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ABSTRACT  
 

 In recent years, a new type of ionic salt based solid propellant, considered inert until the 

application of an electric current induces an electro-chemical reaction, has been under 

investigation due to its broad range of possible uses. However, while many electric propellant 

formulations and applications have been explored over the years, a fundamental understanding 

of the operational mechanisms of this propellant is necessary in order to move forward with 

development and implementation of this technology. It has been suggested that the metallic 

additive included in the formulation studied during this investigation may be playing an additional, 

currently unknown role in the operation and performance of the propellant. This study was 

designed to examine variations of an electric propellant formulation with the purpose of 

investigating propellant bulk volume electrical resistivity in order to attempt to determine 

information regarding the fundamental science behind the operation of this material. Within a set 

of fractional factorial experiments, variations of the propellant material made with tungsten, 

copper, carbon black, and no additive were manufactured using three different particle size 

ranges and three different volume percentage particle loadings. Each of these formulations (a 

total of 21 samples and 189 specimens) were tested for quantitative electrical resistivity values at 

three different pulse generator input voltage values. The data gathered from these experiments 

suggests that this electric propellant formulation’s resistivity value does change based upon the 

included additive. The resulting data has also revealed a parabolic response behavior noticeable 

in the 2D and 3D additive loading percentage versus additive particle size visualizations, the 

lowest point of which, occurring at an approximately 2.3% additive loading percentage value, 

could be indicative of the effects of the percolation phenomena on this material. Finally, the 

investigation results have been loosely correlated to power consumption testing results from 

previous work that may indicate that it is possible to relate propellant electrical resistivity and 

operating requirements. Throughout this study, however, it is obvious based on the data gathered 

that more information is required to be certain of these conclusions and in order to fully 

understand how this technology can be controlled for future use.  
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Term                                      Definition 

𝑑       = Test specimen thickness [in or mm] 

𝐸0      = Standard electrode potential, cell [V] 

𝐸0
𝑟𝑒𝑑(𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) = Standard electrode potential, reduction/cathode [V] 

𝐸0
𝑟𝑒𝑑(𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) = Standard electrode potential, oxidation/anode [V] 

𝐺𝐶𝑀       = Common mode gain [unitless] 

𝐺𝐷𝑀       = Differential mode gain [unitless] 

𝐺𝑑𝑖𝑓𝑓 𝑎𝑚𝑝      = Differential amplifier gain [unitless] 

𝐺𝑝𝑟𝑜𝑏𝑒𝑠      = Voltage probe gain [unitless] 

𝐼       = Current through the current electrodes [A] 

𝑘       = Correction factor [in or mm] 

𝑙       = Distance between apparatus potential electrodes [in or mm] 

𝑅      = Bulk volume resistivity [Ω-m] 

𝑅𝐶𝑀       = Current measurement resistor resistance value [Ω] 

𝑉       = Potential different across potential electrodes [V] 

𝑉𝐶𝑀       = Common mode voltage [V] 

𝑉𝐷𝑀       = Differential mode voltage [V] 

𝑉𝑜𝑢𝑡       = Voltage measurement across the potential electrodes [V] 

𝑉𝑝𝑔𝑒𝑛      = Pulse generator input voltage value [V] 

𝑉(1)      = Voltage probe #1 measurement [V] 

𝑉(2)      = Voltage probe #2 measurement [V] 

𝑤       = Test specimen width [in or mm] 

𝜕𝑑       = Test specimen thickness uncertainty [in or mm] 

𝜕𝐺𝑑𝑖𝑓𝑓 𝑎𝑚𝑝     = Differential amplifier uncertainty [unitless] 

𝜕𝐺𝑝𝑟𝑜𝑏𝑒𝑠      = Voltage probes uncertainty [V] 

𝜕𝐼       = Current through the current electrodes uncertainty [A] 
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Term                                      Definition 

𝜕𝑅       = Bulk volume resistivity uncertainty [Ω-m] 

𝜕𝑅𝐶𝑀      = Current measurement resistor resistance value uncertainty [Ω] 

𝜕𝑉       = Potential different across potential electrodes uncertainty [V] 

𝜕𝑉𝑜𝑠𝑐𝑜𝑝𝑒      = Oscilloscope voltage reading uncertainty [V] 

𝜕𝑉𝑝𝑔𝑒𝑛      = Pulse generator input voltage value uncertainty [V] 

𝜕𝑉𝑟𝑒𝑗      = Voltage rejection value uncertainty [V] 

𝜕𝑤       = Test specimen width uncertainty [in or mm]
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CHAPTER 1 

INVESTIGATION INTRODUCTION 

Introduction 

 Solid propellants are used in many types of specific applications ranging from rocket motors 

to various kinds of gas generators. Solid propellants are simpler in operation (compared to other 

forms of chemical propulsion) and are able to deliver high levels of thrust without significant 

design compromises. Unfortunately, solid propellants usually cannot change thrust levels in 

response to a change in operating conditions and cannot be restarted or reused after firing 

following ignition. It is for these reasons that the ability to control the reaction rate of solid 

propellants would offer significant benefits to almost all applications in which they are utilized.  

 In recent years, a new type of solid propellant, in which the propellant’s reaction rate has 

been shown to be dependent upon the application of an electrical signal, has been under 

investigation by two major stakeholders. The range of applicable uses for this technology is broad 

and “includes attitude control systems and a safe alternative to higher impulse space satellite 

thrusters,” as electrically operated solid propellant “rocket motor thrusters, with thrusts ranging 

from milli-pounds to several tens of pounds of thrust” “are capable of sustained thrust profiles or 

may be pulsed at over 30Hz.” These types of propellant, “based on ionic salts, are basically inert 

until an electric current is passed through them at which point they exhibit an electro-chemical 

reaction.” Additionally, the propellant has the ability to be throttled during a single pulse based on 

current density, and “being that the propellant is self-extinguishing, it may be turned on and off by 

the application and removal of a threshold current density.” The first of these two investigative 

stakeholders is Digital Solid State Propulsion, LLC (DSSP). “For more than 10 years, DSSP had 

demonstrated the safety and controllability of ePropellants in many applications. The DSSP 

formulations are based on a hydroxylammonium nitrate (HAN) oxidizer and have been subjected 

to safety and insensitive munitions (IM) testing.” The second of these two stakeholders is 

Raytheon Missile Systems (RMS), who “first became aware of these propellants as a result of an 

interaction with a small business partner,” DSSP, and have been investigating them since 

approximately 2010.  
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 In an attempt take advantage of the operations benefits that could be provided by this type of 

electrically operated solid propellant, RMS, “working both independently and with DSSP, 

investigated existing formulations and pursued” propellant formulations “that could meet a wider 

range of requirements” than those provided by the DSSP formulation mentioned above [1]. United 

States patent number US-2014-0174313-A1, written by RMS employees James K. Villarreal and 

Richard D. Loehr, describes the invention of electrically operated propellants “configured to ignite 

at an ignition condition and extinguish under an extinguishing condition,” with the ignition 

condition described as “an electrical input” applied “across the electrodes to ignite” the propellant 

and the extinguishing condition described as an interruption in the electrical input [2]. This patent 

was granted on June 26, 2014 as part of an RMS Technology Based Internal Research and 

Development (IRAD) effort. The purpose of this IRAD “is to investigate the use and performance 

of a new class of solid propellant generically described as “electric propellant” [3]. This propellant, 

referred to as “PhoenixTM ePropellant, does not use HAN but alternatively uses a perchlorate 

based oxidizer.” 

 The most current version of the RMS electric propellant formulation contains, by mass, a 

perchlorate oxidizer dissolved in deionized water in an 80% concentrated solution (which is equal 

to 48% perchlorate oxidizer and 12% deionized water), 20% polyvinyl alcohol (PVA) acting as the 

propellant binder, and 20% powdered tungsten, acting as the metallic additive. The chemical 

constituents of this formula, and related information, are further discussed in Chapter 2. Based on 

pressurized environment testing, and when compared to the HAN based propellants, the RMS 

“electric propellant formulation will not sustain combustion without an electrical input at 

operationally relevant pressures,” whereas the “HAN formulations will self-sustain burning above 

threshold pressures of approximately 200 psi.” Additionally, the “PhoenixTM ePropellant can be 

turned off/restarted at high motor pressures,” a characteristic which “widens the potential 

applications for which these safe, solid propellants may be utilized and promises the potential of 

true on/off operation at all pressure levels” [1]. 

 In the eight years in which the use of this electric solid propellant has been investigated, 

RMS has increased research efforts dedicated to this new technology in scope each year based 
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on the increase in fundamental science and understanding of this propellant, and on the 

successful outcomes of the development and application experiments conducted. While many 

electric propellant uses and applications have been explored over the years, a fundamental 

understanding of the operational mechanism of this propellant is necessary to move forward with 

development and implementation of this technology. 

 Based on a 2015 investigation regarding the chemical and physical combustion mechanisms 

of electric propellant, written by Jason Wickham in support of the 2015 electric propellant 

fundamental science research goals, it was suggested that the formulation’s current metallic 

additive, powdered tungsten, is not only acting as an added fuel source, but may also be playing 

an additional, currently unknown, role in the operation and performance of the RMS electric 

propellant formulation. 

 This study investigates several samples of electric propellant, all of which are variations of 

the propellant formulation given above. This study is an attempt to quantify the role a metallic or 

non-metallic additive has on the propellant, with the purpose of investigating a chosen response 

variable, propellant bulk volume electrical resistivity, meant to help reveal any implications 

regarding the fundamental science behind the operation of this material. The changes made to 

the electric propellant formula for this study focused on the metallic or non-metallic additive, the 

additive’s particle size, and the relative amount of the additive included in each propellant sample. 

Ascertaining how the additive contributes to the material properties and operation of the electric 

propellant, by means of propellant sample electrical resistivity measurements, will support the 

overarching industry goal of determining the exact combustion and conduction mechanisms 

under which this propellant operates. Understanding the mechanisms by which this propellant 

operates will allow for an increase in its technology readiness level (TRL) and further 

development of its applications, enabling the implementation of this propellant technology in 

industry. 

Background 

 As detailed above in the Introduction section, RMS has been investigating the use of electric 

propellant since approximately 2010, and each year RMS’s efforts have increased following the 
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promising results of the last. In 2010, RMS conducted an in depth literature review of the DSSP 

propellant material and of related background research in industry. The interest in and potential of 

this material remained high, so a request for continuing funding was made to obtain samples of 

this material and begin independent testing. In 2011, RMS was able to obtain samples of the 

propellant material manufactured by DSSP. After performing several tests on the DSSP 

propellant samples, RMS concluded that while the HAN based electric propellant had many 

desirable characteristics, including relatively clean exhaust products, it also had “poor stability at 

high temperatures and would probably not be able to meet the stringent thermal requirements 

typical of missile systems” [4]. 

 During the later months of 2011, RMS continued to research the specific chemistry of the 

DSSP propellant and arrived at the conclusion that the electric propellant technology may not be 

limited to a HAN based propellant material; other ionic salt oxidizers, and subsequent propellant 

formulations utilizing these oxidizers, could have the same electric propellant behavior, with 

possible improvements in performance and properties that meet the high temperature 

requirements of the missile systems for which they could be considered. Following this 

conclusion, RMS manufactured several variations of a perchlorate oxidizer electric propellant, 

using the same PVA binder and including several varied amounts of powdered tungsten and 

aluminum additives ranging from 0-20% of the formulation, by mass. These samples were then 

tested at different voltage levels for power consumed with the goal of determining which samples 

consumed the least amount of power over different voltage inputs, determining propellant power 

demand, and understanding the effects on propellant mechanical properties. The ninth electric 

solid propellant formulation (ESP-9) sample made, a mixture of 60% perchlorate oxidizer solution, 

20% PVA, and 20% tungsten powder additive (all mass percentages), had the lowest power 

consumption out of the nine RMS and DSSP samples tested, with power consumption to initiate 

approximately 67% lower than the DSSP HAN samples [5].  

 In 2012, as research focused on understanding the HAN based electric propellant 

formulations progressed, it was discovered that the electric propellant was not extinguishable 

once the control volume in which it was being tested reached a certain pressure. Self-sustaining 
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reactions at high pressures would result in little or no power required during the reaction itself, 

however, other applications would benefit from the ability to extinguish at higher operational 

pressures. Concerns regarding the high temperature stability, the high energy input required at 

ignition, and about the low modulus and polymer water loss of the DSSP propellant were still 

present. Alternatively, the RMS ESP-9 formulation was able to alleviate some of these concerns, 

minus the hygroscopicity and hardness concerns associated with the PVA binder; these 

alleviations included the improved thermal stability of the alternate oxidizer (which was lifetime 

limiting in DSSP’s case), improved aging properties, and increased oxidizer density, as well as 

the reduced energy demand provided by the metallic additives, an improved linearity of energy 

input requirements, and an overall increase in propellant density [6].  

 In 2013, the objectives of the RMS electric propellant research efforts were “to verify 

previously discovered performance capabilities” of the RMS ESP-9 formula, to “investigate 

alternate potential applications for this novel propulsion capability.” Additionally, some RMS 

Materials, Processes & Producibility Department (MP&P) lab testing was performed in order 

improve RMS’s understanding of the electric propellant material properties. The measurements 

resultant from this testing included Shore A hardness, thermal decomposition onset evaluation, 

glass transition temperature evaluation, and the observation of propellant material modulus 

changes with temperature [7].  

