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Abstract 

Harrison Michael Hones 
POLYIMIDE/SILICON DIOXIDE NANOCOMPOSITES AS DIELECTRICS FOR 

HELIUM-COOLED HIGH-TEMPERATURE SUPERCONDUCTING CABLES 
2019-2020 

Wei Xue, Ph.D., and Robert R. Krchnavek, Ph.D. 
Master of Science in Mechanical Engineering 

 

 

In this thesis, polyimide (PI) and silicon dioxide (SiO2) were combined in the 

form of a nanocomposite for use as a dielectric on helium-cooled high-temperature 

superconducting (HTS) cables. Further, a cryogenic chamber was designed with the 

intent of cooling samples to 40 K for dielectric and thermal contraction testing. 

Composites were created through an in situ process which resulted in nanoparticle 

formation within the host matrix. Samples were tested for dielectric strength at room 

temperature (300 K) as well as cryogenic temperature (92 K) using liquid nitrogen as the 

coolant. Composite samples tested at 300 K averaged a dielectric strength of about 175 

kV/mm, while those tested cryogenically exhibited an average strength of around 275 

kV/mm. Samples were imaged via scanning electron microscopy (SEM) both before and 

after dielectric testing. Imaging samples broken down at 92 K revealed evidence of 

electrical treeing, a breakdown mechanism discussed in this thesis. Finally, the helium 

chamber has been designed to accommodate multiple testing systems at cryogenic 

temperatures. Although this research is ongoing, the PI/SiO2 composite is already a 

promising candidate as a cryogenic HTS cable dielectric. 
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Chapter 1  

Introduction 

1.1. Naval Ships and HTS Cables 

Power generation and transmission are necessities for any technological device or 

system, Navy ships included. Ships create a unique problem, however, in their 

requirement to be self-sufficient for extended periods of time while at sea. Power must be 

generated on board and transmitted to all subsystems on the ship, without the 

infrastructure that is present for land-based systems, such as the overhead or underground 

powerlines seen in cities and towns. One of the most critical limiting factors to onboard 

power generation and transmission is the amount of space. Every square foot on a Navy 

ship has a purpose, meaning a larger generator and larger cable bundles are not viable 

solutions to an increase in power requirements. An increase in efficiency has the potential 

to meet the ever increasing demand for electrical power on Navy ships. 

High-temperature superconducting (HTS) cables provide a means of increasing 

power density by 200-800% from traditional cables [1]. HTS cables contain a core made 

of a superconducting alloy, or a superconductor. When a superconductor is cooled to a 

point below its transition temperature, its electrical resistance drops to zero, resulting in 

100% power transmission efficiency [2, 3]. The cable core is usually a hollow cylinder, 

but may be singular or in three phases [4]. In multi-phase cables, each phase is separated 

by a dielectric layer. HTS cables are commonly cooled using liquid nitrogen (LN2) which 

flows around the outer layer of the cable and through the hollow center. An example of a 

three-phase HTS cable can be seen in Figure 1 [5]. 
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Figure 1. Three phase superconducting cable, with each phase separated by a dielectric, 
contained within a cryostat [5]. 

 
 
 

1.2. HTS Cable Applications 

HTS cables have a number of potential applications, one of which is a means to 

increase power transmission on Navy ships while saving space and weight [6]. The 

increased efficiency associated with these cables can be used on smaller systems, or on a 

system requiring large amounts of electrical current such as a kinetic energy weapon, 

commonly known as a rail gun. A rail gun may require as much as 3.4 MA to operate, a 

current which would require many conventional cables [7, 8]. HTS cables have the 

potential to transmit the same amount of current more efficiently while using less space.  

Navy ships develop a magnetic signature as they travel throughout Earth’s 

magnetic field, a signature that can be picked up by other ships or mines with magnetic 

triggers [9]. Rather than preventing this magnetic signature from developing, efforts have 

been made to reduce the signature on ships through degaussing [10, 11]. The process of 
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degaussing requires the installation of a system of electrical cables along the hull of the 

ship on both sides, which can be seen in Figure 2 [12]. Running the proper current 

through these cables results in a magnetic field that cancels out the field output by the 

ship [13]. Studies have shown that degaussing through HTS cables is not only feasible, 

but beneficial in terms of weight, size, and cost [12, 14]. 

 
 
 

 
Figure 2. Layout of HTS cables along the hull of a Navy ship. HTS cables are indicated 
by grey lines running vertically and horizontally [12]. 

 
 
 

Superconducting cables are also a topic of interest in the electric power industry, 

as the United States power grid is estimated to lose 10% of all electricity to inefficiencies 

between the source and the customer [15]. Some HTS cable systems have been in place 

since as early as 2006. In Albany, New York, a 350 m underground HTS cable was 

installed within the power grid in one phase of the Albany Cable Project [16]. The cable 

operated successfully and provided power to over 25,000 homes within its first year, and 

is still operational [1, 17]. The schematic view of the cable system can be seen in Figure 

3 [17]. Systems have also been installed in Asia and Europe, such as in the AmpaCity 



www.manaraa.com

 

4 

 

Project, in which a 1,000 m HTS cable was installed as part of the distribution network in 

Essen, Germany [18, 19]. 

 
 
 

 
Figure 3. Schematic view of the HTS cable system installed in the Albany Project. The 
HTS cable runs underground to connect two termination boxes [17]. 

 
 
 

1.3. Dielectric Requirements 

The typical coolant used in HTS cable systems is LN2 which is capable of 

reaching anywhere from 64 K to 77 K [20]. However, Naval research has found the ideal 

operating temperature of HTS cables to be 55 K. This reason, among safety concerns, has 

prompted Naval research of a purely gaseous cryogen, specifically helium [14]. Helium 

exists in a gaseous state above 4 K, making it a viable candidate as a cryogen. However, 

the use of helium as a cryogen results in a new problem. The traditional method of 

applying electric insulation, lapped dielectric tape, fails when used with a cryogen as 

permeant as helium. Although the gaps are small, helium atoms are able to move between 

the laps in the tape, even with multiple layers of dielectric. Helium’s ability to permeate 

the dielectric layers can potentially create a short circuit between different current-
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carrying phases, leading to electrical failure of the cable system. An example of this 

failure is shown in Figure 4. A helium-cooled HTS cable requires a dielectric layer that is 

impermeable to helium. A common method of coating a cable in another material is 

polymer extrusion [21]. In the extrusion process, the cable is slowly passed through a 

bath of liquid polymer. As the cable exits the bath, some of the polymer adheres to the 

surface, where it remains as it is cured. The cured polymer is one continuous layer with 

no laps, making it impermeable to a gas [22]. 

 
 
 

 
Figure 4. Schematic of helium atoms permeating layers of lapped dielectric tape. 

