-11

European patents were searched using the on-line access "Espacenet", which is maintained by the European Patent Office. The EPO was established in 1973 and has always been a "first to file" award system. The search criteria were, (("3D printing" OR "Additive Manufacturing") AND (dielectric OR insulation))

Error Analysis E-1

E. Error Analysis Notes

This appendix contains an elaboration of mathematical treatments and notes, not suitable for the main thesis body. The quantification of measurement error or other uncertainties is important to accompany any results, to ensure the correct interpretation or conclusions can be drawn. In the United States there we concerted efforts to develop guidance on the treatment of uncertainties to accompany any measurements in the 1970's. International working groups began defining standards for the treatment of error and uncertainties, and by 1991 the National Institute of Standards and Technology (NIST) formalized such practices by policy [E1]. Currently, there is a unification of multiple standards organizations that have adopted common guidelines. These organizations that form the Joint Committee for Guides in Metrology (JCGM) are as follows:

▪ BIPM: 

E1 Error Analysis in Measurements and Calculations

E1.1 Calculation Error Analysis:

The standard deviation is a common method for quantifying, obviously, deviation in a set of a large number of samples. In performing dielectric testing, the number of samples for practical limitations such as material samples, time or resources, is far less than a "large number". Industry guidance on the selection of sample size exists [site IEEE, IEC and ASTM guidance]. In more complicated structures under test such as prototype cables, printed circuit boards, etc., typically on 3 to 5 samples might be available for a given test point. The treatment of a "small number" of samples will be treated shortly, but first we will delineate the "error" analysis used in this Thesis.

E1.2 Elaboration of terminology to be used:

Moments-Borrowing from use of "moments" in classical mechanics, moments are used to quantify varius aspects of statistical distributions-or any function for that matter. The first moment is of the "central tendency" of a distribution, quantified as mean, median and mode of the distribution [E3]. The second moment quantifies the dispersion of the distribution from the first moment (typically from the mean) and is termed variance or mean deviation. The third moment quantifies skewness. And, lastly of the common moments, the fourth measures the degree of flatness of a distribution.
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E(X) is the "expected" value ("expectation operator") of a distribution of measurements X. The kth moment of 𝜇 𝑘 , where μ is the mean and 𝜇 0 is always zero.

Mean, μ-the statistical mean of a population of observations.

Continuous random distribution f(x):

Discrete random population P(x):

Variance, 𝝈 𝟐 -is the squared value of the deviation and is a measurement of dispersion of a set of measurements. Being the second moment 𝜇 2 of the distribution,

Standard deviation, 𝝈quantification of random error is a large sample set. In a normal distribution, 68.3% of the "observations" lie within a single standard deviation from the mean.

Error, 𝜹 ≡ 𝝈-Unless otherwise noted, we will define "error" as the random error encompassing 68.2% of the distribution of "observations" relative to the mean of a population of observations. This corresponds to a single standard deviation.

Coefficient of Variation, 𝒄 𝑽 -is the ratio of the standard deviation to the mean. It is a normalization of the variation, removing the units of measurement and scale.

𝑐 𝑣 = 𝜎 𝜇

Coefficient of Skewness, 𝝁 ̃𝟑is the ratio of the third moment about the mean 𝜇 3 , and the cube power of the standard deviation. It is a measure of how skewed a distribution is about the mean, with a negative skewness resulting in a shift to the right of the mean with a "tail" extending left. Vis versa for a positive skewness.

Coefficient of Kurtosis, 𝜸 𝟐 -is the ratio of the fourth moment about the mean 𝜇 4 , and the square of the variance 𝜇 2 . Similar to the skewness, the coefficient of Kurtosis is a measure of the shape of the distribution, and specifically the shape of the asymptote of the distribution. See Krishnamoorthy [E3] for more details of the interpretation of this coefficient.
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Gamma Function, 𝚪(𝒙)-The Weibull, and other distributions, often can be expressed as a Gamma function. It is a defined as follows,

For x > 0. A useful identity with the gamma function is the following,

Error Function, erf(x)-Is defined as follows,

The error function yields a sigmodal relationship, with the inflection point centered at x = 0.