 The 2014 research efforts were designed around the intent to bring electric propellant to a 

high TRL involving improvements to the propellant material properties, electrode configurations, 

and system integration. In order to investigate electrode configurations, a successful electrode 

test bed was built and parallel plate electrode testing was performed as a part of the test bed 

check out, which illustrated to the electric propellant researchers some of the fundamental issues 

surrounding the use of electric propellant. It was discovered that a minimum current density 

appeared to be controlling the initiation of propellant burning and that previously recorded 

measurements, based on a wire electrode set-up, were not resulting in a proper understanding of 

the necessary electric propellant firing power requirements. The parallel electrode testing also 

illustrated to the team that the combustion path of the propellant between the electrode plates 
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was not uniform, but instead followed a certain path through the material. It was theorized from 

this, that the changes in propellant resistivity, due to non-uniform mixing and curing, were causing 

the applied current to travel through only a portion of the propellant material. Based on these 

observed results, it was concluded that controlling the current density at the electric propellant 

burning surface may be the key to being able to fully utilize this material. Further electrode testing 

was conducted in an effort to use electrode geometry to control the applied current path and the 

propellant current density by using the resistance of the propellant [8].  

 Significant advances in electric propellant use and operation were made during the 2015 

research efforts, including the development of a “standard test method for isolating the current 

density across a sample and developing small thrusters.” Additionally, Jason Wickham, an RMS 

2015 summer intern, was “hired to investigate the combustion mechanisms of electric 

propellants” via their chemical composition [3]. In this report Wickham indirectly details several 

electric propellant characteristics and operational observations that indicate the possibility of the 

effects of percolation theory on this material. The resulting report is referenced and further 

expanded upon throughout this study. 

 In 2016, electric propellant research efforts were based on three main areas of investigation, 

including “improving the mixing of the material with the use of a vacuum mixer,” “testing the 

energy release through gas generator and small thruster testing” contracted out to DSSP, and 

“testing of the initiation and electrical characteristics while using a thermal imaging camera.” In his 

Final Report for 2016, Mark Langhenry, the Electric Propellant IRAD Principal Investigator, stated 

that the focus of the 2016 research efforts “represents a step towards understanding the 

fundamental characteristics of electric propellant such that future efforts may best apply 

resources to the areas that are the most promising for significant results that will advance the 

technology.” Testing performed during this year “illustrated that there is a capacitance build up in 

the material,” which further complicates that ability to accurately repeat testing results; 

additionally, “what role this plays, along with the heating due to” current flow is still currently 

unknown. The sequence of events leading up to and including the initiation of the electric 
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propellant material is one “effect that is difficult to reproduce” in practice. Keeping track of all of 

the energy put into and produced by the electric propellant is another challenge [9]. 

 Later in 2016, the electric propellant researchers were able to move a significant amount of 

the electric propellant manufacturing and testing equipment to the previously contracted R3 

Aerospace facility to accelerate the study of this material. A mixing test plan was developed to be 

conducted at the R3 facility in order to prove in the newly acquired electric propellant mixer, to 

“provide a framework for the investigation of mixing electric propellant in the Thinky ARV-310 

Planetary Vacuum Mixer and to further refine the Electric Propellant Manufacturing Instructions.” 

The design of experiment (DOE) developed for this mixing investigation allowed for the testing of 

“varying mix times, mixer speeds, and mixer vacuum pressures in order to determine the electric 

propellant mixing practices that yield the best cast and baked electric propellant samples for 

future testing.” 

 The results of this test plan were positive overall and included several advancements in the 

mixing and casting procedures used to manufacture electric propellant samples. The first of these 

advancements included the addition of the Thinky mixer to the mixing process, as the “mixer has 

shown that it can emulsify an ESP-9 mix better than anything else” [10]. Additional advancements 

include final product bulk setting properties and the almost total elimination of the propellant’s 

susceptibility to water absorption and loss, a final agreed upon baseline formulation provided 

above in the Introduction, an updated set of manufacturing instructions specific to the Thinky 

mixer, and additional research on the desiccation of samples and extruding capabilities, as well 

as recommendations for future improvements. The experimental mixing investigation that took 

place at R3 provided additional advantages to any future electric propellant study, as many of the 

2014 and 2015 experiments summarized above reported that results could have been skewed 

due to non-uniform mixing and curing processes.  

 The results produced during the 2016 year were, again, successful in illustrating “the 

challenges associated with this material,” including “both the level of understanding of the 

underlying physics” governing the material and the “ability to make meaningful measurements of 

the processes” by which it operates. As of yet, “testing configurations have not been sufficient to 
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reliably and repeatedly” yield results “that may be used to accurately quantify certain effects.” A 

“major part of the 2017 effort will be to define the parameters of interest and design test 

configurations that may be used to capture those parameters” in order to better understand the 

mechanisms that drive the electric propellant initiation. Any effort, including the optimization of the 

current electric propellant formulation, “will not be efficient” until “repeatable and accurate 

measurements can be obtained” due to the amount of “variability from test to test with the same 

material,” making it difficult to identify differences between materials “without a large number of 

tests with multiple sample and test configurations” [9]. 2017 advances in electric propellant 

included a refinement of mixing procedures and equipment used, including the addition of a 

syringe mixing and extruding process, as well as updated hazard classification safety testing, and 

the beginning of this investigation. 

Problem Statement 

 Current measurement and testing configurations have not been sufficient enough to yield 

reliable and repeatable results that could be used to quantify certain effects to better understand 

the mechanisms driving propellant initiation and operation; this is the research problem 

addressed by this study. As previously discussed, the development and understanding of the 

fundamental science regarding electric propellant is necessary for the application and use of this 

technology in industry. Based on the current status of the perchlorate oxidizer based electric 

propellant formula, summarized in Background, only the suggestion for a study regarding the role 

of tungsten, or a metallic additive in general, in the electric propellant formula has been made in 

the paper prepared by Jason Wickham. No significant effort dedicated to the measurement of the 

electric resistivity of such a wide variation in electric propellant sample formulation and size has 

been conducted previously. 

 Previous years of RMS research, and research conducted for the RMS electric propellant 

research team under contract, have suggested that there exists some mechanism by which the 

electric propellant operation is driven that is related to the propellant’s resistance and the current 

density at the time of measurements and/or testing. This mechanism is not currently well 

understood, and researchers, as described above, have only begun testing in recent years in 
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which the electric propellant current density acts as a known variable, independent or dependent. 

Additionally, no significant effort has yet been made to define the electrical conductivity and/or 

resistivity of the perchlorate oxidizer based electric propellant at various levels of measurement 

and/or across several methods of testing. Looking outwards from RMS, to DSSP and at other 

research conducted in the aerospace and propulsion industry, as well as outwards from the 

aerospace industry as a whole and into other commercial industries, such as the battery industry, 

no study quantifying the electrical conductivity or characterizing a mixture of similar propellant 

and/or the electric propellant constituent ingredients has been done previously. The only 

exceptions include the research performed on the chemical and electrical properties of solid 

polymer electrolyte materials and doped PVA samples, further discussed in Chapter 2. 

Purpose of the Study 

 The intention of this thesis was not to discover new electric propellant formulations or to 

improve upon the current formulation, although this is an additional benefit of the formulation 

resistivity investigation. The research for this series of experimental propellant mixtures and 

measurements was designed to be conducted for the primary purpose of aiding in the search for 

developing and understanding the fundamental science and the combustion and conduction 

mechanisms that drive the current perchlorate oxidizer based electric propellant formula to 

operate and still maintain its on/off firing capabilities. This investigation has attempted to quantify 

one measurable dependent variable, the electrical resistivity, of the propellant samples produced 

that might indicate how well certain electric propellant variations will perform compared to others 

developed for this thesis project and in the future. This intention will be described throughout this 

document, but is most prominently emphasized in the sections of this document discussing 

propellant sample manufacturing, wherein the additive replacements and sample formulas are 

described and shown to not deviate in any other way from the most current version of the 

patented perchlorate oxidizer based electric propellant formulation at the time during which this 

research took place. 

 This study not only addresses a meaningful gap in the knowledge of this perchlorate oxidizer 

based electric propellant formulation and its additive variants, but also contributes to the 
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beginning stages of filling an industry wide gap in this area of research. The work done for this 

investigation and the results produced have provided anyone with an interest in electric propellant 

research with a set of mixing and testing methods, including a testing apparatus, as well as an 

initial, resultant data set, that can be used to quantify any later variations in the ESP-9 electric 

propellant formula, and any other electric propellant formulation developed in the future, and to 

accurately compare results to previous work. 

Experimental Hypothesis and Research Questions 

 The following summarizes the researched hypothesis under which this study has been 

conducted: There exists certain metallic or non-metallic replacement additives for this particular 

perchlorate oxidizer based electric propellant formulation, and certain additive particle sizes and 

added particle amounts of that replacement additive, that will not only preserve the integrity of the 

electric propellant’s on/off and throttling mechanisms, but will also reveal the nature of the 

electrical resistivity of the altered propellant samples with regard to percolation theory, described 

in Chapter 2. That is, that some percolation curve exists for each replacement additive used 

(related to the amount of particles used and the size of those particles), that will reveal some 

limiting critical threshold percolation value, beyond which no added benefit of particle size or 

amount can be shown. Additionally, there exists a replacement additive, replacement additive 

particle size, and replacement additive particle amount, or some combination of, that may negate 

the “electric properties” of this propellant, which can be determined through measuring electrical 

resistivity (related to the percolation of and assumed to be non-constant across the samples 

produced for this study), and by doing so may reveal some useful information that could aid in the 

determination of the conductivity and combustion mechanisms by which this propellant operates. 

Finally, based on each experimental propellant formulation and its respective resulting 

conductivity measurements, preliminary predictions can be made regarding the initiation and 

firing power requirements of the propellant formulations. 

 This experiment was designed around three interrelated research questions, listed below: 

1. It is likely that the powdered tungsten additive is acting as more than a “conductor, heat sink, 

densifier, and mechanical aid” in the electric propellant. Therefore, would characterization of the 
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electric propellant formulation with different metallic, or non-metallic, additives aid in the indication 

of what role the tungsten additive plays in the electric propellant’s conduction and/or combustion 

mechanisms [4]. And, will the removal or replacement of the tungsten additive, in various sizes 

and amounts, in the current electric propellant formulation yield a change in the electrical 

resistivity of the materials being studied? 

2. The particle size of the additives is/will be critical to the performance of the propellant, “as it will 

govern not only the reactivity of the fuels, but also the spacing of the particles dispersed in the 

propellant, which will have an impact on the conductivity and breakdown strength of the material” 

[4]. Based on the additive particle size and the amount of the additive included in the propellant 

(analogous to the spacing between particles), is there a certain point at which there is no benefit 

in the electric propellant additive particle size or spacing? Will this have an impact on the 

propellant’s electrical on/off mechanism? Can this phenomenon be described and/or 

characterized by the theory of percolation? And, will this help in establishing the resistivity and/or 

combustion baseline mechanisms that control this type of propellant, or more specifically, this 

propellant formulation? 

3. Based on the resulting electrical conductivity measurements, can anything be said about the 

relationship between propellant electrical conductivity and the performance related to initiation 

and continued firing power requirements? 

Theoretical Foundation and Experimental Framework Review 

 Chapter 2 details the current theory of the operational mechanisms of this electric propellant 

material. This theory was used to outline the Experimental Framework of this study and, in 

conjunction with the established research questions, design a set of experiments with the 

purpose of measuring the electrical resistivity of varying sample formulations.  

 Previous years of research have suggested that some mechanism by which the electric 

propellant operation is driven is related to the propellant’s resistance and current density during 

use, although the importance of the propellant resistance hasn’t been established through testing. 

While the tungsten additive was originally included in the propellant with the purpose of 

increasing conductivity and mechanical properties, the propellant’s conductivity is also influenced 
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by the other formulation ingredients. However at some point in the process of attempting to 

understand the propellants operational mechanisms, it may be revealed that a minimum, 

unknown concentration of metallic, or otherwise, conductivity additive may be required in the 

propellant formulation. It is suspected that the flow of current through the propellant gradually 

increases the conductivity of the material, which, in this case, is most likely due to the proton 

transfer as part of an electrochemical reduction-oxidation reaction. This model proposes that the 

tungsten particles within the material are acting as electron acceptance and donation sites due to 

the ability of tungsten to assume both positive and negative oxidation states. Ultimately, the 

oxidation of the tungsten particles would allow these electrochemical processes to occur within 

the propellant samples and would ultimately increase sample conductivity, temperature, and 

reaction rate.   

 Based on the current theory of operation and the desire of researchers to understand the 

fundamental science behind the operation of this propellant, an experimental study was 

researched, designed, and carried out with the purposes of contributing useful information to the 

determination of the electric propellant operational mechanisms. This study’s experimental 

framework was based on the research questions established above, as well as on the current 

theory of the propellant operation, and is further detailed in Chapters 2 and 3. The experiments 

designed only encompassed an investigation of the conduction mechanism of different electric 

propellant sample formulations as it is related to their electrical resistivity because it is one of the 

operational phenomena that can easily be broken down into several different standardized 

experiments and further expanded upon based on results.  

 Due to the wide number of this propellant’s unknown operational and intrinsic 

variables/properties, this study was designed to simply investigate only a few factors that could 

be affecting propellant operation. This includes the determination of at least a partial 

understanding of the role that tungsten is playing in the propellant, which can be done by simply 

replacing it with different materials, each of which having only one, or some, of the supposed 

desired properties of tungsten. Additionally, if this type of electric propellant is governed by some 

phenomena related to its electrical properties and/or percolation, as suspected, then the amount 
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of metallic additive, or otherwise, if the additive is still conductive, included in the formulation will 

also have an impact on the propellant performance, as will the size of the additive particles 

included. 

Nature of the Study 

 Based on the outlined Experimental Framework of this study, detailed in Chapter 2, and in 

order to generate data that will be used to (partially) answer the experimental research questions 

written above, a set of fractional factorial experiments were designed to provide insight into the 

role that an additive is playing in this electric propellant formulation. Within these experiments, the 

baseline propellant formulation’s tungsten additive was investigated, along with copper and 

conductive carbon black additives, in three different particle size ranges and three different 

volume percentage particle loadings. Each of these new propellant formulations (a total of 21 

samples and 189 specimens) were tested for quantitative electrical resistivity values at three 

different pulse generator input voltage values. Additional data, including sample dimensions, 

mass, qualitative observations, and images were recorded during the sample mixing, preparation, 

and testing events. 