 
 
 
HTS cables transmit large amounts of current, so the insulating material must 

have sufficient dielectric strength. The HTS cables explored in this research require a 

dielectric strength of 12 kV/mm. Polymers tend to have dielectric strengths much higher 

than this requirement, some as high as 300 kV/mm [23]. Although a polymer could be 
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chosen due to its suitable dielectric strength for an HTS cable, polymers tend to have 

thermal contraction rates (coefficient of thermal expansion, CTE) much higher than that 

of the cables in question. Polymers contract at a rate of 0.6-2.7% of their initial length 

when cooled to 50 K, depending on the material. The HTS cable in question has a rate of 

contraction of 0.3% in the same temperature range [24]. Contraction rates of common 

cryogenic materials can be seen in Figure 5 [24]. If an HTS cable was extruded with a 

pure polymer and subsequently cooled to cryogenic temperature, the polymer would 

shrink at a much higher rate, leaving parts of the cable exposed or breaking entirely. This 

difference in contraction rates is demonstrated in Figure 6. 

 
 
 

 
Figure 5. Contraction rates of common cryogenic materials, notably HTS cable cores and 
polymers [24]. 
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Figure 6. An example of how a dielectric layer with a large CTE could fail when coated 
on an HTS cable with a lower CTE. 

 
 
 

1.4. Nanocomposites 

A nanocomposite consists of two phases, the matrix phase and the reinforcing 

phase. The matrix phase, also known as the host matrix, is the bulk material which 

contains the reinforcing phase, which in this case is a distribution of nanoparticles. 

Particles must be smaller than 100 nm in diameter to be considered nanoparticles, and to 

achieve properties dependent on the high surface area to volume ratio [25]. A diagram of 

a particle-based nanocomposite can be seen in Figure 7. Nanocomposite materials have 

been an area of increasing interest since the early 1990s, when researchers found that the 

addition of nanoparticles to a host material had the potential to greatly improve the host 

material’s physical properties [26]. For this reason, a nanocomposite was chosen to be 

developed as the dielectric required for a gaseous helium-cooled HTS cable. 

HTS cable phaseExtruded polymer
300 K

40 K
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Figure 7. Schematic of a nanocomposite. The host matrix is depicted in yellow, while the 
nanoparticles are shown in grey. 

 
 
 

1.4.1 Host matrix – polyimide. The polymer chosen as the host matrix for this 

research is polyimide (PI). PI is commercially available in the form of Kapton, developed 

by DuPont, but Kapton was found difficult to synthesize in a lab setting. Mixing 

nanoparticles into Kapton was challenging as well. Instead, PI could be generated in-

house by converting polyamic acid (PAA) through thermal imidization [27]. The 

chemical formula for PAA is (C12H12N2O ‧ C10H2O6)n and its chemical structure can be 

seen in Figure 8 [28]. PI is a common choice for a dielectric material, with a dielectric 

strength ranging from 100-300 kV/mm, and a relative permittivity of 3.4 [29, 30]. 

Further, PI also exhibits excellent flexibility and mechanical strength, and is capable of 

operating in a wide range of temperatures [31-33]. PI however, like most polymers, has a 

SiO2 nanoparticles Polyimide host 100 nm
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high CTE. A nanomaterial with a much lower rate of thermal contraction was chosen to 

act as the reinforcing phase. 

 
 
 

 
Figure 8. Chemical structure for PAA. The elements present are hydrogen, nitrogen, and 
oxygen [28]. 

 
 
 
1.4.2 Nanoparticle – silicon dioxide. The filler material chosen as the 

reinforcing phase is silicon dioxide (silica, SiO2). Silica can be fabricated through an in 

situ process, or purchased and added to the host matrix via an ex situ process, both of 

which will be explained in detail in Chapter 2 [34, 35]. Purchased silica nanoparticles can 

be seen in Figure 9. Silica has a thermal contraction rate 15-20 times lower than that of PI 

[24, 36]. Introducing silica nanoparticles into a PI host matrix could theoretically lower 

the contraction rate of the composite [37]. Given the proper PI:SiO2 ratio, it would be 

possible to match the given CTE of the HTS cable core. The addition of SiO2 

nanoparticles has one notable drawback, as silica has a much lower range of dielectric 

strength than PI, from 10 – 100 kV/mm, and a relative permittivity of 3.9 [38]. Thus, the 
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formation of the composite will lower the bulk material’s CTE as well as its dielectric 

strength [39]. 

 
 
 

 
Figure 9. Silica particles purchased from Sigma-Aldrich, 20 nm (left) and 80 nm (right) 
in diameter. 

 
 
 

1.5. Cryogenic Testing Chamber 

The nanocomposites fabricated throughout this research were tested both at room 

and cryogenic temperatures. In order to properly characterize the samples for their 

intended application, they have to be tested in a gaseous helium cryogenic environment. 

Gaseous helium as a cryogen is a fairly young field of research, and as such there is a 

limited number of chambers to use as references when designing a new one. Those that 

are operational exist primarily to cool HTS cables, rather than characterize materials to be 

used in conjunction with the cables [40, 41]. A diagram of one such chamber can be seen 

in Figure 10 [41]. 
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Figure 10. Gaseous helium-cooled cryogenic chamber designed to cool a section of HTS 
cable [41]. 

 
 
 

The most feasible option for characterizing the materials fabricated in this 

research is to do so within a unique chamber designed and built in-house. The testing 

chamber will fit into a system provided by the Applied Superconductivity Team at the 

Naval Surface Warfare Center Philadelphia Division (NSWCPD). The testing chamber 

consists of one compartment, the helium chamber, encased in another, the vacuum 

chamber. The helium chamber was designed to accommodate dielectric and CTE testing 

of the PI/SiO2 composite after gaseous helium has cooled the chamber. The vacuum 

chamber is built around the helium chamber to provide thermal insulation from outside 

the system. Given that the ideal operating temperature of the HTS cables is 55 K, the 

cryogenic chamber is expected to reach as low as 40 K, and use a heating element to 

control the temperature. 
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1.6. Motivation and Objectives 

In this research the relationship between temperature and physical properties of a 

polymer nanocomposite are studied, with the hope of creating a dielectric material 

suitable for use on helium-cooled HTS cables. The properties of the composite can be 

adjusted due to the rule of mixtures, which uses the concentration of a composite to 

estimate material properties. HTS cables have been used in recent years, although they 

used LN2 as a coolant. In an effort to make these HTS cables even more efficient, a few 

research groups have explored this topic, but most of the research done here is unique and 

unprecedented. The motivation of this research is two-fold: to create the dielectric 

material from a PI/SiO2 nanocomposite, and to design and fabricate the testing chamber 

necessary to characterize the composite in a helium-cooled cryogenic environment. 

The objectives of this research include: 

1. Create a well-dispersed PI/SiO2 nanocomposite. 

2. Perform dielectric tests on composites with varying SiO2 concentrations to 

determine which concentrations result in viable candidates for HTS 

dielectrics. 

3. Measure the relationship between temperature and dielectric strength. 

4. Design a helium-cooled cryogenic chamber to perform dielectric and CTE 

tests. 