Dependent errors:

If the errors are based upon the same source of errors, then errors add linearly. Use the for additive or subtractive errors in the estimation of error δX, evaluated at some measurement point "p" {xp, yp, zp, …}, the total error is the sum of the absolute values of each error:

For multiplying or dividing by dependent errors, an addition of the fractional errors will be used:

Independent errors:

When performing the estimation of a parameter using measured or estimated data, the Taylor expansion formulation was used. This method intuitively estimates the multi-dimensional "error" or uncertainty in a calculation by factoring in the error in the parameter used as well as its "sensitivity". Sensitivity here can be viewed as the error applied to a gradient of the parameter's effect on the calculation. The assumption has been made regarding the smoothness and uniqueness of the function, so that the local partial differentiation is indeed non-infinite at the evaluation point.

For an equation of independent parameters, 𝑀 = 𝑀(𝑥, 𝑦, 𝑧, ⋯ )

the estimation of error δm, evaluated at some measurement point "p" {xp, yp, zp, …} in the calculation of M, can be written as:

Error Analysis

If independent errors are simple additive or subtractive, the Root-Sum-Square can be used:

Which is a special case of equation (E3).

Note that this approach is useful for relatively smooth functions or surfaces. For strongly non-linear or surfaces with a steep gradient, the error estimation is better derived from taking into the second terms (second derivatives, "second order") or more of the Taylor series expansion.

E1.3 Selected Distributions

Gaussian (Normal) Distribution

Probability Density Function (PDF):

Cumulative Distribution Function (CDF):

Where erf is the error function.

Mean: μ

Variance:

Coefficient of Variation:

Coefficient of Skewness: 0

Coefficient of Kurtosis:
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Weibull Distribution

Probability Density Function (PDF):

Cumulative Distribution Function (CDF):

With the location parameter set to zero (𝛾 = 0), we have the "2-parameter" Weibull set of functions, commonly used in dielectric strength analyses. For the 2-parameter Weibull, we have the following moments:

Mean:

Coefficient of Variation:

)

Coefficient of Skewness:

Coefficient of Kurtosis: -

E2

Applications of Error Analysis in the Thesis.

E2.1 Thickness

Thickness of each sample was a key characteristic that was supplied in the calculation or measurement of conductivity, permittivity and breakdown strength. Therefore, the quantification of the error or variation associated with "thickness" is required to determine the error in any calculated attributes. For consistency, "thickness" measurements were taken with the same instrument, and by the same operator (see Figure E-1). The measured thickness of any sample is specific to the measurement point due to the uncertainty in flatness as well as parallelism between the two major faces of the sample. More localized is the measurement of surface roughness, which was only performed on the FDM samples due to concerns over the ability to add gold sputtered electrodes and the mating of electrodes to the surfaces of FDM samples. In examining surface roughness, Table E-1 discribes the convention for Ra and Rz.

Error Analysis E-6 Error Analysis E-9 To quantify the error in the volume resistivity calculation, we will first examine the effective bottom electrode area EAR error.
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Where Delectrode is the electrode diameter (in mm), and GLEN is the gap-length (in mm) defined as (see Fig. E-4),

Delectrode is the inner guard ring diameter (in mm). defining x as the sum of the inner-guard ring and electrode diameters,

We can see the error in x is, twice that of measuring the diameters (assume + 0.5 mm).