 The most important variable examined during this investigation was the propellant additive 

itself. It was the most dramatically changed experimental variable and the results provided a wide 

range of new insights into propellant operation and have allowed for a new avenue of future 

investigative work, as necessary or desired. Following the additive itself, loading was expected to 

have a significant influence on the propellant formulations; particle size, however, was not 

expected to affect results as significantly as the additives themselves, the effects which may or 

may not be noticeable in the results of a screening experiment of this nature and with the choices 

of particle size ranges made for this set of factorial experiments. Finally, based on previous work, 

no notable change in formulation resistivity was expected with the pulse generator input voltage 

study variable, however this has not been tested to the degree in which this study was initially 

proposing. Regardless, resistivity versus testing input voltage would be useful information for the 

researchers to review and have on hand.  
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 The experimental methodology applied throughout this study was largely derived for this 

study itself, or was otherwise grounded in previous work. Sample flat pre-mixing and mixing plans 

were written for this investigation based on the current “state of the art” electric propellant mixing 

procedures and were updated as needed. Testing procedures, apparatus, and instrumentation 

were based, as much as possible, on widely approved of statistical reasoning and methods, 

ASTM standards, and previous testing work, and the detailed electrical resistivity testing set-up 

and procedures were derived from previous work and specifically tailored to this investigation. All 

of the methodology used/created for this set of experiments was generalized or standardized as 

much as possible throughout the process to allow for continued use and improvement by the 

research team and to allow for future use if confirmation or re-establishment of experimental 

results is required. Finally, the analysis of the resulting data, used to address the research 

questions and prove or disprove the research hypothesis, was also based, as much as possible, 

on widely approved statistical reasoning and methods for design of experiments, fractional 

factorial experiments, and response surface practices. 

Significant Term Definitions 

 Electric propellant is defined as a class of solid propellants that do not begin or sustain 

chemical reaction without the application of an electrical current ignition input applied across a set 

of electrodes, and do not cease chemical reaction until an extinguishing condition, known as an 

interruption in the applied electrical current, is subsequently applied. The electric propellant 

referred to and discussed within this document is that patented by RMS in 2015, as described in 

the Introduction. Electric propellant is also referred to by its RMS formula name, ESP-9, and with 

the following terms: “electric solid propellant,” variations of the term “ePropellant,” and variations 

of the acronym “EP.” 

 Electrical conductivity is defined as a measurement that indicates the ability of a material to 

conduct an electric current. Electrical conductivity is the reciprocal of electrical resistivity. This 

variable will also be referred to solely as “conductivity.” 

 Electrical resistance is defined as a measure of the difficulty inherent in passing an electric 

current through a conductor. This electrical measurement is made in units of Ohms (Ω).  
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 Electrical resistivity is defined as an intrinsic measurement that quantifies how strongly a 

material will oppose the flow of electric current. Electrical resistivity is the reciprocal of electrical 

conductivity. This variable will also be referred to solely as “resistivity.” This electrical 

measurement is made in units of Ohm-meters (Ω-m). 

 Replacement/replacement additive/additive is defined as the powdered chemical additives 

comprising a portion of the electric propellant baseline and the formulations prepared for this 

study. 

 Researched hypothesis (or the alternative hypothesis) is defined as the opposite of the null 

hypothesis written for this study, stating that there is a relationship between two measured 

phenomena, and will be either proven or disproven through statistical analysis of the study’s 

measured results. The null hypothesis prepared for any scientific study states that there is no 

relationship or association between two measured phenomena, and the disproving of the null 

hypothesis—by concluding that there are reasons to believe that two measured phenomena are 

related—is the purpose of that scientific study.  

 Response variable is defined as the term used to describe the variable of interest in an 

experiment, also known as the dependent variable. This is the variable that will be tested for, 

observed, and measured. 

 Response surface is defined as the surface resulting from the data gathered from this 

investigation in a three dimensional, graphical representation that aids in the visualization of the 

shape of the resulting experimental response variable based on the size of the two explanatory 

factors against which the response is plotted. The response surface variable methodology is 

meant to explore the relationship between several different independent, or explanatory variables, 

and one (or more) response variable. The main purpose of this methodology is to use a sequence 

of designed experiments to obtain an optimal response or underlying process with the intention of 

discovering property combinations that provide maximum yield with minimal cost.  

 Sample Flat(s) is defined as the form, or mold shape, in which all of the propellant 

formulations were cast in following mixing, and prior to curing and being cut and labeled for 
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testing. This term is also used to refer to the configuration in which all of the samples from the 

same formulation mixture are stored in the desiccator together and conditioned for testing. 

 Screening experiment is defined as a set of experiments (a specific type of fractional 

factorial design of experiment) created with the intention of discovering the main, active 

experimental factors out of all available experimental factors, most useful in the beginning stages 

of experimentation. Alternatively, a screening experiment’s purpose can be defined as identifying 

the most significant experimental effects, rather than the interaction effects. 

 Specimen/Testing Specimen is defined as a testing specimen, or simply, a specimen, 

describes the electric propellant material that was placed in the testing apparatus designed for 

this experiment and measured for its electrical resistivity value. Each of the nine specimens 

tested for each propellant sample formulation were cut from the same sample flat. 

Scope and Delimitations 

 The propellant samples designed and manufactured for this study were all based on the 

current version of this perchlorate oxidizer based electric propellant formula. The scope of this 

research was limited to measuring the electrical conductivity of the propellant samples based 

upon the metallic or non-metallic additive included in the propellant, the particle size of the 

additive, and the amount of additive added to the samples. The propellant oxidizer solution and 

binder included in the ESP-9 formula were left unchanged, as any investigation into the alteration 

of either or the interactions between the additional propellant ingredients and the additive would 

necessitate another, or several more, in-depth investigations. 

 Based on the level of understanding of the fundamental science behind the combustion and 

conduction mechanisms of this electric propellant formula, it was decided that this study was to 

be designed as a set of screening experiments, the results of which could potentially point to 

specific intrinsic material properties of the propellant additives and/or specific mixture properties 

that could indicate improved propellant performance. Additionally, this study of metallic or non-

metallic additives could be mirrored by another set of screening experiments designed to study 

the effects of the current electric propellant formulation’s oxidizer solution or binder for similar 
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resulting performance improvement properties and/or to increase the fundamental understanding 

of the propellant operational mechanisms. 

 Finally, it was decided during the course of planning the experimental mixing and testing 

operations, that the aluminum additive chosen to be included in a set of samples for testing 

should be eliminated due to safety concerns outlined further in Chapter 2. Even though it was 

eliminated from this study, aluminum as a metallic additive is still of interest to researchers and as 

such, steps for proceeding with the use of aluminum in future studies following the conclusion of 

this project are discussed in the Recommendations section of Chapter 5. 

Limitations 

 The specific, researcher-imposed constraints relating to the electric propellant additive 

comprise the main design limitations related to this study. The restricted experimental domain 

used for this study does not include all possible metallic or non-metallic additives, particle size 

options, and included additive amount options because they were designed as a set of screening 

experiments. The term “screening experiments” refers to a set of experiments intended to 

discover the few significant, active experimental factors out of all of the potentially available 

factors, typically used in the initial stages of experimentation. A screening experiment’s purpose 

can alternatively be defined as to identify the main, significant effects, rather than the interaction 

effects, which are usually assumed to be less important. This study was only designed to 

measure the changes in electrical conductivity of the propellant samples based on metallic 

additive properties/amounts; this study was not designed to observe the interactions between 

changes in the metallic additive properties/amounts and either the oxidizer solution, binder, or 

both. Further expansion of this study based on the limitations defined here is provided in the 

Recommendations section of Chapter 5. 

 The specific nature of the electric propellant chemical formulation imposed limitations 

relating to this study of fundamental science and performance improvement, including the fact 

that only the additive portion of the most current perchlorate oxidizer based electric propellant 

formulation was altered in propellant samples, and it was altered with only three alternative 

additives, in three particle sizes and three added amounts. A strong focus was placed on the 
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contributions of an additive on the performance and material properties of the electric propellant. 

While this was partially addressed with the inclusion of a propellant sample with no additive 

included, it certainly has not been thoroughly negated. Further impact limitations can be 

concluded, informed by the fact that only the most current propellant formulation has been 

chosen for study. This set of experiments cannot be exclusively referred to when considering 

other electric propellant variations or other existing electric propellant formulations (for example, 

those formulated with a different oxidizer).  

 A pilot study for each of the sample formulations prepared for this investigation was 

conducted to verify that each sample formulation did, in fact, retain its on/off firing abilities. This 

pilot study was, however, only conducted at ambient pressure for each sample formulation. No 

pressurized testing was conducted due to the limited amount of time to complete this study and 

the resources available, therefore the results and conclusions of this study, presented in Chapter 

4 and discussed in Chapter 5, are only applicable to the sample formulations at a single, verified 

pressure until further pressure testing is completed. 

 Lastly, the data taken for this set of screening experiments and the resulting statistical 

analysis and interpretation of that data will also impose certain limitations regarding the amount of 

measurements taken and the quality of the data itself. Measurement techniques and propagation 

of error can always be further improved upon and more data points can always be taken, but as a 

set of screening experiments the number of measurements taken, the number of variables 

explored, and the amount of levels at which to test for each had to be limited for this experiment 

to be completed. 

Assumptions 

 In order to design this study, several assumptions were made resulting from the desire to 

simplify the screening experiment performed to allow for timely completion. The first two 

assumptions, inherent in the main design study limitations described above, were that the 

material properties and behavior of these propellant samples will vary accordingly with additive 

loading percentage and additive particle size, which was not proven prior to the design of 

experiment, and that the three additive replacements chosen for tungsten were the best three 
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options to use for the purpose of interrogating tungsten’s role in this electric propellant 

formulation. To illustrate, prior to beginning the mixing and testing operations outlined in Chapter 

3 of this study, it was determined that one of the metallic substances chosen as an additive 

replacement, aluminum, was not suitable for use in this set of design experiments, as outlined in 

Chapter 2. The statement of these assumptions is necessary, as there is still much more that can 

be learned from further expansion of this study with regards to the magnitude of electric 

propellant formula modifications that can be made. Furthermore, although this study does include 

the investigation of a sample formulation without any additive, metallic or otherwise, it does not 

include the investigation of a single or set of sample formulations made with a replacement 

additive that is not conductive. Chapter 5 details recommendations for a continuation of this study 

that includes several sample formulation additive suggestions, including non-conductive additives 

that would make a valued addition to this investigation’s resultant data set. 

 As previously mentioned, this study’s focus was on the modification of the propellant additive 

and does not consider the alteration of the other propellant ingredients, or the interactions 

between them. This assumption is inherent in the scope and delimitations chosen for this study. 

While the variation in the other electric propellant ingredients could have a significant impact on 

material properties and propellant behavior and performance, for the purposes of this study, the 

effects of the additive have been assumed to be a leading contributor to propellant operation 

mechanisms and therefore, will have a significant impact on the direction of future studies. 

 The testing methods, procedures, and apparatus used for measuring propellant sample 

electrical conductivity for this study were taken directly or derived from specific American Society 

for Testing and Materials (ASTM) standards related to measuring the volume electrical resistivity 

of certain materials. It was assumed that these standards have provided sufficient techniques for 

measuring a material with such a unique combination of chemical constituents. This is further 

emphasized by the fact that no pilot study for this set of experiments was conducted in order to 

determine whether or not the testing methods outlined below were the most correct and no 

preliminary testing apparatus models were created and/or proven prior to designing and 

implementing the testing apparatus detailed in Chapter 3. 
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 Assumptions also include the fact that this study will be further expanded upon by other 

researchers at a later date in order to determine exactly how the bulk electrical resistivity of any 

electric propellant sample formulation tested can be used to predict propellant performance, as 

this information has not yet been theorized or tested. It is important to note here that this 

investigation was a screening experiment and that “factor’s effects in screening designs may be 

missed because they were not included in the screening experiment, because they were not 

given sufficiently wide factor ranges, because the design was underpowered for those factors, 

because trial order was not properly randomized or blocked, or because of an inadequate model” 

[11]. 

 Finally, it was assumed, for data and statistical analysis that the trends observed in the 

cumulative behavior of the varying propellant samples are more important than any specific data 

point taken throughout all of the screening experiments, as there exists a certain amount of 

accepted experimental error inherent in this study. 

Significance 

 Until the exact conduction and combustion mechanism for this propellant are understood, 

any step taken in the direction of increasing the understanding of the fundamental science 

surrounding the operation of this material can be considered beneficial. Furthermore, any step 

taken towards the development of a set of mixing and testing methods that yield repeatable and 

reliable results allowing for the characterization and improving the understanding of this 

perchlorate oxidizer based electric propellant can also be considered beneficial. 

 The “Technology Based IRAD Final Report Electric Propellant 2015” document details in its 

Summary and Conclusions section that one of the priorities for the 2016 year was to try and 

improve the electric propellant formulation and that the “formulation changes might address 

material properties tailored to specific applications and minimizing power” requirements [3]. While 

this is not directly considered to be a formulation study, the results of these screening 

experiments could indicate the material performance and properties of the propellant additive that 

are significant contributors to the electric propellant conduction and combustions mechanisms 
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and as a result, may have a significant impact on future electric propellant formulas and the 

direction of future studies conducted with this material. 
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CHAPTER 2 

LITERATURE REVIEW 

Introduction 

 The three research questions driving this set of experiments, established in Chapter 1, 

attempt to cover a lot of ground with regard to what this study is supposed to accomplish, and 

there has not been much research focused on electric propellant in recent years outside of what 

RMS and DSSP have done, nor has a mixture of such peculiarity been studied previously. This 

literature review was conducted with the intent of gaining insight into this electric propellant 

formulation and its operation by reviewing anything that could shed light on the propellant’s 

combustion and/or conduction mechanisms. This was done by exploring the specific chemical 

ingredients used in the perchlorate oxidizer based electric propellant formulation and those 

suggested as additive replacements, and by researching any concept related to either electric 

propellant or the topics outlined in the experimental research questions. 