1.7. General Layout of Thesis 

In Chapter 2 of this thesis, the two methods used to generate silica nanoparticles 

are described, as well as the fabrication method of the thin film samples. The quality and 
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consistency of the two particle generation methods are discussed. The means through 

which the samples were characterized are described in Chapter 3, including dielectric 

testing and scanning electron microscopy. The methods for dielectric testing at room and 

cryogenic temperature are depicted. Chapter 4 contains the results from these tests, in the 

form of dielectric strength values and SEM images of the samples before and after 

breakdown. These SEM images are also used in the discussion of the dielectric 

breakdown theory known as electrical treeing. The design of the helium chamber is 

detailed in Chapter 5, along with the safety considerations and simulations run on the 

latest iteration of this design. The paper is concluded in Chapter 6, which contains a 

summary of all work completed to this point, as well as the future works and goals of this 

research as it continues into the future. 
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Chapter 2  

Nanocomposite Fabrication  

2.1. Nanoparticle Distribution 

The PI host polymer was purchased from Sigma-Aldrich in the form of a 15% wt. 

poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic acid solution, or polyamic acid 

(C12H12N2O ‧ C10H2O6)n [28]. The PAA form of the polymer was found to be the easiest 

to work with in terms of the introduction of nanoparticles, as it is a viscous liquid in this 

form. It was determined experimentally that 13.8% wt. of the solution remains once fully 

cured. The difference between the 13.8% wt. experimentally determined and the factory 

stated 15% is the absence of water in the experimental trials. The change in chemical 

structure from PAA to PI can be seen in Figure 11 [42]. The imidization process causes 

PAA to release hydrogen atoms as well as OH groups, resulting in water evaporating 

from the samples. There were two particle distribution methods explored in this research 

used to produce samples of 0-6% silica concentration.  

 
 
 

 
Figure 11. Chemical structures of PAA and PI transitioning through the imidization 
process [42]. 
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2.1.1 Ex situ method. The ex situ process, or direct mixing process, is the 

simpler of the two methods. As-purchased SiO2 nanoparticles, which were 20 nm in 

diameter, were added directly to the PAA. The mass of the particles (𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆2) was 

dependent on the desired percent concentration (𝑛𝑛) and the mass of PAA (𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃), and 

determined through Equation (1) in Table 1. Dimethylacetamide (DMAC) was added as a 

dispersion solvent at a ratio of 15 mL per gram of silica, as it was found to limit the 

agglomeration of the particles. The silica/DMAC mixture was sonicated in an ultrasonic 

bath for 30 minutes, which was enough time to create a uniform dispersion [43].  

 
 
 

Table 1  

Equation used to determine mass of silica 

To determine mass of: Equation Number 
 

Silica 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆2 =  
𝑛𝑛

1 −  𝑛𝑛
×  𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 × 0.138 

 

(1) 

 
 
 
2.1.2 In situ method. The in situ process begins with four precursor materials 

being mixed. Ethyl alcohol (EtOH), tetraethyl orthosilicate (TEOS), and hydrochloric 

acid (HCl) were purchased from Sigma-Aldrich. Deionized water (H2O) was generated 

in-house as the fourth precursor. TEOS was purchased with a purity of 98%, and HCl 

with a reagent percent of 37%. The order of operations which resulted in the most reliable 

sol gel process consisted of mixing the EtOH and H2O separately from the TEOS and 

HCl, then adding these two pairs together. This is done in an effort to eliminate the 

possibility of water degrading the TEOS and forming a precipitate before HCl is able to 
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catalyze the sol gel process. Further, adding the TEOS and HCl to the EtOH and H2O 

prevents the acid from possibly splashing back, if water was added to the acid.  

The four precursor materials were set to mix at 350 rpm for 30 minutes, during 

which time the silica nanoparticles would form through a sol gel process known as the 

Stöber process [44, 45]. The simplified chemical reactions of the Stöber process can be 

seen in Figure 12 [46]. The silica particles are generated through multiple steps, including 

nucleation, growth, aggregation, stabilization, and dehydration. These steps are 

demonstrated in Figure 13 [47]. This mixing process was found to be exothermic, so the 

beaker containing the precursors was placed in an ice bath and covered with Parafilm 

“M” to prevent condensation from the surrounding air. The Stöber process calls for a 

molar ratio of 1:1:1:2 of EtOH:TEOS:HCl:H2O, resulting in % wt. ratios of 

14.09:63.73:11.15:11.03. The molecular weights of the precursors are 46.07 g/mol, 

208.33 g/mol, 36.46 g/mol, and 18.02 g/mol, respectively. Similar to the ex situ process, 

the masses required of the precursors were dependent on the mass of PAA, specifically 

the 13.8% that remains after curing. However, the sol gel also undergoes a change in 

mass when heated. It was determined experimentally that 18.38% wt. of the sol gel 

remains when cured. Given these values, the sol gel and precursor weights can be 

determined via Equations (2-6) in Table 2. Schematics comparing the ex situ and in situ 

processes can be seen in Figure 14. This in situ process is the latest of many iterations, as 

it was found to produce the most consistent results, in terms of quality of the sol gel as 

well as the properties of the composite. 
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Figure 12. Simplified chemical reactions of the Stöber process resulting in the formation 
of silica and water. 

 
 
 

 
Figure 13. From initial precursors, the steps of nanoparticle formation over time during 
the sol gel process [47]. 

 
 
 

Table 2  

Equations used to determine mass of precursor materials 

To determine mass of: Equation Number 
 

Sol gel 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  
𝑛𝑛

1 −  𝑛𝑛
×  
𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 × 0.138

0.1838
 

 
(2) 

 

EtOH 𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 0.1409 ×  𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

(3) 
 

TEOS 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 0.6373 × 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

(4) 
 

HCl 𝑚𝑚𝐻𝐻𝐻𝐻𝐻𝐻 = 0.1115 ×  𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

(5) 
 

H2O 𝑚𝑚𝐻𝐻2𝑂𝑂 = 0.1103 ×  𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

(6) 
 

Precursors Sol Gel

Nucleation Growth / Aggregation/ 
Disaggregation / Rearrangement

Stabilization/
Dehydration

Time

Soluble 
Monomers
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Figure 14. Silica nanoparticle introduction to PAA through (a) ex situ process, and (b) in 
situ process. 

 
 
 

2.2. Thin Film Preparation 

The next step in material fabrication is to add the silica particles, whether in the 

form of a SiO2/DMAC dispersion or a sol gel, to a beaker containing PAA. This new 

mixture would mix for four hours at a rate of 50 rpm. Once sufficiently mixed, the 

silica/PAA mixture was applied to a glass slide to be spin coated. The spin coater 

accelerates to 1000 rpm over 10 seconds, then remains at 1000 rpm for 45 seconds before 

SiO2 particles DMAC

Ultrasonic bath

PAA PAA

Sol gel

a) b)

TEOS HClEtOH H2O
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slowing to a stop. The original spin coating method was simply 30 seconds at 1500 rpm, 

with the maximum acceleration of the spin coater. A comparison of the spin coating 

profiles over time as well as the resulting thicknesses can be seen in Figure 15. The 

updated spin coating process was found to be much more consistent in terms of film 

thickness. Once the spin coating process was completed, the resulting film took the shape 

of the glass slide it was casted onto, 2.5 cm × 7.5 cm in size, with an average thickness of 

approximately 20 µm after the curing process was complete. 

 
 
 

 
Figure 15. Profiles of two spin coating processes measuring speed over time (top), and 
resulting thickness of the films produced with each method (bottom). 