The error in the calculation of EAR is then, The uncertainty in the calculation of the volume resistivity is then,

With the following dimensional verification,

Another source of error due to testing was the test time. With a dielectric material, there are likely several relaxations that are occurring when an electric field is applied. If modeling the dielectric as a lump-parameter RC circuit, it is quickly realized that this model is inadequate. An assumption made in this analysis is that for the last 20 minutes of the 60-minute test, the decaying polarization current can be approximated as a parallel R||RC circuit (figure X.X-3). When plotting the current as a
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histogram, the mean in this duration for current will be slightly higher than if the sample was allowed to be energized until fully polarized. By fitting the last segment of the test, this ultimate value is estimated.

F % Generate a surface that intersets all of the test points. % [Xq, Yq, Vq] = griddata(f1Log, T1, Z1Log, xx, yy, 'natural'); % [Xq2, Yq2, Vq2] = griddata(f_Logspace2, T_space, Z2, xx, yy, 'natural'); F1 = scatteredInterpolant(f1_Log, T1, Z1Log,'nearest'); % 'nearest' neigghbor interpolation method % 'none' extrapolation method Zq = F1(xx,yy); MZq = F1(Mxx,Myy); % ------Figure 1 ----------% Plot of impedance magnitude | mesh(xx,yy,zz) % ------------------------- legend({'-60C','-50C','-40C','-30C','-20C','-10C',' 0C',' 10C',' 20C',' 30C',' 40C',' 50C',' 60C',' 70C',' 80C'}); else legend({'-60C','-40C','-20C',' 0C',' 20C',' 40C',' 60C',' 80C','100C','120C','140C','160C','180C','200C'}); end ylabel({'Imaginary Part of the Permittivity'},'Fontsize',10); xlabel({'Real Part of the Permittivity'},'Fontsize',10); title('Complex Permittivity at Different Temperatures','Color','k', 'Fontsize',10,'FontWeight','bold'); hold off % ------Figure 3 ----------% Plot of imaginary permittivity % - ------------------------ 4 ----------% Plot of real permittivity % - ------------------------ surf(f_Logspace, T_space, Zq3,'FaceColor','interp', 'LineStyle','none','FaceAlpha',0.7) caxis('manual') surf(Mf_Logspace, MT_space, MZq3,'FaceColor','none', 'EdgeColor','black','LineWidth',0.5) %meshz(Mf_Logspace, MT_space, MZq3, 'LineWidth',0. ------------------------ )]'},'Fontsize',10); zlabel({'Log -Loss Tangent'},'Fontsize',10); title(SampleTxt,'Color','k', 'Fontsize',10,'FontWeight','bold'); hold off % ------Figure 6 ----------% Plot of conductivity | mesh(xx,yy,zz) % --------------------------Z6Log = log10(sigma_1); F6 = scatteredInterpolant(f1_Log,T1,Z6Log); % 'nearest' neigghbor interpolation method % 'none' extrapolation method Zq6 = F6(xx,yy); MZq6 = F6(Mxx,Myy); % Conductivity scaling sigMax = ceil(max(Z6Log)); % rounded up sigMin = floor(min(Z6Log)); % round down figure hold on colormap copper caxis([0.8*sigMin 0.95*sigMax]) %scatter3(f1_Log,T1,Z4Log,'.','r') surf(f_Logspace,T_space,Zq6,'FaceColor','interp', 'LineStyle','none','FaceAlpha',0.6) caxis('manual') surf(Mf_Logspace, MT_space, MZq6,'FaceColor','none', 'EdgeColor','black','LineWidth',0.5) %meshz(Mf_Logspace, MT_space, MZq6, 'LineWidth',0. Dielectric characterization was performed over a wide range of frequencies (DC to 1 MHz) and temperatures (-60C to +200C; material permitting). To help address the lack of meaningful electrical information in AM materials, this paper proposes a methodology for evaluation and dielectric quantification of basically "unknown" materials. Generally, the materials studied exhibited acceptable dielectric behavior but no clear advantages other than enabling complex multifunction designs (dielectric, structural and thermal). Dielectric strengths exceeding 30 kV/mm for a 1.0 mm thickness were exhibited in both SLA and SLS samples, with strength scaling laws explored over a range of thicknesses from 300 m to 5.0 mm. For differing print orientations (XY-plane, YZpane, 30-degree inclined XY-plane) no discernible anisotropic dielectric behavior was observed. Motivations for the use of AM produced dielectrics in a civil aerospace context is also treated.
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Designing around a 40 mm by 40 mm AM sample size to facilitate compatibility with complex permittivity and dielectric breakdown strength methods employed, various structures were designed to enable different planar printing of thin samples without structure failure of the printed assembly. Thickness of the samples varied from as low as 300 μm to 5.0 mm. Autodesk Fusion 360 software was used to generate the solid models, which were later converted to STL-files (Standard Triangle Language) for transfer to respective AM devices for printing. Figures 234illustrate the consolidated sample assemblies for printing. For SLA, the "plane build" structures (Figs. 3 and4) yielded unusable samples due to print treeing and poor planarity. A 30degree tilted XY-plane was successfully printed for SLA, in order to assess print induced anisotropy.