Literature Search Strategy 

 The two major legs of this literature review include a search of RMS specific documents and 

a wider search of information associated with electric propellant and related concepts. RMS 

research documents include those summarizing the work completed over the years the research 

has been funded and those documents that included summaries of work contracted by the 

researchers. Additionally, patents filed by RMS, DSSP, and others have also been searched and 

reviewed. Due to the fact that this technology is relatively new and limited to RMS and DSSP, an 

external literature search was limited to the fundamental science associated with each individual 

ingredient in the electric propellant formula, electrical properties, percolation theory, 

electrochemistry, and related concepts including solid propellant, solid polymer electrolytes, and 

doped PVA studies. 

Theoretical Foundation 

 In order for the patented, perchlorate oxidizer based electric propellant formula to be fully 

understood, complete knowledge of the combustion mechanism of the propellant is required. As 

stated in the 2015 “Technology Based IRAD Final Report Electric Propellant,” “if any 
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improvement to the formulation is to be accomplished, then this understanding can point to the 

specific chemical types that might offer the highest probability of success” [3]. Furthermore, 

Wickham, in his internally written document, “Electric Propellant Combustion Mechanism Paper,” 

suggests exploring the possible combustion mechanisms of this electric propellant by 

“determining mechanistic aspects of the propellant as well as exploring chemical alternatives to 

each of the” chemical components [4]. While additive chemical alternatives are being explored for 

the highest probability of success in the experiments described below, again, it should be 

understood that this study is being conducted for the purpose of answering the research 

questions established in Chapter 1 regarding the role and electrical resistivity contributions of a 

metallic additive in the propellant, whether or not the conduction/combustion mechanism may be 

driven by the percolation theory, and if power requirements can be inferred from resulting 

response variable data. 

 Currently, based on chemistry fundamentals and the reactions and behavior of this 

propellant observed so far, it is believed that the main theory driving this electric propellant’s 

operation and combustion mechanism is summarized by the following: Several internal processes 

are started within an electric propellant sample with the initial application of its electrical ignition 

input. Presumably, the ions within the propellant mixture begin to move as a current starts flowing 

through the sample, and the different chemical species that make up the most current version of 

the sample formulation are reduced and begin to oxidize with this current flow, “with the highest 

current density being the path of the majority of the reactions.” If the temperature of the sample is 

increased enough, “due to chemical reactions and” sufficiently high “resistive heating,” the 

propellant sample may begin to combust [4]. It is important to note here that the most current 

version of the electric propellant formula appears to also have capacitive properties, thus allowing 

it to charge at lower levels of applied voltage and current. 

 The main theory of electric propellant combustion “suggests that the application of the 

current facilitates the” oxidation and reduction of the perchlorate oxidizer based components 

“which act as charge carriers when solvated in the water within the material.” Based on the fact 

that the propellant burning occurs across the material between electrodes, rather than just at the 
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material ends, this theory proposes that the tungsten particles within the material are acting as 

“sites for the acceptance and donation of electrons as tungsten can assume negative and positive 

oxidation states.” This oxidation of tungsten allows for the electrochemical reactions within the 

material to occur, ultimately “increasing conductivity, heating the propellant, and accelerating the 

rate of reaction.” As soon as the electrochemical reactions occurring have produced enough heat 

and oxygen, and “presumably once the temperature has exceeded the activation energy of the 

redox reaction allowing the perchlorate to directly oxidize the PVA,” the propellant will begin to 

combust. Alternatively, the combustion may be due to the ignition of the in situ oxygen within the 

material, the results of arcing within the propellant, or potentially, a combination of both 

combustion methods, “with the initiation being primarily the result of perchlorate and PVA redox 

reactions, but sustained burning being due to supplemental production of oxygen.” While the 

ignition and further burning of the propellant may depend on the chemical reactions occurring, 

“the enormous discharge that accompanies dielectric breakdown is probably the actual 

mechanism for ignition, dumping heat, and greatly increasing the rate of reaction” [4]. 

 Several aspects of the processes described are unknown, including the amount of arcing 

occurring within propellant samples due to voids created during the mixing and casting process. 

Additionally, recent testing has suggested that the propellant may slowly become “more 

conductive before experiencing dielectric breakdown and igniting.” Wickham proposes that 

“localized breakdowns in the material might progressively form electrically conductive pathways 

across the material which leads to combustion when it forms a conductive pathway across the 

material”; he continues to add that these pathways may be pre-existing or formed by the 

electrochemical reactions within the material and “may be a reflection of the amphoteric nature of 

tungsten oxide.” The formation of these pathways, either during mixing and casting or during 

electrochemical reactions, may lead to faster combustion of the material following an initial event 

due to the “partial pathway formation, or reuse of initially formed pathways that significantly lower 

the breakdown voltage.” Finally, Wickham adds that the “destructive nature of dielectric 

breakdown and combustion” may destroy these pathways and impact the operation of the 

material after initial ignition and combustion [4]. (It is important to note here that this paper was 
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written prior to the introduction of the Thinky mixer to the propellant manufacturing process for 

increased mix homogeneity and some of the content may or may not still hold true to a varying 

degree.) 

 The dielectric breakdown in solids is normally governed by the gradual formation of 

conductive pathways within the defects of a material, the exact mechanism for which is not very 

well understood, however, “the most important aspect is that the flow of current gradually 

increases the conductivity of the material.” In this case, “this is likely due to the transfer of protons 

as part of the electrochemical/redox process” and “the formation of more charge carriers allow for 

greater conductivity throughout the material, leading to dielectric breakdown.” Currently, it is 

believed that “a minimum current density must be reached for the propellant to ignite,” and the 

introduction of dielectric breakdown provides a mechanism for how a sufficiently large current 

might pass through the material,” however, Wickham suggests that “testing should be performed 

to ensure that the breakdown occurs first, if at all, before the current starts the combustion” [4]. 

 In addition to governing the dielectric breakdown of the material, the propellant’s conduction 

of electricity is also critically dependent upon the effects of plasma, due to the “relative 

conductivity of plasma and the use of electricity for ignition and burning of the propellant.” Plasma 

generation may be playing two roles in the combustion mechanism of this material, in the first of 

which, the propellant “actually ignites before the enormous discharge of current through the 

material” and combustion “occurs due to electrochemistry and heat generation from reactions 

within the material leading to an ignition event and the generation of plasma.” However, in this 

scenario, “the plasma that has been generated is much more conductive than the propellant and 

for a few microseconds it is still coupled to the propellant. Consequently, there is a large, almost 

instantaneous, drop in resistance and some of the current deviates from the propellant to travel 

through the plasma, forming a short circuit.” This process could be responsible for the drop in 

resistance and the corresponding jump in current observed during electric propellant testing. In 

the second of the two scenarios that plasma may be responsible for creating, “if the current 

discharge occurs simultaneously with combustion, the plasma may play a different, less 

substantial role,” “assuming that the dielectric breakdown is actually occurring and is responsible 
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for combustion of the material, the plasma may simply further decrease the resistance of the 

propellant.” During the dielectric breakdown in this process, “the material has already been forced 

to become a conductor,” so the contribution of the plasma may be negligible depending on the 

timescale of the dielectric breakdown. If the plasma in this situation is “coupled significantly longer 

than when the dielectric breakdown takes place, it could be responsible for the continued draining 

of the capacitor” [4]. 

 Additionally, the temperature of the electric propellant will also, most likely, play a critical role 

in how and when the propellant will combust, “as the reaction will only occur when the necessary 

activation energy has been provided.” Any additional heat provided to the system during the 

combustion process “will increase the solubility of the perchlorate as well as the rate of reaction, 

but may also drive off residual water within the material.” If propellant combustion “proceeds 

almost instantaneously at higher temperatures, combustion may be more a result of 

electrochemistry and heat production rather than something more exotic such as a dielectric 

breakdown.” In either case, “the temperature at which combustion occurs and the time to a 

combustion event may be quite revelatory” [4]. 

 In addition to the summary of the main electric propellant combustion theory provided by 

Wickham, Langhenry has also provided a basic summary for the propellant’s combustion 

mechanism processes in his 2015 research review presentation, comparable to Wickham’s 

lengthy analysis. Langhenry theorizes that there are four different processes occurring during the 

burning of the electric solid propellant. The first of these processes is the initiation of burning “with 

an electro-chemical reaction that generates a fuel and oxidizer,” followed by “resistive heating as 

current passes through” the propellant, then pyroelectric heating from the propellant crystalline 

structure, and finally, a chemical reaction of the fuel and oxidizer driven by heating [12]. 

 Finally, Wickham states that “the importance of the resistance of the material has not yet 

been established,” even though the tungsten metallic additive “was originally added to increase 

the conductivity” and “the mechanical properties” of the propellant, but the propellant’s 

“conductivity is also dependent upon water content which has also not been properly evaluated.” 
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It is suggested that it may be necessary at some point to achieve both a “minimum concentration, 

also unknown, of metal and conductivity” required for propellant operation [4]. 

Experimental Framework of the Study 

 Grounded in the summarized version of the main theoretical foundations upon which the 

perchlorate oxidizer based electric propellant is suspected to operate, written above, an 

experimental study was researched, designed, and carried out with the purposes of contributing 

to the determination of the electric propellant operational mechanisms. While the main theory 

provided for the combustion mechanism of electric propellant described above comprises several 

different interacting phenomena, this study will only include an investigation of the electrical 

resistivity contributions to the conduction mechanism of different electric propellant sample 

formulations, as it is one of the operational phenomena that can easily be broken down into 

several different standardized experiments and further expanded upon based on results.  

 It has been shown that the role of the tungsten in and the conduction mechanism of the 

electric propellant are both somewhat undefined, but it is suspected that there exists some 

mechanism by which the electric propellant operation is driven that is related to the propellant’s 

resistivity and the current density at the time of measurements, testing, or initiation. Based on the 

science described in Wickham’s theory of operation and the propellant ignition theory 

summarized above by Langhenry, it is possible that the tungsten additive could be aiding in the 

propellant’s operation during the electrochemical reaction resulting in the generation of a fuel and 

oxidizer during the resistive and pyroelectric heating phases, and could be burning as an 

additional fuel source in the final chemical reaction phase of the propellant operation.  

 One of the more modest investigations that can be done in order to determine at least a 

partial understanding of the role that tungsten is playing in the propellant operation is to simply 

replace it with different materials, each of which having only one, or some, of the supposed 

desired properties that tungsten has. If the operation of a propellant formulation with one of these 

additive substitutes performs similar to or has similar or opposite characteristics to the tungsten 

based propellant, the properties of the substitute additives can be compared in order to determine 

additive properties that produce desired propellant properties and/or behavior.  
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 Furthermore, if this type of electric propellant is governed by some phenomena related to its 

electrical resistivity then the amount of metallic additive, or otherwise, included in the formulation 

will have an impact on the propellant performance. However, since it has been theorized that the 

electric propellant operation could be driven somewhat by percolation theory, the amount of 

additive included in the formulation should have a significant effect on the material and there 

should exist some point where including more or less of the additive could be more harmful than 

helpful. Knowing this threshold value for the metallic additive would be valuable to any researcher 

for future formulation and performance optimization, and determining this threshold value is 

another, more modest experiment that can be carried out in conjunction with a continuation of this 

additive replacement investigation. Finally, an understanding of how the resistivity of this material 

influences an increase or decrease in the electric propellant initiation input signal and affects the 

power consumption of the material would be valuable knowledge that could contribute to 

propellant understanding and optimization. 

Literature Review Related to Key Variables and/or Concepts 

 Based on the experimental framework outlined above, a literature review was conducted in 

order to gain a better understanding of not only the current propellant formulation, but of the 

suggested additive replacements, of the concepts that might be governing propellant operation in 

order to inform the design of a revelatory experiment, and of the possible outcomes of this study. 

Baseline Propellant Chemical Ingredients and Their Role in the Formulation 

 Stated previously in Chapter 1, the current electric propellant formula consists of four 

ingredients each of which are further outlined below. The propellant formula contains, by mass, 

60% perchlorate oxidizer dissolved in deionized water (DIW) in an 80% concentrated solution 

(which is approximately equal to 48% perchlorate oxidizer and 12% deionized water), 20% PVA 

acting as the propellant binder, and 20% powdered tungsten (W) acting as the metallic additive. 

 A perchlorate oxidizer is used in this electric propellant formula as the propellant oxidizer 

and, unfortunately, has not been characterized and/or studied as widely as the rest of the electric 

propellant constituents. The perchlorate oxidizer is an ionic salt, of which several hydrates exist, 
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and is hygroscopic (tending to absorb moisture from the air), soluble in water and alcohol, and 

very deliquescent (having a tendency to become a liquid). 

 Perchlorates (a perchlorate is an anion that consists of one chlorine atom that is chemically 

bonded with four oxygen atoms, either naturally occurring or man-made) are a common choice of 

oxidizers used in rocket propellant due to their high oxidizing potential, “which makes this material 

suited to high specific impulse propellants.” Ammonium perchlorate is the most widely used 

crystalline oxidizer in solid propellants, because of its “good characteristics, including 

compatibility with other propellant materials, good performance, quality, uniformity, and 

availability... Other solid oxidizers, particularly ammonium nitrate and potassium perchlorate, 

were used and occasionally are still being used in production rockets but to a large extent have 

been replaced by more modern propellants containing ammonium perchlorate”. Additionally, 

“many oxidizer compounds were investigated during the 1970s, but none reached production 

status” [13]. 