 
 
 
Curing the PAA solution on a hot plate at 80℃ for 30 minutes was found to 

evaporate the amic acid solution, resulting in a polyamide (PA) film. Following this, the 

hot plate was increased to 100℃ for 10 minutes. The temperature was then increased by 

25℃ every 5 minutes until 250℃ was reached, at which it remained for 30 minutes. 
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After the 30 minutes, the imidization process was completed, converting PA to PI. Lastly, 

the hot plate was increased to 370℃ for 10 minutes to thermally anneal the sample [48]. 

The temperature profile of the curing process can be seen in Figure 16. 

 
 
 

 
Figure 16. Temperature profile of the curing process over time. 

 
 
 

2.3. Discussion of Fabrication Methods 

Both the ex situ and in situ methods were successful in the fabrication of PI/SiO2 

thin films. An image showing a finished sample from each fabrication method can be 

seen in Figure 17. The ex situ sample can be observed to have a matte finish, as it does 

not reflect as much light and appears duller than the in situ sample. The in situ sample, 

however, has a much glossier finish, as it reflects more light. This is suspected to be a 

result of the difference in the surface roughness, caused by silica’s higher tendency to 
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agglomerate in ex situ samples. When the particles group together, they form large 

inconsistencies within the sample, sometimes affecting the surface. A 3D optical profiler 

was used to examine the surface roughness of the two 5% silica samples, and the results 

of these tests can be seen in Figure 18. 

  
 
 

 
Figure 17. Two finished PI/SiO2 samples, created through ex situ process (left), and in 
situ process (right). 
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Figure 18. Optical profiles of two samples. Ex situ (top) has a peak to peak range of 2200 
nm. In situ (bottom) has a peak to peak range of 400 nm. 

 
 
 

The samples created through the ex situ method, as can be seen in the optical 

profile, have much more variation in surface roughness. Further, the silica in ex situ 

samples have a greater tendency to agglomerate. As silica has the lower dielectric 

strength of the two materials being used, an agglomeration is essentially a weak point at 

which the sample would be likely to fail when placed in a strong electric field. A more 

uniform dispersion of silica particles would result in an overall higher and more 

consistent dielectric strength throughout the sample. For these reasons, the in situ 

fabrication process was found to be more desirable, and the research proceeded with this 

method. 

2200 nm

400 nm
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Chapter 3  

Material Characterization 

3.1. Dielectric Breakdown Testing 

Dielectric breakdown occurs when an electrically insulating material, placed 

under an electric field, fails and creates a pathway for current to flow [49]. Breakdown 

can occur in solid, liquid, and gaseous states, as well as in a vacuum. There are varying 

theories on the mechanism through which breakdown occurs, specifically within solids. 

One such theory, known as electron avalanche theory, is explored in this research [50, 

51]. An electron avalanche functions similar to an avalanche of snow, where one bit of 

snow builds upon itself, growing in quantity and intensity as it affects more snow around 

it. A strong electric field may cause free electrons to accelerate within a solid. These 

electrons are capable of impacting other atoms, causing those atoms to ionize [52]. The 

ionization of these atoms causes their electrons to accelerate as well, increasing both the 

number of accelerating electrons and the likelihood of the ionization of other atoms. As 

this process continues, the number of accelerating electrons grows exponentially until the 

material experiences dielectric breakdown [53]. A schematic of this process can be seen 

in Figure 19. The voltage at which this activity occurs is known as its breakdown voltage. 
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Figure 19. Avalanche process showing how one accelerated electron (red) can result in 
many by ionizing atoms (blue). 

 
 
 

Avalanche breakdown can be paired with the theory of electrical treeing. Treeing 

theory states that as a solid dielectric nears the breakdown voltage, multiple partial 

electrical discharges occur throughout the sample [54]. These partial discharges are 

referred to as tree branches, owing to the manner in which they spread. The breakdown is 

completed when the first branch reaches a ground, at which point it becomes a tree 

channel. This tree channel increases in width, and resembles the trunk of a tree [55]. An 

example of electrical treeing in a solid can be seen in Figure 20. 

 
 
 

Free electron
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Figure 20. Schematic of treeing theory as a means of dielectric breakdown. 

 
 
 
3.1.1 Dielectric testing at room temperature. A fixture suitable for dielectric 

testing was fabricated in-house, and was designed in accordance with Section 4 of the 

ASTM-D3755 standard. This standard describes a method of dielectric testing under 

direct voltage stress. The test was designed to take place between two stainless steel 

electrodes 6.35 mm in diameter. The electrodes were housed in 3D-printed pieces 

designed to place 50 g on the sample, per the standard, to ensure good contact. Vertical 

rails were put in place through the 3D-printed pieces to restrict horizontal movement. The 

electrodes were connected to a positive and a return lead plugged into a 955i high-

potential (hipot) tester, a power supply which was purchased from Vitrek. The voltage 
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applied across the sample increased at a rate of 500 V/s, until the sample was broken 

down. Breakdown was detected by the hipot when a minimum of a 5 mA current reached 

the electrode connected to the return wire, which caused the test to immediately stop. 

Sample size could vary, but had a minimum of 1.5 cm × 1.5 cm to prevent the current 

from sparking over. A schematic of the testing fixture connected to the hipot tester can be 

seen in Figure 21. 
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Figure 21. Room temperature dielectric testing rig connected to the hipot tester. 

 
 
 

3.1.2 Dielectric testing at cryogenic temperature. Dielectric testing was also 

performed at cryogenic temperature, however doing so in a helium-cooled environment is 

not yet possible. Instead, testing was carried out in a dewar containing LN2. Due to the 

size of the room temperature testing fixture, a new system had to be designed to fit inside 
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the mouth of the dewar. The electrodes are housed within Teflon holders, which sit inside 

of a 3D-printed electrode mount. In an effort to increase efficiency, four electrode pairs 

were placed inside the mount, allowing for four tests to be run in one cooling cycle. The 

mount acted as a vertical guide to ensure good contact between the electrodes, and 

restricted the holders’ movement once inside the dewar. A type K thermocouple was 

affixed to the mount so that the sensor was next to the samples. The mount was attached 

to a piece of wood long enough to extend out of the mouth of the dewar after the 

electrodes were lowered. This system, along with the wires, would be lowered into the 

partially filled dewar until it was just above the surface of LN2. At the proper height, the 

samples and electrodes could be cooled to 92 K, a temperature which could be reliably 

achieved without submerging the samples. The hipot and return wires ran along the 

length of the wood and plugged into the hipot tester on the outside. However, as the hipot 

tester could only be connected to one electrode at a time, a switch was placed at the end 

of the hipot wires. A schematic of this system and a close up of the electrodes in the 

mount can be seen in Figure 22. 
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Figure 22. (a) Schematic of the cryogenic dielectric testing setup, with a zoomed-in view 
of a PI/SiO2 sample between two electrodes, and (b) an image of the electrode holders in 
the mount. 
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3.2. Scanning Electron Microscopy 

Samples were imaged on a FEI Apreo scanning electron microscope (SEM) to 

examine particle size and distribution. All samples imaged on the SEM had to be adhered 

to a metal stub using carbon tape. The stubs are about 1 cm in diameter, so samples were 

cut to size as needed. Once the samples were adhered to the stub, copper tape was used to 

connect the edges of the sample to the metal stub in order to increase conductivity. Due 

to the nature of the SEM, a more conductive sample has potential to result in a clearer 

image. The samples were imaged in random areas when checking for particle size and 

dispersion. One such image can be seen in Figure 23, which shows silica particles 

dispersed throughout a PA host matrix. Particles were found to be easier to image in a PA 

host rather than PI, so some samples were imaged before the imidization process was 

completed. Samples that underwent dielectric breakdown were also imaged on the SEM 

to examine the points of failure. 
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Figure 23. SEM image of the surface of a PA/SiO2 composite sample. Silica particles can 
be seen as dark grey circular masses, with the PA host represented by the lighter grey 
area. 