Stereolithography (SLA)

For SLA printing, a Formlab Form 2 printer was used with "White" (WHITE FLGPWH04) and "High Temperature" ("High Temp V2" FLHTAM02) photopolymer resin. With the Form 2 printer, the recommend minimum unsupported thickness was 600 m; the smallest feature of this printer was 100 m. Dielectric and thermal data was very limited with the stock Formlab's photopolymer resins. Per the Formlab Form 2 processes, printed parts were carefully removed from the printing plate and then placed into a Formlab isopropyl alcohol (IPA) washing unit. The parts then were rinsed with distilled water and blown dried with dry-air. Then the assemblies were subjected to a post-curing thermal process. For the "White" material, post-curing was at 60 o C for 17 hours to reach the resin Heat Distortion Temperature (HDT) of 58.4 o C at 0.455 MPa (per ASTM D648 [25]). The "High Temp V2" material sample was UV-cured for 120 min at 80 o C, to achieve a HDT of 238 o C at 0.455 MPa. To obtain the 40 mm by 40 mm square samples, the interconnecting support material which formed the sample assemblies was mechanically trimmed off. Then the parts were rinsed with deionized water, IPA washed and air blown dry.

Selective Laser Sintering (SLS)

The SLS printing was performed using a Stratasys Eden 2 printer with "White" (Stratasys RGD835 VeroWhitePlus) resin. Printed parts were carefully removed from the print base, unsintered fixture material was removed and the parts were rinsed, cleaned and blow-dried. No additional curing was required. SLS yielded very useable parts which were not as brittle as the SLA items. Similar to the SLA samples, trimming was required as well as rising and drying before parts were used for dielectric testing.

Test Techniques

Thermal Limitation Quantification

For novel materials, it is preferable to perform Thermogravimetric Analysis (TGA) to understand the limits of the material before undergoing mass-loss; Additionally, a Differential Scanning Calorimetry (DSC) was used to determine the glass transition (Tg) and melting (Tm) temperatures of a material with no associated data.

Partial Discharge

A Power Diagnostix Partial Discharge test cell was utilized with a sensitivity below 0.5 pC. Testing in air was first performed in the event of significant defects existed. Then test articles were submerged in dielectric fluid (SOLVAY Galden® HT55 perfluorinated fluid) to prevent surface flashover and/or discharges at higher voltage levels. Articles under test were observed for flashover events, as well post-test inspection for "breakdown" without a puncture site. Flashover events were noted but omitted from the data and considered as an invalid result. Thinner samples (< 4 mm), typically supported five (5) breakdown test sites without the interference of carbonized channels from previous breakdowns. For thicker samples, this was reduced to either two or one breakdown test per sample due to the increased breakdown voltage. Breakdown sites were measured for thickness using a non-rotating digital micrometer (Mitutoyo "Absolute" Model IP-54). Furthermore, close attention was paid to the purity of the dielectric fluid to avoid test debris corrupting the testing. 