 Deionized water is water that has had almost all of its mineral ions removed; these ions 

include anions like chloride and sulfate, and cations such as sodium, calcium, copper, and iron, 

and “for many applications that use water as a rinse or ingredient, these ions are considered 

impurities and must be removed from the water” with a process involving the use of an ion 

exchange resin [14]. In the case of this electric propellant formulation, the deionized water is 

being used to dissolve the perchlorate oxidizer into a solution to which PVA and tungsten powder 

are then added, and the entire mixture is then mixed and cast or extruded, a process that is 

further explained in Chapter 3. 

 Polyvinyl alcohol is a synthetic polymer that is soluble in water, and “is unique among 

polymers (polymers are chemical compounds made up of large, multiple-unit molecules) in that it 

is not built up in polymerization reactions from single-unit precursor molecules known as 

monomers. Instead, PVA is made by dissolving another polymer, polyvinyl acetate (PVAc), in an 

alcohol such as methanol and treating it with an alkaline catalyst such as sodium hydroxide. The 

resulting hydrolysis, or “alcoholysis,” reaction removes the acetate groups from the PVAc 

molecules without disrupting their long-chain structure” [15]. PVA is a “semi-crystalline polymer 
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and its crystalline index depends on the synthetic process and physical aging” [16]. The PVA 

(homopolymer) used in the electric propellant manufactured for this study has a very high, 

99.65% +/- 0.35, degree of hydrolysis (in mole %), meaning that the PVA used has an increased 

water (humidity) resistance, tensile strength, block resistance, solvent resistance, and adhesion 

to hydrophilic surfaces. This increase in tensile strength, and corresponding decrease in flexibility, 

partially provides for the propellants current desired mechanical properties.  

 In solid propellants, “the binder provides the structural glue or matrix in which solid granular 

ingredients are held together in a composite propellant,” it also acts as additional fuel for the solid 

propellant and is oxidized during the combustion process. ”The binding ingredient, usually a 

polymer of one type or another, has a primary effect on motor reliability, mechanical properties, 

propellant processing complexity, storability, aging, and costs” [13]. Binders are “usually long 

chain polymers that can keep the propellants powders and crystals in place by forming a 

continuous matrix through polymerizing and cross-linking,” and they hold “the entire formulation in 

a structurally sound grain which can withstand temperature variations as well as pressure and 

acceleration loads during flight” [17]. Binders with a low density and energy of combustion are 

usually desired, and “the best binder materials can provide needed structural integrity using a 

minimal binder volume. The solids loading in the propellant addresses this desired characteristic 

by expressing the total mass of fuel and oxidizer as a percentage of the total propellant mass. 

Composite propellants have solids loadings in the 84-90% range, which implies that only 10-16% 

of the propellant mass is made up of binder and minor ingredients” [17]. 

 Tungsten has one of the highest melting points, approximately 3422oC or 6192oF, of all pure 

form metals; tungsten also has one of the lowest vapor pressures, at temperatures above 1650oC 

or 3000oF, and one of the lowest coefficients of thermal expansion of any pure metal, at 

approximately 4.5 µm/(m-K) at 25oC [18, 19]. Powdered tungsten was originally added to this 

electric propellant formula for several reasons, and “by using a large amount of tungsten, the 

conductivity and mechanical properties of the material were pushed to reasonable levels. The 

tungsten also acts as a thermal sink which assists in the extinguishment capabilities of the 
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material. However, given the difficulty of oxidizing tungsten, it is unlikely that it is combusted in 

any significant amount and so may be a significant source of inert mass” [4]. 

 There are very few cases in which tungsten has been added to conventional solid 

propellants in industry, however, in one researched case, tungsten was added to a composite 

modified double-based solid propellant utilizing potassium perchlorate, ethyl centralite, and 

carbon black, as well as the nitrocellulose and nitroglycerin combined fuel and oxidizer. Patent 

number US 8.545.646 B1, titled “High-density Rocket Propellant,” presents a rocket propellant 

that “includes propellant material and tungsten powder mixed with the propellant material at a 

time of manufacture, wherein the tungsten powder includes a mass percentage relative to the 

propellant material of about 70%-80%, equivalent to 17%-26% by volume of the propellant 

material.” The tungsten powder described for use in this patent includes a size range of about 44 

microns to about 150 microns in diameter. “The mass percentage of the tungsten powder and the 

tungsten particle size range are selected to optimize total impulse, sound reduction, and 

Insensitive Munitions performance” in shoulder launched assault weapons [20]. Also patented is 

the use of tungsten alloy burst discs employed in solid propellant rocket motors, and more widely 

documented is the use of tungsten as a solid-propellant rocket nozzle material, with notable 

issues including tungsten erosion and “thermal shock cracking under rapid heat-up conditions” 

[21]. 

Metallic (or Otherwise) Additive, Size, and Amount 

 In conventional solid propellants, the shape, size, and size distribution of the solid particles 

of ammonium perchlorate, aluminum, or HMX (a powerful, insensitive nitroamine high explosive) 

“in the propellant can have a major influence on the composite propellant characteristics. The 

particles are spherical in shape because this allows for easier mixing and a higher percentage of 

solids in the propellant than shapes of sharp-edged natural crystals.” However, Rocket Propulsion 

Elements describes that the “influence of particle size of the aluminum fuel on propellant burning 

rate is much less pronounced than that of oxidizer particle size.” The particle size, range, and 

particle shape of both the propellant oxidizer and solid fuel “have a significant effect on the solid 

packing fraction and the rheological properties (associated with the flowing or pouring of viscous 
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liquids) of uncured composite propellant. By definition, the packing fraction is the volume fraction 

of all solids when packed to minimum volume (a theoretical condition). High packing fraction 

makes mixing, casting, and handling during propellant fabrication more difficult.” Additionally, “the 

size range and shape of the solid particles affect the solids loading ratio, which is the mass ratio 

of solid to total ingredients in the uncured propellants.” In composite propellants, the “solids 

loading can be as high as 90%,” however with high solids loading, desired due to its high 

performance, higher cost and higher complexity are introduced into propellant processing [13].  

 Currently, this electric propellant mixture utilizes a 12 μm tungsten powder particle size, 

which is unusually small for typical metallic propellant fuel additives. For the purposes of this 

investigation, the electric propellant samples have been made with a range of different additive 

particle sizes both for their intrinsic characteristics and for what the additive at different particle 

sizes may do to the properties of the material, such as influencing propellant conductivity, 

reactivity, and the material breakdown strength. The evaluation of electric propellant made with 

different additive particle sizes may shed some light on the idea of the propellant operation being 

at least partially driven by the percolation theory, discussed later in this chapter. It may also help 

determine why the electric propellant formulation made with tungsten performs so well. Wickham 

has predicted that a “smaller particle size will increase conductivity” of the material, but will also 

“decrease the breakdown voltage due to the closer spacing of the particles,” and suggests that a 

move to a larger particle size, while desirable for processing ease, may prove harmful to the 

ignition characteristics of the propellant”[4]. 

 According to the paper written by Wickham, while tungsten is not “normally an easily 

oxidized metal,” and it is unlikely to combust without a significant amount of heating, the voltage 

supplied to the propellant by the power supply being used “is more than enough to lead to 

oxidation of the tungsten if oxygen is supplied. Consequently, it is likely that the tungsten is doing 

more than acting as a conductor, heat sink, densifier, and mechanical aid.” Wickham goes on to 

discuss several electric propellant additive replacement suggestions worthy of investigation, 

including aluminum, a common fuel included in solid rocket motor formulations for performance 

enhancement. Copper is also suggested, as it has a lower reactivity than other metals commonly 
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included in solid propellants, and it’s resistance to water corrosion and proneness to the formation 

of a protective layer may be advantageous in a propellant requiring a thermal dump or stabilizer. 

Finally, carbon black is discussed as a potential additive replacement due to its conductivity and 

past performance in propellants as a thermal barrier included to prevent early ignition. It is finally 

suggested by Wickham, that utilizing metals with similar reduction potentials as tungsten, “but 

choosing metals such that one metal can assume positive and negative oxidations states and the 

other can only assume positive oxidation states” could help to prove the hypothesis that states an 

electric propellant sample containing a metal capable of positive and negative oxidation states will 

burn under the same conditions and following the same trend as the most current patented 

formulation being used [4]. This is further discussed in the Electrochemistry subsection below. 

Electric Propellant Additive Replacement Chemical Ingredients 

 The Raytheon Missile Systems Patent entitled “Electrically Operated Propellants,” discussed 

in the Introduction section of Chapter 1, lists possible metal based additives in quantities of 5-

30% by mass for this perchlorate oxidizer based electric propellant formula including, but not 

limited to, tungsten, magnesium, copper oxide, copper, titanium, and aluminum. “Optionally, the 

patent also includes a statement describing the electrically operated propellant without an 

additive, meaning the metal based additives in the formula would be equal to 0%.” Initially, the 

most diverse trio of additive replacements was desired to be included in this experiment due to 

the screening-type nature of this study. “Additional additives could have been included in the 

experiment or could have replaced one of the already chosen materials as desired, but time to 

complete the mixing and testing experiments did have an impact on the ability to complete this 

investigation” [22]. 

 Powdered copper was the first of the chosen replacement additives due to its lower 

reactivity, higher thermal conductivity, and low electrical resistivity when compared to tungsten 

and some of the other metals suggested above. Copper is a well-known chemical element and 

copper powder is widely used in industry for self-lubricating bearings, structural components, 

injection molding, and electrical parts, among other things. In the aerospace industry, copper has 

been used in liquid rocket engines, but only for specific applications due to material compatibility. 
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While copper has not widely been used in solid propellant applications like aluminum powder has, 

its effects as a burn rate catalyst, or modifier acting to change the propellant combustion 

mechanism, in composite propellants have been previously studied. Additionally, although copper 

has a lower reactivity and less remarkable combustion, due to its resistance to water corrosion 

and proneness to the formation of a passive layer, powdered copper could be used as a fuel 

additive where the electric propellant requirements include thermal dumps or stabilizers.  

 Powdered aluminum, a common fuel additive in other types of propellant, was the second 

replacement material chosen, as its electrical and thermal conductivity and resistivity fall midway 

between those of copper and tungsten, but its melting point is much lower than either, shown in 

Table 1 below. Powdered spherical aluminum is one of the most common fuel additives in solid 

rocket motors, consisting of “small spherical particles (5 to 60 μm diameter), and is used in a wide 

variety of composite and composite-modified double-base propellant formulations, usually 

constituting 14 to 20% of the propellant by weight.” Adding powdered aluminum to solid propellant 

“increases the heat of combustion, the propellant density, the combustion temperature, and thus 

the specific impulse” of the solid rocket motor (SRM) [13]. Other reasons for the addition of 

aluminum to solid propellants include the suppression of combustion instabilities, for modification 

of the propellant burning rate, for a reduction of the propellant’s sensitivity to detonation, and the 

favorable supply of aluminum at reasonable costs. 

During 2011 and 2012, in the infancy stages of this perchlorate oxidizer based electric propellant 

formulation development, a number of alternate formulations to be tested and compared with 

ESP-9 were manufactured with the “goal of characterizing the power demand and understanding 

the effects of different mixtures on the mechanical properties of the propellant” [23]. This 

characterization included 10 electric propellant samples composed of 70% by mass of the 

concentrated perchlorate oxidizer solution in mixture amounts between 55-80%, polyvinyl alcohol 

in mass percentage amounts between 20-30%, and either powdered tungsten in mass 

percentage amounts between 0-25% or powdered aluminum in mass percentage amounts 

between 0-20% (the tungsten and aluminum were only combined in one of the samples at a mass 

percentage amounts of 5% each). Each of the 10 samples was then tested at power consumption 
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levels of 300 Volts, 500 Volts, 700 Volts, and 900 Volts. The samples that showed the lowest 

mass specific power consumption were those with either little to no metallic additive (5% 

aluminum and 5% of tungsten and aluminum) or with higher amounts of added powdered 

tungsten. Following these results, the formula with a higher amount of tungsten additive was 

chosen for continued study, and formulas containing aluminum have not been investigated since 

[24]. It is also important to note here that researchers who have previously worked with 

aluminized electric propellant have stated that the propellant’s on/off abilities were not retained 

and future investigation of aluminized electrical propellant formulations, including electrical 

resistivity measurements, could provide some insight. This is further discussed below in the 

Electrochemistry subsection. 

Table 1. A Comparison of Proposed Replacement Additive Properties. (All data below was gathered 
from chemical SDS/tecnical information sheets.) 

Additive/ 

Additive 
Property 

Tungsten (W) Aluminum (Al) Copper (Cu) Carbon black 
(CB) 

Purity [%] 99.9 99.9 99.9 N/A 

Electrical 
resistivity 

[Ω-m] 
5.6*10-8 2.655*10-8 1.69*10-8 N/A 

Density [g/cm3] 19.3 2.699 8.94 1.79 -1.99 

Melting point 
[oC] 3387 660.1 1083 >3000 

(Crystal) 
Structure 

Cubic, body 
centered 

Cubic, face 
centered 

Cubic, face 
centered Amorphous 

 
 Finally, because of its conductive nature, due to its high surface-to-volume ratio, and the 

“thermal properties that the fuel additive supposedly imparts on this electric propellant formula, 

carbon black powder will also be considered as one of the three ingredient replacements. 

Although powdered carbon black is not a metal, it is being investigated to fill a similar role to that 

of the tungsten included in the current electric propellant formula, which is, acting as a thermal 

barrier and potentially introducing its effects on conductivity, while also acting as additional fuel 
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for the oxidizer in the propellant. Carbon black is often added to other chemical mixtures, 

including plastics,” because of its ability to add or increase electrical conductivity and material 

hardness. Carbon black is used in the propellant industry in order to form a thermal barrier 

between the surface and bulk of the fuel to prevent early ignition, as well as providing increased 

conductivity in order to prevent a buildup of potentially dangerous static charge. Additionally, 

“many double-base formulas require a darkening agent” (such as carbon black, also referred to 

as an “opacier”) “to make the translucent propellant darker and avoid excessive thermal radiation 

throughout the propellant itself” [17]. More widely in industry, carbon black is used in the 

manufacturing of tires and is added to some plastics for increased conductivity and mechanical 

properties. 