 
 
 

3.2.1 Energy-Dispersive x-ray spectroscopy. Particles were found difficult to 

image given the insulating nature of the PI host matrix. In an effort to combat this, 

energy-dispersive x-ray spectroscopy (EDS) was used in tandem with the SEM. The EDS 

system provided a means of examining the particles embedded deeper in the host matrix 

than the SEM alone, which showed mostly surface-level particles. The EDS system was 

capable of isolating singular elements in a material within the imaged area. In the case of 

the PI/SiO2 composites, silicon could be selected as the material to be examined, as it was 

present in silica but not in PI.  
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Chapter 4  

Characterization Results 

4.1. Dielectric Strength 

Samples with silica concentrations ranging from 0-6%, along with the control 

material Kapton, were tested for dielectric strength at 300 K and 92 K. A graph depicting 

these results can be seen in Figure 24. The dielectric strength of samples tested at room 

temperature can be seen in the striped red bars. Pure PI and 1% PI/SiO2 samples exhibit a 

strength of about 275 kV/mm and 250 kV/mm, respectively. Samples with a 2-6% filler 

experienced a drop in dielectric strength, averaging around 150 kV/mm at room 

temperature. This trend has been seen in previous works and is expected, as there seems 

to be an upper limit to the nanofiller concentration [29]. Above this limit, the effect that 

silica has on dielectric strength becomes more apparent [56]. Samples of higher 

concentrations were initially explored, but were found to contain a non-uniform 

dispersion of silica particles. These large pockets of agglomerated particles resulted in 

dielectric strengths that varied greatly across a single sample, as well as on a per-sample 

basis. 
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Figure 24. Comparison of dielectric strength of 0-6% PI/SiO2 composites at 300 K 
(patterned red) and 92 K (solid blue). 

 
 
 

The dielectric strength of samples tested at cryogenic temperatures can be seen in 

the solid blue bars of Figure 24. Contrary to the room temperature samples, these show 

an increase in dielectric strength as silica particles are introduced. Whereas pure PI 

showed a strength of about 275 kV/mm, lower concentrations yielded a strength of over 

300 kV/mm. This strength decreased as filler concentration was increased to 6%, but was 

never significantly weaker than pure PI at 92 K. All composite samples showed an 

increase in dielectric strength ranging from around 75-150 kV/mm when cooled. This rise 

in strength is due to the shrinking of the transition layer between the silica particles and 
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host matrix, owing to the difference in their thermal contraction rates. The change in 

temperature results in the PI matrix shrinking at a much faster rate than the SiO2 particles, 

causing the host matrix to increase in density and tighten the transition layers around each 

nanoparticle. This increase in density limits the electron paths when the sample is under 

strong electrical stress. This in turn results in the increase of the voltage required to 

achieve breakdown [57]. 

4.2. SEM Imaging 

Composite samples were imaged on an SEM to examine particle diameter and 

distribution. However, due to the insulating nature of PI, the particles proved difficult to 

image. To circumvent this issue, particles were imaged in a PA host which was not fully 

cured. There is no change made to the particles during the imidization process, so it is 

assumed that particles in a PI host are identical to those in PA. One such composite of 4% 

concentration can be seen in Figure 25. The silica particles are the circular objects within 

the grey PA matrix. Size of these particles varies in diameter from about 100 nm – 1 µm, 

but in previous studies it has been found that the majority of particles are less than 200 

nm in diameter [47]. A MATLAB code was used to count the number of silica particles 

within a set area of a sample, and measure their diameter. The compiled data from a 6% 

concentration can be seen in Figure 26, along with the sample that the measurements 

were taken from. The chart counts the number of particles within 100 nm increments. Out 

of over 700 measured particles, about 350 were found to have a diameter less than 100 

nm. The variation in particle diameter is a result of the method of their formation, as 

depicted in Figure 13. The particles grow over time throughout the sol gel process, but 
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not all particles undergo nucleation at exactly the same time. An extension of this work 

could be focused on particle size control, which would help us fabricate samples with 

greater particle size consistency or provide insight to how the particles are affected by 

different aspects of the sol gel process. While the size varies, the distribution of the 

particles appears consistent throughout the sample, resulting in a dielectric with no 

obvious weak points. 

 
 
 

 
Figure 25. SEM image of a PA/SiO2 composite sample containing 4% wt. silica. 
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Figure 26. Number of particles within set diameter ranges. Data gathered from an SEM 
image of a 6% silica sample. 

 
 
 

4.2.1 EDS imaging. EDS was used in tandem with the SEM to better image the 

silica particles, and to confirm that the circular objects seen in the images are indeed 

silica. By isolating silicon, the EDS system was able to obtain the image shown in Figure 

27. The sample used in this image is a 5% silica sample in a PA host. Any area 

containing red depicts the location of silicon. As the red areas are separate and circular, it 

can be concluded that the SiO2 particles remain intact and do not tend to agglomerate. 

Some particles appear darker red and seem to overlap with others, but these particles are 
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actually beneath the bright red particles. The layer of PA between these particles and the 

surface is represented by the black space seen throughout the image. 

 

 

 

 
Figure 27. Elemental map of silicon in a 5% wt. PA/SiO2 composite sample obtained 
through SEM-EDS. 

 
 
 

4.3. Breakdown Point Imaging 

The SEM was also used to image samples that underwent dielectric breakdown, 

as a means of examining the point of failure. Samples broken down at 300 K and 92 K 

break down through the same mechanism, however the geometric characteristics of the 

points of failure differ depending on the temperature at which breakdown occurred. An 

5 µm
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SEM image of a 2% PI/SiO2 sample broken down at room temperature can be seen in 

Figure 28. PI samples were no longer difficult to image after breakdown, as the point of 

failure provides a direct route to the carbon tape, resulting in a clearer image. The 

breakdown point is the large black area in the center of the image. As there is no material 

remaining at that point, electrons are not reflected back to the detectors in the SEM. This 

breakdown hole is roughly 50 µm in diameter. The area surrounding the hole is damaged 

during the test, and is shown in the SEM image as the textured grey circumference 

around the hole. This area appears higher than the material around it, as if it was bunched 

up as the hole expanded. The remainder of the image is simply material that did not fail. 

All samples that were imaged after room temperature tests showed similar breakdown 

structures. 
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Figure 28. SEM image of a breakdown point within a 2% PI/SiO2 composite sample 
broken down at 300 K. 