Dielectric Breakdown Strength

Dielectric Relaxation Spectroscopy

A Novocontrol Technologies Alpha and Beta [relaxation] Dielectric, Conductivity, Impedance and gain Phase Analyzer was used for Dielectric Relaxation Spectroscopy (DRS). Unless otherwise noted, measurements were performed from -60 o C to +200 o C, and frequencies between 10 mHz to 1.0 MHz. Gold surface electrodes were sputtered onto samples, with a thickness of approximately 300 Å. In the case of the YZ-plane printed SLS samples, the printing process added small ridges for sample strength. For these samples, a 450 Å gold application was made.

RESULTS

Thermal Limitation Quantification

The Formlab SLA materials test temperature limits were consistent with the datasheets. The "White" was limited to 80 o C (FLGPWH04, HDT of 58.4 o C), and the "High Temp" was tested successfully to 200 o C (FLHTAM02, HDT of 238 o C). The Stratasys "White" (RGD835, HDT of 54 o C per datasheet) actually had much higher thermal stability for testing than the datasheet. TGA and DSC analysis found melting and deterioration temperatures in excess of 300 o C (Tm = 314.8 o C).

Partial Discharge

The initial samples SLA samples were tested in air, but it was quickly realized that PD was occurring on the surface of the samples (PDIV between 4 to 6 kV). Further testing on SLA was then conducted within an insulation fluid, with no PD detected up to the test limit (step-up transformer limit) of 10 kV.

Similarly, the SLS samples tested exhibited no "internal" PD with low PD charge levels above the ambient case consistent with the surface PD in oil. SLA testing was up to 16 kV (used a different transformer and tap). Given that electrode/sample surface PD was induced, both the SLA and SLS AM processes yielded "gross-defect" free parts. The intention of the PD testing was to identify voids or other print defects within the bulk of the samples, which were not evident. Thus, all samples were PD tested as a screening for defects before undergoing the destructive breakdown testing. If voids had been detected, then a micro-sectioning as well as a porosity quantification method would have been recommended to quantify the nature and size of the defects.

Dielectric Breakdown Strength

Dielectric breakdown testing was performed on all samples not utilized for other testing such as DSR. For thin samples, up to five test sites were used per sample to increase the number of tests. Medium (1 to 3 mm) sample thicknesses allowed for up to four sites, and thicker samples (4 and 5 mm) only had one breakdown initiation site per sample. Testing was consistent with IEC62539 [27], with the exception of the thicker SLA samples amounted to three 4 mm and two 5 mm. The results are summarized in figure 5 with a dependency on sample thickness.

The fit curves follow the classical interpolation using the following formula (1), The exponential term in equation ( 1) was found to be near the square-root (m ≅ 0.5) which is consistent with known thickness scaling models for insulation. The SLA and SLS breakdown values were also in agreement with prior work, specifically [7,8].

Dielectric Relaxation Spectroscopy

Figure 6 gives the DRS results for the SLA "White" material, only tested to 80 o C. Figure 7 details results from the SLA "High Temp V2" resin for real permittivity and the loss tangent. SLS results were not available at the time of this paper submission. No significant variance in print orientation was observed.

CONCLUSIONS

The current investigation of the dielectric utility and assessment of any inherent limitations in the use of AM for electrical insulation in an aerospace environment is still underway. The initial analyses of Stereolithography (SLA) AM of resin samples, yielded results similar to other resin-based systems. A sweep of the complex permittivity over temperature and frequency ranges anticipated for aircraft systems did not indicate any concerns or polarization phenomena. The examination of print plane anisotropic behavior is still in work, as are conductivity measurements. Both partial discharge testing of samples under high field strength and instantaneous breakdown showed good performance figures; indicating that the SLA and SLS processes yielded a "void free" product.