 The ASTM D3053 standard, “Standard on Terminology Relating to Carbon Black,” defines 

carbon black as the following: “Carbon black exhibits aciniform morphology composed of 

spheroidal “primary particles” strongly fused together to form discrete entities called aggregates. 

The primary particles are conceptual in nature, in that once the aggregate is formed the “primary 

particle” no longer exists, they are no longer discrete and have no physical boundaries amongst 

them. The aggregates are loosely held together by weaker forces forming larger entities called 

agglomerates. The agglomerates will break down into aggregates if adequate force is applied 

(e.g., shear force)” [25]. These aggregates are considered the smallest dispersible unit of the 

carbon black, however, carbon black on the market for use is usually in the form of agglomerates, 

and is typically “shipped/placed on the market in the form of pellets (i.e., compressed 

agglomerates) to facilitate the ease of handling and to reduce the creation of dust. The size of 

pellets generally falls between 0.1 and several micrometers” [26]. 

 The smallest carbon black unit, the primary particle, has characteristics including size, 

shape, crystallinity, and graphite content, and these characteristics influence the color, UV 

blocking, and electrical conductivity of carbon black. While most manufacturing processes 

produce nearly spherical particles, some processes produce particles with higher aspect ratios, 

leading to a higher surface area per unit volume and a more wettable surface area, allowing for 

an increase in electrical conductivity. Aggregates of carbon black, clusters of the primary 
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particles, have a given size, shape, structure, and void volume, each of which contribute to the 

utility and grade of the carbon black. The “size of the aggregate influences the color aspect of the 

carbon black and its tinting strength. The shape and structure influence dispersability and to 

some extent electrical conductivity. Void volume influences wettability and is a critical concern in 

applications where the carbon black will be used in a liquid medium such as a coating, paint, or 

ink” [26]. 

 

Figure 1. (Left) Representative Picture of Carbon Black as Typically Placed on the Market. (Right) 
Scanning Electron Microscope View of a Carbon Black Aggregate Consisting of Fused Primary 

Particles (Magnification: x 120,000) [26]. 

 In addition to the three replacement ingredients chosen, propellant samples without any 

included additive were also be included in the sample population for this study, as it has been 

shown that even the electric propellant samples with no included additive will fire with the 

application of an electric current and cease firing when it is removed. The final sample 

formulations, created for this study and informed by this literature review, are presented and 

further discussed in Chapter 3. 

Related Electrochemistry 

 In an attempt to analyze the current ESP-9 electric propellant formulation and prospective 

additive replacements from another perspective, some of the propellant formulation’s 

electrochemical properties were examined. This new perspective was adopted in order to 

characterize potential propellant performance impacts, as well as to screen for additional 

unintended reactions that could create an operational and/or storage safety hazard. Moreover, it 

was suggested by Wickham that the main theory of electric propellant operation “proposes that 

the tungsten particles within the material” both accept and donate electrons during operations due 

to the fact that tungsten can assume both positive and negative oxidation states [4]. Therefore, 
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understanding how the suggested replacement additives compare electrochemically to tungsten 

could inform this investigation in terms of defining a portion of the propellant’s operation 

mechanism. For example, the ESP-9 formulation currently makes use of an external electrical 

current to drive chemical reactions in the propellant to produce gases that can be harnessed for 

propulsion applications. However, spontaneous transfer of electrons within the propellant, 

depending on any formulation changes that could be made, may defeat the designed intrinsic 

safety aspects of ESP-9, resulting in spontaneous, rapid reactions that may create an explosion 

hazard or consume much of the metal particle matrix and oxidizer in non-gas producing reactions 

that would affect propellant functionality.   

 Electrochemistry, simply stated, is the study of the chemical processes that encompass 

chemical change and electrical energy. The main chemical interaction believed to be involved in 

the operation of ESP-9 propellant is the reduction-oxidation reaction, commonly referred to as a 

“redox” reaction, of molecules or ions through electron transfer. The reacting chemical species in 

a redox reaction will undergo a change in the formal oxidation state(s) of certain elements 

participating in the reaction. These redox reactions typically fall into two categories, the first of 

which are Galvanic, or Voltaic, processes, which are spontaneous chemical reactions. The 

movement of electrons in these reactions can be harnessed to produce electricity. The second 

category of redox reactions are electrolytic processes in which chemical reactions are driven by 

the passage of an electrical current through the system. The electrolytic mode of operation for 

ESP-9 is currently thought to be a driving force in propellant operation, as discussed above in the 

Theoretical Foundation and Experimental Framework of the Study sections of this chapter. It is 

the prospect of a runaway galvanic reaction that presents a potential safety issue, the causes of 

which were thoroughly reviewed prior to conducting experimental operations. 

 In a redox reaction, when a substance loses an electron, its oxidation state increases and it 

has been oxidized; when a substance gains an electron, its oxidation state decreases and it has 

been reduced.  In a typical redox reaction, both of these processes occur simultaneously and 

determining which of the molecules, ions, elements, and electrons that are changing or reacting 

can become complex. In order to simplify the system and keep track of the reactions, the redox 
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reaction can be modeled as an electrochemical cell, such as a battery. In a battery, the 

electrochemical cell is a device that produces an electric current from the energy released by a 

spontaneous redox reaction. These cells have two conductive electrodes, an anode where 

oxidation occurs, and a cathode where reduction occurs. Typically, these electrodes can be made 

from any material that sufficiently conducts electricity, and in between them sits the electrolyte in 

a bridge, containing ions free to move around in order to transport electrons. The anode and 

cathode are separated in such a way that electricity flows when an external circuit is completed.  

These cells can be broken down into the reduction reaction and the oxidation reaction.  When 

presented in this broken down form, these reactions are called half reactions, or half cells, and 

can be recombined for the complete reaction, or cell. The equations for the half cells will include 

electrons within and will be both chemically and charge balanced, and the half reactions can be 

recombined to form the full cell chemical equations. The use of half cells allows for the formation 

of new, theoretical electrochemical cells to be able to predict behavior of chemical systems. 

Standard tables, usually organized by reduction potential, providing known chemical half cells are 

widely available from chemical engineering handbooks, as well as online. 

 Reduction potential is the tendency for a reduction reaction to occur, or the tendency for 

substances to gain electrons; the more positive the reduction potential of a substance is, the 

greater the tendency of the substance to be reduced, and the lower the reduction potential is, the 

greater the tendency of the substance to be oxidized. In the standardized tables, the reduction 

potentials are reported and organized by the electrical potential (voltage) associated with the 

chemical half reaction. In order to obtain the oxidation reaction from the standardized reduction 

potential table, the equation is simply reversed and the sign on the reduction potential is reversed 

to obtain the oxidation potential. These reactions can occur under the conditions of either the 

release of chemical energy or under the application of an external voltage. The term “half-

reaction” describes either of the two redox reactions, and is determined by examining the change 

in oxidation states of the substances involved in the reaction; this is often the method used for 

balancing redox reactions and obtaining an electrical potential (voltage) for the cell. In some 

cases, such as magnesium being dissolved in hydrochloric acid to produce aqueous magnesium 
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chloride plus hydrogen gas, there are no separate physical “anodes,” “cathodes,” or bridges. 

However, the electron transfer occurs in the solution as soon as the metal touches the acid. The 

half-cell method of looking at the reaction is still applicable and is a useful tool for evaluating the 

possibility of spontaneous electrochemical reactions occurring in a mixture. 

 The “difference in potential energy between the anode and the cathode dictates the direction 

of electronic movement. Electrons move from areas of higher potential energy to areas of lower 

potential energy” and “the potential difference between these two electrodes is measured in units 

of volts.” In a voltaic cell, this potential difference is called the “cell potential”, and for a reaction 

that is spontaneous, the cell potential is positive and the Gibb’s free energy (used to determine if 

a reaction occurs spontaneously) is negative. Cell potential is different for each voltaic cell and its 

value is dependent upon several things including “the concentrations of specific reactants and 

products, as well as temperature of the reaction” [27]. 

 A “positive voltage that forms across the electrodes of a voltaic cell indicates that the 

oxidation-reduction reaction is a spontaneous reaction for reduction at the cathode and oxidation 

at the anode.” Conversely, a negative voltage “indicates that the reverse reaction,” reduction at 

the anode and oxidation at the cathode, is spontaneous. Based on the actual reduction and 

oxidation processes that occur in a redox reaction, “the general description of the standard 

reduction potential for any redox reaction” is given by Equation 1. 

 𝐸0 = 𝐸0
𝑟𝑒𝑑(𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) − 𝐸0

𝑟𝑒𝑑(𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) (1) 

 According to Equation 1, E0 will be positive when the redox reaction is spontaneous, 

negative when the reaction is spontaneous in the reverse direction, and zero for a redox reaction 

at equilibrium [28]. The voltage of an electrochemical cell is an indication that the system is out of 

equilibrium and any redox reaction occurring is meant to spontaneously allow electrons to flow 

within the cell in order to bring the cell to equilibrium. 

 The electrochemical concepts described above were simply applied to the ESP-9 formula 

and the chemical additive replacements proposed to determine cell potential and the degree of 

spontaneity of the possible reactions. A tungsten and water reaction was examined for cell 

potential, which was slightly positive, but very close to zero. Copper was also analyzed for its cell 
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potential with water or perchlorate, both of which were shown to be close to zero as well, but had 

slightly negative values compared to tungsten’s positive values. Since both tungsten and copper 

have been shown to have potentials close to zero (meaning close to equilibrium), both of these 

metals have been determined to be fairly safe to handle, to include in sample formulations, and to 

conduct operations with for the purposes of this study. 

Table 2. Values for Cell Potential of Some of the Ingredients/Additive Suggestions and Possible 
Reactions That Could Be Occurring During ESP-9 Combustion. 

Reaction Ingredient/Additive Half Cell Potential 
[V] 

Cell Potential 
[V] 

ClO4- + H2O + 2e− ⇌ ClO3- + 
2OH- 

Chlorine +0.17 N/A 

W(s)+2H2O(l) ⇌ WO2 + 4H+ + 
4e− 

Tungsten, Deionized 
water 

+0.12 +0.29 

W(s) + 3H2O(l) ⇌ WO3(s) 
+ 6H+ + 6e− 

Tungsten, Deionized 
water 

+0.09 +0.21 

Al ⇌ Al3+ + 3e- Aluminum +1.66 +1.83 

Cu ⇌ Cu2+ + 2e- Copper -0.34 -0.17 

 
 Some metals, however, have been known to be more active, meaning they can displace a 

less active metal from a solution of its salt; a more active metal will more readily donate electrons 

to the cation of a less active metal, and can be considered more reactive than other metals. 

Aluminum, known to be a more active metal, was analyzed and was found to have a highly 

positive cell potential in a water or perchlorate mixture, indicating that its inclusion as a metallic 

additive replacement for tungsten in the current electric propellant formulation, and in altered 

versions, may permit a more spontaneous redox reaction in the positive direction, resulting in the 

potential for uncontrolled chemical reactions that could lead to explosions or other safety 

concerns. For these reasons, in addition to warnings in the aluminum safety data sheets (SDS) 

regarding its undesirable reactions with water, it was decided that aluminum would be removed 

from this study as an additive replacement option. However, the understanding and ability to 

apply this electrochemical information to the ESP-9 formula, may be advantageous for future 

investigation into aluminum, as it has been discovered previously that at certain particle sizes, 
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when aluminum is added to the electric propellant instead of tungsten, the propellant mixture 

loses its on/off firing abilities; this electrochemical insight could help explain this phenomenon. 

 Additionally, it may be of interest at a later date to perform the same study described in this 

document not only with aluminum, but with an electrochemically neutral metal additive such as 

platinum, silver, or gold. Again, in his white paper Wickham suggests investigating metallic 

additives with reduction potentials similar to that of tungsten, but choosing metals with different 

oxidation states for the purposes of determining if a metal capable of both a positive and a 

negative oxidation state will burn under the same conditions as the tungsten does in the current 

formulation. This possible expansion of the investigation of metallic materials that could replace 

tungsten, and that could possibly improve upon the current electric propellant formula, is further 

discussed in the Recommendations section of Chapter 5. 

Related Percolation Theory and Concepts 

 If, as Wickham has stated, it becomes necessary at some point to achieve both a “minimum 

concentration, also unknown, of metal and conductivity” required for propellant operation, then an 

understanding of the effects of percolation on electric propellant will aid in the process of finding 

and the achievement of that minimum metallic concentration. The “percolation theory refers to a 

class of models that describe the properties of a system given the” random “networking among its 

constituents,” in which the disorder, or networking, “is defined by a random variation in the degree 

of connectivity” [29, 30]. Two basic percolation models exist; in the first, referred to as the “site 

percolation model,” “points are defined on an underlying lattice in such a way that, in every lattice 

site there is a probability p to exist there.” In the second model, called the “bond percolation 

model, “bonds are defined between two neighboring sites on a lattice. Each bond has a 

probability p to exist.” In both cases, structures of connected points can be defined (clusters), in a 

way that it is possible to create a path between any two points of the cluster. As the probability, p, 

is increased, large clusters will be formed. Eventually, a cluster that has a path that spans the 

whole system will be formed… The value of p that creates this cluster is called the critical 

probability, denoted by pc.” “In the case of periodic or infinite lattices, the existence of a diverging 

quantity, namely the (average) cluster size, at a specific, finite value, or a parameter, and the 
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qualitative change in the behavior of the system after crossing this value tells us that one should 

look for critical behavior. In fact, near pc, several quantities exhibit power-law behavior, and there 

are scaling laws relating the different critical exponents” [29]. 