 
 
 

 Samples tested at 92 K exhibited differences in the points of failure, despite 

undergoing the same failure mechanism. A 1% PI/SiO2 sample broken down at 92 K can 

be seen in Figure 29. The dark area in the middle is still the point of breakdown, but 

notably there is not one large through hole. In the case of all cryogenic breakdown 

samples, the material remains within the area of breakdown, unlike those tested at room 

temperature. During the tests, the composite has a tendency to store energy produced by 

the strong electric field. This energy storage can generate heat within the silica particles 

and the PI host. It is possible for this generated heat to surpass the glass transition 

temperature of the PI, which can lead to localized melting of the polymer between the 

electrodes. As the melting becomes more severe, the localized melting area begins to 
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grow, forming a large amorphous area [58]. It is this large amorphous area that causes the 

through holes seen in samples tested at 300 K.  

 
 
 

 
Figure 29. SEM image of a point of breakdown within a 1% PI/SiO2 composite sample, 
tested at 92 K. 

 
 
 
 The localized heating resulting from the strong electric field is present in samples 

tested cryogenically, but the cold environment inhibits the polymer’s tendency to exceed 

the glass transition temperature. Therefore, in a cryogenic environment, PI can break 

down while remaining solid [59]. The lower starting temperature of the PI results in a 

higher energy and heat requirement to reach the glass transition temperature, a 

requirement which the hipot cannot meet. Additionally, the cryogenic environment 
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allows for the heat generated within the sample to dissipate rapidly. As a result of these 

factors, samples broken down at cryogenic temperatures exhibit different breakdown 

geometries, specifically the lack of a through hole at the point of failure. 

4.4. Evidence of Treeing in Broken Down Samples 

During the dielectric breakdown of a solid and composite dielectric, the particles 

embedded in the host matrix begin to experience partial discharge damage [60]. These 

partial discharges extend to connect between particles, forming what are known as tree 

branches. As this continues, eventually one tree branch extends from the charged 

electrode to the grounded electrode. At this point the branch expands to a wider diameter, 

becoming the tree channel, this is the through hole seen in most dielectric failures. 

Samples broken down in a cryogenic environment, since their breakdown points remain 

intact, provide a means of imaging the tree branches and channel.  

The characteristics of treeing can be seen in Figure 30, an SEM image of a 1% 

silica sample. This is the same sample seen in Figure 29, but shows a zoomed-in section 

of the same point of breakdown. The tree channel is located in the top-left corner of the 

image, and is denoted by the dark grey area, which extends through the depth of the 

sample, revealing the carbon tape below it. The smaller tree branches can be seen all 

around the tree channel, as they are the small black holes found in the lighter grey of the 

composite. A few of the tree branches have been circled in Figure 30. 
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Figure 30. Close inspection of the material damaged in a cryogenic dielectric test, using a 
zoomed-in view of the 1% PI/SiO2 sample in Figure 29. 
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Chapter 5  

Cryogenic Testing Chamber  

5.1. Design Considerations  

The helium chamber’s primary goal is to cool samples and equipment to 40 K, so 

that testing can be carried out in a cryogenic environment. The first factor to be 

considered for any design is safety. In the case of a helium-cooled cryogenic chamber, 

safety can be broken up into four categories: pressure build-up, gas leaks, electrical 

discharge, and temperature exposure. Pressure build-up can occur when a gas is being fed 

into a chamber, but fails to exit into the larger system. According to ASME standards, the 

maximum stress that is exerted during a pressure vessel’s operation should not exceed 2/3 

of the yield strength of the material [61, 62]. Gas leaks most often occur at a joint where 

two materials meet, usually either with a weld or a flange. There are tools used to detect 

trace amounts of gas, such as a helium sniffer. If the chamber is filled with helium, the 

helium sniffer can be used around the outside of the chamber to detect any leaks in the 

system. Electrical discharge is largely accounted for in the dielectric testing rig, but in the 

case of its failure, the entire chamber can be grounded. This can be as simple as 

connecting a wire to the chamber which plugs into the ground prong of an electric socket. 

Finally, to satisfy any concerns regarding temperature exposure, the chamber containing 

the cryogenic environment will be encased in a vacuum jacket and have limited 

penetrations leading to the outside environment. These efforts will work to minimize the 

amount of convective and conductive heat transfer. Further, any persons near the 

chamber will wear cryogenic gloves and exercise caution during operation. 
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The helium cooling and circulation systems were provided for this research by the 

Applied Superconductivity Team at the NSWCPD. Only the chamber in which the 

dielectric and CTE testing remains, as can be seen in Figure 31. The Turbo Lab tabletop 

vacuum pump was purchased from Leybold GmbH, and the helium canister was 

purchased from Airgas. The cryocooler provided has input and output cryogenic transfer 

hoses, which end in male bayonet fittings. Therefore, in order to work with the provided 

system, the test chamber must have input and output female bayonet fittings. These 

fittings are the only restrictions that the existing system placed on the test chamber. The 

fan, which is located on the cryocooler, is capable of spinning at a rate of 300 Hz. 

However, many factors of the cryocooler are unknown, so the mass flow rate of the 

system is uncertain.  
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Figure 31. Cryocooler set up (a) provided by the Applied Superconductivity team at the 
NWSCPD, and (b) as a schematic. 
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The final consideration involves the pressure of the cryogenic environment, 

although not just for purposes of yield strength. Operating pressure is a key concept in 

Paschen’s Law, which relates the ambient pressure in a system and the dielectric strength 

of the material, given the distance between two electrodes. Paschen’s curve can be seen 

in Figure 32 [63]. As the dielectric strength of gaseous helium is at a minimum around 5 

Torr‧cm, it is imperative to avoid this region. Given the sample size of 1.5 cm × 1.5 cm, 

thickness of 0.002 cm, and the electrode diameter of 0.635 cm, the minimum distance 

between electrodes through the helium is 0.867 cm. The proposed operating pressure of 

the helium environment is 1520 Torr, resulting in 1317.84 Torr‧cm. This value of 

Torr‧cm exceeds the values of this chart, but it being greater than 1000 Torr‧cm is key to 

this application. 1000 Torr‧cm results in a breakdown voltage of greater than 10 kV, 

which is the maximum output of the hipot. Therefore, given the sample size and 

operating pressure of this system, it is unlikely to breakdown through the helium 

environment before the sample fails. 
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Figure 32. Paschen’s curve, which plots combined values of pressure and distance 
against breakdown voltage [63]. 

 
 
 

5.2. Inner Chamber Design  

The helium chamber designed for the purpose of testing dielectric and CTE 

properties of the PI/SiO2 composite is comprised of two chambers, the outer vacuum 

chamber and the inner testing chamber. The design has gone through several iterations, 

and the one discussed here is the most recent. The entire chamber is made with ¼” (6.35 

mm) 304 stainless steel, to keep thermal contraction consistent across the system. A flow 
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chart of the helium chamber can be seen in Figure 33. In order to reduce the effects of 

conduction, the penetrations to the inner chamber were minimized. One necessary 

penetration is the vacuum outlet which connects the testing chamber to the vacuum pump 

outside the chamber. This vacuum outlet will be used prior to testing, in order to empty 

the testing chamber before it is filled with helium. Once the testing chamber is vacuumed, 

the vacuum pump will be connected to the second vacuum outlet, which leads to the 

vacuum chamber. The pump will pull vacuum on this chamber throughout the duration of 

the test, and as long as the testing chamber is cooled. The helium inlet and outlet bayonet 

fittings attach to the cryogenic transfer hoses on the outside, and terminate inside the 

testing chamber. The lengths of the helium lines are different to prevent helium from 

flowing directly from the inlet to the outlet, and promote circulation throughout the 

testing chamber. Finally, the electrical feedthrough, which provides a means to power 

testing equipment and various sensors, is embedded within the wall of the testing 

chamber. The type K thermocouples used previously in this research become inaccurate 

below 92 K, so type T thermocouples will be strategically placed inside the inner 

chamber to get an accurate temperature measurement. 
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Figure 33. Flow chart of the helium chamber with a valve diagram. 

 
 
 
 The weight of the inner chamber is mostly supported by the three pipes 

connecting it to the wall of the outer chamber, which are the helium inlet, helium outlet, 

and the vacuum outlet. Although these three pipes are capable of supporting the inner 

chamber, rods made of thermally insulating G10 have been added as secondary supports. 

Further, reinforcement bands have been added on all but one wall of the testing chamber, 

in an effort to minimize deflection caused by the pressure differential. The front-facing 

side of the testing chamber, which does not feature a reinforcement band, instead has a 

CF flange with a metal gasket. This flange allows for access between the outer and inner 

chambers when the cover is removed. Samples can be loaded and removed from the 

testing chamber through this flange. It is important to note that while this flange will lead 

to the outside environment, when it is sealed there will be no contact with the outer 

chamber at this point, meaning there are no conductive heat losses. A SolidWorks 

rendering of the inner chamber can be seen in Figure 34. The dimensions of the inner 
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chamber are 7.5 in × 7.5 in × 8.5 in (19.05 cm × 19.05 cm × 21.59 cm), with the top and 

bottom plates being the longest. One wall has been cut away to view the inside of the 

chamber. The green device inside the inner chamber is the extensometer which will be 

used in the future to measure thermal contraction. Finally, multi-layer insulation (MLI) 

will coat the inner chamber in order to reduce any heat loss due to radiation, however this 

is not shown in the rendering [64]. MLI consists of alternating layers of thin plastic 

coated with a thin layer of metal, and netting spacer material. 

 
 
 

 
Figure 34. SolidWorks rendering of the inner testing chamber, contained within the outer 
vacuum chamber. 

 
 
 

5.3. Outer Chamber Design  

The outer chamber is designed to contain the inner testing chamber with as few 

connections as possible, while holding a strong vacuum to minimize heat losses. A 

rendering of the helium chamber can be seen in Figure 35. The chamber, not including 
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the pipes, is 10 in × 10 in × 17.5 in (25.4 cm × 25.4 cm × 44.45 cm) in length, with the 

top and bottom plates being the longest. On the front face of the outer chamber is a large 

flange which lines up with the flange on the inner chamber. Opening both of these 

flanges allows for access to the inner chamber from the outside to load and unload 

samples as well as access the electrical feedthrough. Another flange was placed on the 

side of the chamber to allow access to the piping, supports, and electrical feedthroughs 

which would be in the vacuum environment. 

 
 
 

 

 
Figure 35. SolidWorks rendering of (a) the helium chamber, and (b) the cross-section of 
both chambers. 



www.manaraa.com

 

52 

 

 There are four pipes connecting to the rear of the outer chamber, which are two 

bayonet fittings contained in vacuum jackets, a KF fitting which attaches to the vacuum 

pump, and a cryogenic globe valve in a vacuum jacket. The globe valve will be used to 

control the flow when the inner chamber is being vacuumed, prior to tests. All vacuum 

jackets are connected to the vacuum contained in the outer chamber, meaning that they 

will be under an actively pulled vacuum for the duration of all tests. The pipes used for 

transfer of gaseous helium and connecting vacuum lines are all Schedule 40 stainless 

steel, with a ½” (12.7 mm) diameter.  

5.4. Chamber Simulations  

There are two main concerns regarding failure in the helium chamber, the 

operating pressure in the testing chamber, and the deflection of the pipes supporting the 

testing chamber. In order to address these concerns, simulations were run on SolidWorks 

to determine the amount of deflection and stress created by each of these factors. A 

simulation of the effects of operating pressure on the inner chamber walls can be seen in 

Figure 36. Given an operating pressure of 1520 Torr, and the dimensions of the 21.59 cm 

× 19.05 cm × 0.635 cm plates, the maximum deflection and stress can be modeled on a 

color scale. The maximum deflection was found to be 0.086 mm, while the maximum 

stress was 46.68 MPa. Assuming the yield strength of the stainless steel plates is 206.84 

MPa, the resulting factor of safety is 4.43 [65]. Simulations were verified by a calculation 

program through MITCalc, which calculated a maximum deflection of 0.085 mm, and a 

maximum stress of 65.33 MPa [66]. These simulations were run prior to the addition of 

the reinforcement bands, which should reduce the deflection of the plates. 
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Figure 36. SolidWorks simulation of the effects of 1520 Torr operating pressure on the 
(a) deflection of the inner chamber, and (b) stress of the inner chamber. 

 
 
 
 The deflection of the pipes that support the weight of the inner chamber was also 

simulated to determine the maximum deflection and stress. Although the G10 supports 

will minimize the chamber’s downward deflection, this simulation was run assuming 

those supports failed. Further, this simulation is of a single pipe, where in reality there 

will be three pipes taking the weight of the inner chamber. The results of this simulation 

can be seen in Figure 37. The Schedule 40 pipes have a ½” (12.7 mm) diameter, and the 

force of the inner chamber due to gravity was calculated to be 154.45 N. The simulated 

maximum deflection is 0.00891 mm, while the maximum stress is 83.47 MPa. Given a 

yield strength of 200.33 MPa, the resulting factor of safety is 2.4. Simulation results were 

verified via Roark’s equation of stress for a beam which is fixed on one end and has a 

load at the other. Through this method, maximum deflection was found to be 0.00768 

mm [67]. 

a) b)
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Figure 37. SolidWorks simulation of the effects of 154.45 N weight on (a) the deflection 
of a single pipe, and (b) the stress of a single pipe. 

 
 
 
 The design described herein is the latest of several iterations, and is the final as 

the manufacturing phase begins. However, it is expected that the design may undergo 

minor changes as it is manufactured if issues become apparent. As the chamber is to be 

built in-house, many pieces will be cut from larger bulk material. Many features are 

welded together, such as the chamber walls and vacuum jackets. Upon its completion, the 

project can move into the next and final phase: material testing in a helium-cooled 

cryogenic environment. 
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Chapter 6  

Conclusions and Future Works 

6.1. Summary 

In this thesis, a potential dielectric for use on helium-cooled high-temperature 

superconducting cables is explored. Silicon dioxide is used as a nanoparticle filler inside 

of a polyimide host matrix. Given the right concentration of SiO2, the composite will 

potentially have sufficient dielectric strength while matching the thermal contraction rate 

of the HTS cable. Composites were generated through both an ex situ and an in situ 

process, until in situ samples were found to have better dispersion and less particle 

agglomeration. The composites are prepared in the form of thin films, averaging 20 µm 

in thickness, for the characterization of their properties. 