 The percolation threshold, described using this critical probability value, pc, is the defining 

concept of the percolation theory. Using the definition provided above for p, it is the “average 

degree of connectivity between various sub-units” of a system. When the value of p is equal to 

zero, all of the sub-units within the system are completely isolated from each other, and when the 

value of p is equal to one, all of the system’s sub-units have the maximum number of connections 

possible with neighboring sub-units, at which point the system connects from one side to the 

other via the newly clustered sub-units. In order to determine the value of pc, the sub-unit 

connections, starting at p equal to one, are randomly broken so the connectivity across the 

system is decreased. The value of pc is defined as the point at which there is no longer an 

unbroken connection from one side of the system to the other. Following this logic, for any p 

larger than pc, there is always a cluster of sub-units that will span the system from end to end, 

and for any p smaller than pc, only isolated clusters will exist within the system [30]. 

 The size and amount of additive replacement particles included in the electric propellant 

sample mixtures should have an effect on the propellant, if it is experiencing the percolation 

phenomenon, in which the level of additive particles included in a mixture between a dielectric 

and a metallic component, is sufficient to cause a significant and abrupt increase in electrical 

conductivity. (A dielectric is an insulating material, or a very poor conductor of electrical current.) 

Further increases in additive particle amount, past the percolation threshold, would result in little 

added benefit. (For statistical analysis purposes it is important to note that this phenomenon may 

also be influenced by additive particle size if the particle size was large enough and there was a 

sufficient amount added to the electric propellant samples.) Knowing this additive value, not only 

for each of the experimental additive replacement materials, but especially for the chosen additive 

in future electric propellant formulations, would be of value for the purposes of increasing 

propellant performance. 
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 Carbon black, one of the tungsten additive replacement options considered for this 

investigation, provides an excellent example of the percolation theory at work in electrically 

conductive plastic compounds that can be applied to the particle loading portion of this 

experiment for all of the suggested tungsten replacement additives. The most important features 

that affect carbon black’s electrical performance are its aggregate and agglomerate structures, 

discussed above in the Electric Propellant Additive Replacement Chemical Ingredients 

subsection. However, carbon black’s particle size and porosity will also have an impact on its 

electrical performance. Carbon black with a high structure, shown in Figure 2 on the left and 

compared to low structure carbon black on the right, indicates that the carbon black agglomerates 

have formed long, branched chains that are considered ideal for compounds that are supposed to 

be conductive. The smaller the carbon black primary particle size, the higher the corresponding 

electrical conductivity based on the particle surface area, and the higher the carbon black particle 

porosity, the better the electrical conductivity [31]. Using high structure carbon black, desired 

conductivity levels can be achieved with lower carbon black loading levels. 

 

Figure 2. Image Illustrating the Structural Difference Between Low and High Structure Carbon Black 
[31]. 

 It is important to find the correct loading level of carbon black used to achieve the desired 

electrical properties, as past a certain loading level, “carbon black changes the electrically 

insulating base polymer into electrically conductive plastic.” However, too high of a carbon black 

loading will have “a negative impact on the compound’s mechanical properties” and “also 

increases viscosity, causing problems in the injection molding process” [26]. 
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Figure 3. Percolation Curve Illustrating the Electrical Properties Verses the Amount of Carbon Black 
Loading in Plastics [31]. 

 This “decrease in electrical volume resistivity due to the increased amount of carbon black 

can be described using a percolation model. The percolation behavior of carbon black depends 

on the qualities mentioned” above including particle size, structure, and porosity. The percolation 

curve above “illustrates the relationship between the quantity of added carbon black (CB loading 

(w%)) and the achieved electrical resistivity. Note the narrow threshold in which the electrical 

resistivity dramatically drops,” after which, increasing the amount of added carbon black will no 

longer improve electrical properties [31]. 

 To date, most percolation problems studied involve a regular lattice from which sites or 

bonds are removed according to some random process. Researchers “Scher and Zallen found 

that the critical thresholds for many lattice percolation problems, when expressed as area or 

volume fractions (in 2D or 3D), were approximately the same.” “For percolation problems where a 

structure was being randomly built-up of non-overlapping particles,” Scher and Zallen defined the 

critical area or volume fraction as the phase fraction at which a cluster spanning the system end 

to end first appears, and they discovered that the critical volume fraction for percolation for 3D 

“systems was approximately 0.16, and was 0.45 for” two dimensional (2D) systems. These 

roughly defined, unchanging values were first quantified for simply modeled lattice problems, but 

have however, emerged out of more complex simulations, “leading Scher and Zallen to 

hypothesize that these thresholds have more general or "universal" validity,” with exceptions, 

including the case “when the particles that are being used to randomly build up the spanning 

cluster are allowed to overlap” [30]. 
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 Stated otherwise, “a noteworthy exception” to the results produced by Scher and Zallen “is 

the percolation problem for overlapping circles of spheres with randomly located centers, an 

intensively studied problem which is equivalent to a percolation problem on an irregular lattice, or 

network, whose sites are the circle or sphere centers.” “A variety of methods have been 

employed to compute the percolation thresholds and the critical exponents for the two-

dimensional and three-dimensional versions of this problem”, including the method used by Alan 

Kerstein in his work entitled “Equivalence of the void percolation problem for overlapping spheres 

and a network problem.” Here, Kerstein analyzes “a percolation problem for which no underlying 

network, regular or irregular, is defined a priori, namely the percolation problem for the region of 

space which is the complement of the union of randomly located spheres,” or, in other words, the 

matrix in which the randomly located spheres are suspended. Kerstein states that the results of a 

“Monte Carlo calculation of the percolation threshold for this problem” (for which the critical 

exponents were not considered) have “provided an estimate of 0.966 for the critical volume 

fraction” [32]. This means that the critical volume fraction for the spheres randomly located in a 

matrix is estimated to be equal to 0.034.  

 Having an idea of the critical volume fraction, or the value of pc, for this investigation was 

necessary in order to prevent a sample loading value equal to or in the vicinity of the percolation 

threshold of the electric propellant material. As shown by the volume resistivity versus carbon 

black loading sloping “S” curve in Figure 3, if any of the sample sets have an additive loading 

near their (currently unknown) percolation threshold, the measured values of electrical resistivity 

are likely to yield inconclusive results regarding the electrical resistivity values of a particular 

sample set. This could be due to small changes in additive characteristics from mixing 

inconsistencies or variations resulting in large changes in conductivity across a set of finished 

samples. 

Related Electrical Conductivity/Resistivity Properties and Concepts 

 Previously defined in the Definitions section of Chapter 1, electrical conductivity is the value 

of a material’s ability to conduct an electric current, and is calculated as the ratio of the current 

density within the material to the electric field that is causing the flow of current. (Electrical 
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resistivity is the reciprocal of electrical conductivity.) Stated in other words, electrical conductivity 

is a measurement of a material’s intrinsic ability to allow for the transport of an electric charge. A 

higher electrical conductivity, or a lower electrical resistivity, corresponds to a material that will 

readily allow the flow of an electric current. For the purposes of this investigation, it is important to 

note that even if the resistance of an individual material is known, calculating the resistivity of 

something made from several different materials may be much more complicated, especially in 

this case, as the material is not homogeneous, nor is it perfectly mixed, and the exact path(s) of 

the current flow through the material are not known. Additionally, resistivity is, among other 

things, often temperature dependent, but it is possible to predict this dependence using 

resistance temperature coefficients if they are known (they are not in the case of this study). 

 Direct current (DC) is defined as the unidirectional flow of electric charge; alternating current 

(AC) is an electric current that periodically reverses its direction. AC resistance can also be 

referred to as impedance, which extends the concept of resistance to AC circuits. Impedance has 

both a magnitude and a phase, unlike resistance, which has only a magnitude. The idea of 

impedance in an AC circuit is justified by the fact that there are two additional impeding 

mechanisms that must be taken into account besides the normal resistance in DC circuits. These 

are: the induction of voltages in conductors self-induced by the magnetic fields of currents, called 

inductance, and the electrostatic storage of charge induced by voltages between conductors, 

called capacitance. The “impedance” created by the inductance and capacitance combined is 

referred to as the reactance, which forms the imaginary part of complex impedance, and 

resistance forms the real part of complex impedance. The measured and/or observed differences 

between AC and DC conductivity/resistance measurements are discussed below in the Solid 

Polymer Electrolytes and Doped PVA Research subsection. 

 The more accurate devices employed to measure resistance use “four terminal sensing,” 

otherwise known as the “four point technique,” as it is more accurate than using an ohmmeter or 

employing “two terminal sensing.” Four terminal sensing is a technique that is used to measure 

electrical resistivity with separate current carrying and voltage sensing electrodes; and is 

considered more accurate because of the elimination of leads and contact resistance from 
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measurements due to the separation of electrodes. The four point sensing operating principle is 

based on Ohm’s law, which states that resistance is equal to voltage divided by current. In a four 

terminal sensing set-up, current is supplied to a sample via a pair of current carrying electrodes 

connected to the sample. A pair of potential electrodes, also connected to the sample, indicate 

the voltage drop across the sample and within the bounds of the current carrying electrodes. 

Using the known and measured values for current and voltage, respectively, and the dimensions 

of the measured sample, a value for resistivity can be calculated. 

 Written in his 2015 white paper and stated previously, Wickham believes that “the 

importance of the resistance of the material has not yet been established,” even though tungsten 

was originally added to the propellant formula with the intention of increasing conductivity [4]. The 

importance of the resistivity of this electric propellant, in terms of both performance and what 

operational mechanisms it affects, is still unknown. However, electrical “resistivity or conductivity 

may be used to predict, indirectly, the low-frequency dielectric breakdown and dissipation factor 

properties of some materials” and, often is “used as an indirect measure of: moisture content, 

degree of cure, mechanical continuity, or deterioration of various types.” How useful these indirect 

measurements are depends upon the “degree of correlation” between resistivity measurements 

and the desired information, and is normally “established by supporting theoretical or 

experimental investigations” [33]. 

 In solid rocket motors, “the major determinants for” electrostatic discharge (ESD) “sensitivity 

are volume resistivity, dielectric constant, and dielectric strength. Covino and Hudson measured 

these parameters for HTPB binder, inert HTPB propellants, and live propellants. The volume 

resistivities were measured as a function of temperature, voltage, time of voltage application, 

relative humidity, and sample thickness.” The results of Covino and Hudson’s work, “applied 

using the percolation calculations advocated by Kent and Rat,” show that “the overall electrical 

properties of the propellant were most influenced by the HTPB binder and to a lesser extent by 

the concentration and particle size of aluminum powder. The contribution of the oxidizer particles 

was primarily in determining the spacing of the aluminum particles and the thickness of the binder 

layer between particles” [34]. 
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 ASTM standards D257-07 Standard Test Methods for DC Resistance or Conductance of 

Insulating Materials, D4496-87 Standard Test Method for DC Resistance or Conductance of 

Moderately Conductive Materials, and D991-89 Standard Test Method for Rubber Property—

Volume Resistivity of Electrically Conductive and Antistatic Products detail several different 

versions of an electrical resistivity testing apparatus and a variety of sample conditioning and 

testing procedures that can be used to measure conductivity. The testing apparatus and 

procedures used to determine the electrical conductivity of the samples formulated for this study 

were provided or derived from the standards listed above and are described in detail in Chapter 

3. 

Related Previous RMS Work 

 A review of the previous electric propellant research conducted at RMS is included in several 

sections of Chapter 1. However, some additional information regarding RMS work specifically 

related to this electric propellant resistivity investigation is detailed below. 

 In 2015, a series of tests, referred to as moisture controlled “button tests,” were completed in 

order to “determine the ignition parameters of the propellant (i.e., energy required for ignition per 

unit mass, minimum current, minimum voltage).” After manufacturing the button propellant 

specimens, “each button underwent a secondary cure above and beyond its initial cure.” The 

power supply used for these tests “attempted to maintain a potential different of 600V across the 

electrodes for every test, and allowed current to change at will.” Several data parameters were 

recorded before, during, and after testing including: button specimen mass, resistance, time to 

ignite specimen, and energy to ignite the specimen. 

 During testing and after results analysis, “it was observed that a decreasing amount of water 

caused the variance of the data to decrease and the average [button specimen] resistance to 

decrease,” as shown in the Figure below, in which propellant resistance values ranged from 0-

1200*103 Ω. 
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Figure 4. Plot Illustrating the Percentage Mass Loss of Tested Button Samples Versus Their 
Measured Resistance Values. 

 In addition to decreasing resistance, as the water content of the button specimens 

decreased, it was also observed that the time to ignite specimens increased and the energy 

consumed during the first pulse of ignition decreased; one of the experimenters, concluded in a 

final write up, given the collected data, that “it is easier to maintain combustion when the amount 

of water present in the material is lower.”  

 Also completed during the summer of 2015 were a series of “wedge tests,” conducted in 

order to “demonstrate control of the burn surface of the propellant by forcing an electric field 

concentration favorable to igniting one part of the grain over another.” Notably, it was observed 

during the straight wedge configuration testing that “the resistance of propellant samples 

decreases during the charging phase of a test,” and that the “resistance is initially very high, then 

steadily decreases to a certain point, at which time another spike is seen, igniting the propellant.” 

Experimenters detailed that this was an interesting test result, “since decreasing the resistance of 

a material will also decrease its dielectric strength,” which means that it is “entirely possible that, 

aside from merely charging the propellant, the initial electric field is decreasing the dielectric 

strength of the propellant until a dielectric breakdown” occurs [36]. 

 Wickham noted in his 2015 summation of theory and research guide that “it appears that the 

resistance of the material decreases leading up to combustion and then dielectric breakdown 

occurs which is responsible for the burning of the propellant... therefore the dielectric strength of 
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the binder mix, conductivity, and distance between metal particles will be very important” [4]. 

Several other related RMS electric propellant experiments were carried out in parallel with the 

2015 button testing, however, these tests and their results are not directly related to the electric 

propellant formulation additive or resistivity and are not discussed here. 