Composite samples were tested and examined through two main methods: 

dielectric breakdown testing and scanning electron microscopy. Dielectric breakdown 

tests occurred at both 300 K and 92 K. Tests performed at 92 K took place within a dewar 

containing liquid nitrogen, but the samples were not submerged in the LN2. The samples 

showed a clear increase in dielectric strength when tested at cryogenic temperatures, 

which is attributed to the contraction of the polymer resulting in an increased density. 

Samples tested at room temperature averaged a dielectric strength of 175 kV/mm, while 

samples broken down in a cryogenic environment had an average dielectric strength of 

275 kV/mm. Images taken on the SEM revealed uniform dispersion of the particles, as 

well as the particle size distribution. The majority of the nanoparticles were found to be 

less than 200 nm in diameter. Further, samples broken down at 92 K showed evidence of 
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treeing, a breakdown mechanism which involves the partial breakdown of a sample 

before failure occurs. 

A helium-cooled cryogenic chamber was designed to house the testing equipment 

for dielectric breakdown and thermal contraction testing of the composites. This chamber 

should achieve temperatures lower than that of liquid nitrogen, and allow for tests similar 

to the composite’s environment on the HTS cables. The helium chamber consists of the 

inner chamber, which is filled with helium and contained within the second chamber, the 

vacuum chamber. The vacuum surrounding the inner chamber will mitigate any 

convectional heat loss, while limited connections work to reduce heat loss caused by 

conduction. Finally, multi-layer insulation will be used to reduce any heat loss due to 

radiation. This design is the latest of many iterations, and it will continue to be improved 

as the fabrication process begins. 

The research performed herein provides insight to the fields of research involving 

nanocomposites, dielectric breakdown, and HTS cables aboard Navy ships. Throughout 

this research, works have been published describing the in situ fabrication process, 

providing a detailed set of instructions for the generation of PI/SiO2 composites. Further, 

the behavior of the composites has also been discussed in these published works, 

specifically the performance in a cryogenic environment [68]. A dielectric strength 

comparison table can be seen in Table 3. The evidence of electrical treeing shown in 

Chapter 4 is fairly unique, as published works on this subject are limited. Finally, the 

work reported here has advanced Naval research involving HTS cables in a gaseous 

helium-cooled cryogenic environment. While not resolved, this issue is now better 

understood, and a solution seems more possible than ever before. 
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Table 3  

Comparison of dielectric strength between this and other studies 

 
Ref. 

 
Host Matrix 

 
Nanofiller 

Testing 
Temperature 

(K) 

 

Concentration 
(%) 

Dielectric 
Strength 
(kV/mm) 

 

[69] 
 

Epoxy 
 

Al2O3/SiC 
 

300 0 23 
5 36 

  

[32] 
 

Polyimide 
 

Nano-TiC 
 

300 0 - 
5 34 

  

[43] 
 

Polyimide 
 

Al2O3 
 

300 0 24 
5 21 

  

[33] 
 

Polyimide 
 

BaTiO3 
 

300 0 325 
5 311 

 
 
 
 

[70] 
  
  
   

 

Polystyrene 
 

SiO2 
 

300 0 400 
5 420 

Poly-4-
Vinylpridene 

 

SiO2 
 

300 0 490 
5 490 

Polymethyl 
Methacrylate 

 

SiO2 
 

300 0 815 
5 580 

 

Polyimide 
 

SiO2 
 

300 0 570 
5 530 

 
 

This 
Study 

 

Polyimide 
 

SiO2 
 

300 0 268 
5 130 

 

Polyimide 
 

SiO2 
 

92 0 240 
5 277 

 
 
 

6.2. Future Works 

There are several facets of this research that have yet to be completed, and more 

that could be improved upon in the future. These facets have been retained and will be 

transferred to future researchers in order to facilitate the future works described herein. 

Refining these aspects and completing the unfinished tasks are essential to reaching the 
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end goal of this research, to coat an HTS cable with a PI/SiO2 composite for use in a 

helium-cooled cryogenic environment. 

1) Polyimide was chosen due to its strong dielectric strength and ease of use in a 

laboratory setting. However, the high imidization temperature of PI is not safe 

for HTS cable production. Given more time, another polymer should be 

explored as the host matrix. A comparative study could be conducted to 

determine if a different host polymer is more suitable for this application. 

2) There are many factors to the in situ fabrication process. In the future, these 

factors can be adjusted in a parametric study in an effort to create more 

consistent silica particles. Greater consistency of particle diameter could 

potentially affect the properties of the composite material, as the particles 

above 100 nm in diameter may not have the same properties as those that are 

true nanoscale particles with diameter < 100 nm. Some factors that could be 

altered include but are not limited to: the time spent mixing the precursors 

separately, the time spent mixing the sol gel within PAA, and the ambient 

temperature during the mixing process. 

3) All composite samples that underwent dielectric breakdown did so in a timely 

manner, relative to their fabrication. Ideally, a shelf life study could be 

conducted, in which samples created in one batch would be tested over time. 

A study such as this could determine if the properties of the composite change 

over time when not in use. The results found in this study would reveal 

whether or not the composite would need to be replaced on HTS cables, and 

how often. 
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4) Electron microscopy can be used to further examine the points of dielectric 

breakdown in the samples. Specifically, the particles contained within the area 

damaged by breakdown should be examined for any changes, such as 

sintering. Imaging the changes that these particles may undergo could lead to 

a greater understanding of the breakdown process and its lasting effects on a 

material. 

5) The design of the helium chamber has been completed, and the next step in its 

completion is the manufacturing phase. During this phase, it is expected that 

minor issues will arise. For this reason, the manufacturing phase must be 

flexible, as improvements will need to be made to account for these flaws. 

Any improvement made to the chamber makes reaching the goal of 40 K more 

feasible. 

6) The successful manufacture of the testing chamber will allow for testing of the 

effects of thermal cycling on the composite. Following a number of cooling 

cycles, the composite’s dielectric strength and thermal contraction rate could 

be tested to determine if thermal cycling has an effect on these properties. The 

number of cooling cycles that take place prior to testing could be varied to 

produce more thorough results. 

7) The composites are currently made in the form of thin films, which will need 

to change in order to be applied as the final product. One of the next major 

phases of this research is to develop a method to coat and cure the composite 

on a wire. Polymer extrusion is a common method used in the industry to coat 

wires, which involves pulling the wire through a vat filled with the polymer 
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which is used to coat the wire. Once coated, the wire moves through an oven 

to heat and cure the polymer in place. This method would be scalable, so that 

it could first be tested in a laboratory setting, then used on the full scale HTS 

cables, which may be as long as 100 feet. 

8) Successfully coating a wire opens up two new testing methods. First, a coated 

wire could be placed in the chamber to be cooled and heated back to room 

temperature. Doing so would allow for the inspection of any failures in the 

composite caused by thermal cycling. Further, dielectric testing can be 

conducted on a coated wire. Testing could be performed using the point-plane 

method, in which a pointed electrode is pressed to the surface of the polymer 

on a wire, and the wire is grounded. A decrease in dielectric strength is 

expected when coating a wire in a dielectric, but the exact amount of the 

decrease is a key factor which should be determined. Achieving this, along 

with the other future works, moves this research closer to completion, and 

increases feasibility of implementation on HTS cables aboard Navy ships. 
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