 Most recently, during 2017, a member of the RMS research team, successfully made several 

measurements on a thick dog-bone shaped ESP-9 specimen using the same or similar 

equipment utilized for this investigation in a testing set-up configured for a two point resistivity 

measurement. Calculations for effective resistivity were made by dividing the set pulse generator 

input voltage value by the oscilloscope measured mean value for current. 

 

Figure 5. Two-point ESP-9 Effective Resistance Test Results Plotted Across Pulse Generator Input 
Voltage. 

 Test results show that as the pulse generator input voltage value was increased in 

increments of 100 V, the effective resistance of the propellant specimen tested remained 

conclusively constant at a value of approximately 10*103 Ω (the same specimen was used for all 

of the results shown). This means that as applied voltage increases or decreases, in this case, 

the resistance of the electric propellant specimen tested remained the same (see Figure 5). A 

slight positive increase in resistance values exists at voltages lower than 500 V, however for the 

high voltage application in which this propellant would be normally operated, the overall trend 
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remains as described. The testing set-up used for the study described above informed the testing 

set-up utilized for this investigation, and is detailed below in Chapter 3. 

Related Solid Polymer Electrolyte and Doped PVA Research 

 While solid polymer electrolyte (SPE) materials are an area of research in the battery 

industry and not widely associated with the propulsion industry, the basic formula for a solid 

polymer electrolyte is comparable to that of the current RMS electric propellant formula both in its 

similarity of ingredients and in the overall peculiarity of its mixture. For these reasons, and for the 

fact that various solid polymer electrolyte formulation’s AC and DC conductivity information is 

publically available, this topic has been included in this literature review. 

 A solid polymer electrolyte is defined as an electrically conducting solution of a salt in a 

polymer, and although described as a solid, the material may also occur in a liquid form. Also 

defined in conjunction with a solid polymer electrolyte is a conducting polymer composite, which 

is an electrically-conducting composite comprising a non-conducting polymer matrix and an 

electrically-conducting material, such as metal particles or carbon black [16]. Additionally, the 

term “polymer electrolyte” has also been “used for compositions which are essentially liquids 

absorbed into a polymer,” similar to that of the current electric propellant formula’s PVA dissolved 

into a perchlorate oxidizer and deionized water solution [37]. Solid polymer electrolyte 

“compositions which exhibit a conductivity of at least approximately 10-3 - 10-4 S/cm at 25oC 

comprise a base polymer or polymer blend containing an electrically conductive polymer, a metal 

salt, a finely divided inorganic filler material, and a finely divided ion conductor” [38]. Many of 

these polymer electrolytes “will exhibit to a greater or lesser extent the following properties: 

adequate ionic conductivity for practical purposes; low electronic conductivity; good mechanical 

properties; chemical, electrochemical and photochemical stability; ease of processing.” “The ionic 

conductivity of polymer electrolytes is typically 100 to 1000 times less than exhibited by a liquid- 

or ceramic-based electrolyte… and a great deal of effort has gone into improving the bulk 

conductivity of polymer electrolytes over the years” because these materials offer many 

advantages in several areas of industry including large, high energy density batteries for electric 
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propulsion, different fuel cell applications, and for smaller electronic devices in which the battery 

takes up a significant portion of the device.  

 Solid polymer electrolytes are typically found within a wide range of “solid-like character” due 

to that fact that the solid character of polymers is, in general, related to the molecular weight of 

the polymer. Polymers of lower molecular weight are often liquid, meaning the solid polymer 

electrolytes can range from “liquids to very hard and rigid materials” and include crystalline, dry, 

plasticized, and single- or two-phase solvent doped solid polymer electrolytes. Polymers 

organized as crystalline at the molecular level have lower conductivity, since “conductivity comes 

about through molecular motion in the structure, and are usually not considered options for 

batteries. Dry solid polymer electrolytes are single phase and non-crystalline materials that 

contain a dissolved salt in which the “ions of that salt are mobile.” Plasticized polymer electrolytes 

are single-phase and usually contain organic additives included to soften the polymer, and they 

have a higher conductivity when compared to dry polymer electrolytes due to the greater freedom 

of molecular motion. Solvent-doped solid polymer electrolytes can be either single- or two-phase 

depending mostly on their molecular make up; two-phase polymer electrolyte materials can also 

be described as gels in which both the “anions and cations are mobile at the molecular level, and 

ion-selective two-phase solid polymer electrolytes are used in the fuel cell industry, but have not 

been applied specifically in the area of lithium batteries” [37]. 

 An average value of the electrical conductivity of a solid polymer electrolyte “can be obtained 

by measuring the AC conductivity of Pn:MX” (“where P is the structural repeat unit of the polymer 

chain and n is the stoichiometric ratio of structural repeat units to formula units of salt MX”) 

“between two inert electrodes and with an inert gas passing over the sample. Alternatively, four 

probes can be used and the IR drop is measured between the two inner probes” [37]. When a 

polymer matrix has dissolved a salt, the conductivity of the polymer increases because of the 

charge carrier concentration increase, “moreover, as the salt concentration, for example for a 

polyether, is increased above ~0.1 mol dm-3 (M:O ratio of ~1:100 to 1:50), the conductivity is 

found to reach a maximum and then falls.” This conductivity drop is believed to be due to the 

“introduction of an ever-increasing number of the transient crosslinks in the system, which causes 
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a reduction in chain mobility.” Additionally, “ion aggregation can still contribute to the observed 

decrease in conductivity as, if aggregates do exist, they are likely to have retarded diffusion 

rates,” causing a further drop in the conductivity [37]. 

 Many factors control the magnitude of polymer electrolyte conductivity, the most important 

include: the nature of the salt and polymer, salt concentration, and the degree of crystallinity. 

Additionally, temperature and pressure may also play a role in the conductivities of polymer 

electrolytes and “have been used in a great number of studies as variables in investigations of 

these conductivity” factors. The total DC conductivity of SPEs “has routinely been used to 

characterize polymer electrolytes and a threshold of approximately 10-5 S cm-1 has been used as 

the criterion for possible application purposes,” with a “large number of the measured materials 

reaching such conductivity values between “room temperature and 100oC.” However, with the 

use of either blocking or non-blocking electrodes for measurement purposes, DC conditions do 

“give rise to polarization problems” in polymer electrolyte conductivity measurements [37]. These 

problems can usually, largely be avoided if AC is used instead of DC for testing and 

measurement purposes [37]. 

 With the intent of addressing the broader topic of this investigation, regarding the conduction 

and operational mechanisms of electric propellant, additional investigation into the possible 

conduction mechanisms, AC conductivity, and dielectric constants of SPEs and doped PVA 

samples was also performed.  

 Research conducted by Gurusiddappa, et al, and summarized in the publication titled 

“Conductivity and Dielectric Behavior of Polyethylene Oxide-Lithium Perchlorate Solid Polymer 

Electrolyte Films,” has concluded that “the conduction mechanism in polymer electrolytes can be 

understood by knowing the dielectric relaxation phenomena” and showed that the “electric 

modulus spectra is a powerful tool” that can be used “to understand the conductivity relaxation 

process, ion hopping mechanism, transport process, and type of charge carrier present in an 

ionic conducting solid electrolyte” [40]. 

 Additionally, a study done by Taha Hanafy titled “Dielectric relaxation and alternating current 

conductivity of lanthanum, gadolinium, and erbium-polyvinyl alcohol doped films” has proven that 
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the amount of a PVA additive, or “filler,” does influence the conductivity values of the material. 

This study was conducted with the purpose of carrying out” research on the “Fourier transform 

infrared spectrum dielectric constant, ε’, loss tangent, tan(δ), electric Modulus, M*, and ac 

conductivity, σac, of pure polyvinyl alcohol (PVA) as well as La-, Gd-, and Er-PVA doped 

samples.” Based on the first wave of results produced and depicted in this paper, “it is clear that 

the [dielectric constant] of pure PVA increases smoothly with increasing temperature due to the 

increase of the mobility of the dipoles within the polymeric sample.” Additionally, Hanafy deduces 

that, “in polymers and composite polymeric materials, interfacial polarization is almost always 

present. This refers to the existence of the additives, filler or even impurities that make these 

materials heterogeneous,” therefore, it can be suggested “that there is a role of electrode 

polarization for all these samples. In other words, the concentration of the filler influences 

polarization as well as the DC and AC conductivity values.” Final results of this study conclude 

that AC “conductivity increases with increasing frequency and temperature,” which “indicates that 

the hopping conductions mechanism is predominant for all PVA samples” [36]. 

Summary and Predictions 

 Based on the insights gained from the literature review information presented above, meant 

to inform an examination of the RMS electric propellant formula and operation that could help 

answer the research questions established in Chapter 1, and to help fill out the experimental 

framework discussed earlier in this chapter, several assumptions can be made regarding the set 

up and conclusions of this investigation.  

 Previously conducted SRM research results detail that the primary propellant chemical 

component contributing to electrical resistivity was the propellant binder, followed by the solid 

aluminum fuel additive, with the solid oxidizer only contributing to particle spacing, contrary to the 

nature of the additive and oxidizer contributions in SPEs. However, it was believed that sample 

resistivity values would be altered enough, with only a change in additive, to capture valuable 

data. This electrical properties research also led to methods and ASTM standards detailing best 

practice for determining DC electrical conductivity measurements of materials, further discussed 

in Chapter 3. 
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 Research regarding the response variable chosen for this investigation has shown that 

electrical conductivity measurements have the potential to provide important information about 

materials and, if correlated correctly, could lead to important propellant operating or performance 

predictions. This was discussed above in the Previous Related RMS Work subsection, which 

detailed 2015 experimental results showing that resistivity could be used as an indirect 

measurement of at least propellant moisture content. 

 Finally, research done on solid polymer electrolytes and similar chemical mixture 

advancements has shed light on the fact that results of this research should indicate that metallic, 

or otherwise, additives do play a part in electric propellant conduction and that DC conductivity 

measurement conditions could give rise to polarization problems, among others, in tested 

specimens. Based on the conclusions of this research, discussed in the subsection above and on 

the results of this study, presented and discussed in Chapters 4 and 5, suggestions for 

experimental improvement and further investigation can be made. 

 Research conducted on additive chemicals, particle sizes, and loading amounts helped 

contribute to the decision that copper and conductive carbon black were to be the chosen 

replacement additive chemicals for this investigation, in addition to tungsten and samples with no 

additives, and that aluminum was eliminated from this study due to safety reasons. However, 

taking a deeper look at the baseline perchlorate oxidizer based electric propellant formulation 

through an electrochemistry lens could provide some further clues regarding propellant operation. 

Additionally, several replacement additive particle sizes and loading amounts should be 

investigated, but, based on speculation by Wickham in his white paper, smaller particle sizes 

should increase the resistance of the electric propellant samples. In this case, however, particle 

size may not have as drastic of an effect on the electric propellant burning rate as particle size 

does in solid propellants. Lastly, in order to avoid the negative the effects of percolation on the 

measured values of conductivity, if it does in fact influence electric propellant properties, sample 

loading values were chosen with the intention of avoiding the best guess particle loading 

percolation threshold value and are further discussed in Chapter 3.  
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 Predictions of the possible results of this study include the following: as Wickham has 

suggested, it is predicted that smaller particle sizes will increase the resistivity of the propellant 

samples, but will not have as significant of an effect on overall resistivity given the nature of this 

investigation. Additionally, since tungsten was originally added to the formulation in order to 

increase conductivity, it is predicted that as the metallic additive loading percentage increases, so 

will the propellant conductivity (meaning lower electrical resistivity). This effect is also expected to 

occur with the copper additive, but to a lesser extent given the material properties difference, and 

based on the information gathered regarding the addition of carbon black to plastics, it is also 

expected to occur with the carbon black additive. Lastly, it is expected that the critical volume 

fraction for the additive loading percentage included in the formulations developed for this 

investigation will be equal to approximately 0.034, or 3.4%, as suggested by Kerstein based on 

his analysis described above. 

 As detailed in the Experimental Framework of the Study section of this Chapter, based on 

this literature review and the above summary and predictions, an experimental study was 

researched, designed, and carried out with the purposes of contributing to the determination of 

the electric propellant operational mechanisms. The methodology used to design and carry out 

this study is detailed below in Chapter 3. 
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CHAPTER 3 

METHODOLOGY 

Introduction 

 As discussed in Chapters 1 and 2, this experiment was designed to investigate and 

potentially answer several research questions surrounding the role of the additive in this 

perchlorate oxidizer based electric propellant formula and the effects of the additive’s particle size 

and loading percentage on the propellant’s electrical resistivity properties.  

 Traditionally, a screening experiment, meant to determine important controllable or 

uncontrollable experimental factors, is the first step in an experimental design, followed by 

response surface methodology, to define the optimal space and factors for the experiment, and 

then model validation, to confirm experimental predictions. Full-factorial experimental designs 

(experiments whose results feed the response surfaces created) “include all combinations of 

factor levels and provide a predictive model that includes main effects and all possible 

interactions,” while a fractional factorial experimental design includes “fewer trials and may be 

more efficient than the corresponding full factorial design” [11]. This investigation has been 

designed as a set of fractional factorial experiments, the results of which were used to fill out a 

response surface plot template like the one shown below for three different pulse generator input 

voltage values. “In statistics, the response surface methodology explores the relationships 

between several explanatory variables, or independent variables that may not be statistically 

independent, and one or more response variable. The main purpose of this methodology is to use 

a sequence of designed experiments to obtain an optimal response or underlying process with 

the intention of discovering property combinations that provide maximum yield with minimal cost” 

[39]. 

 The response surface template presented in Figure 6 illustrates a three axis plot (two 

explanatory factors and one response factor), where the maximum (or minimum, or range of 

values, depending on what is desired) of the response surface plot indicates the optimum 

response based on the explanatory factors being investigated. Stated in other words, the primary 

objective of the response surface method is finding the optimum set of factor levels to achieve 
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some goal. In this case, this goal outcome would be some optimal or local extrema value of bulk 

volume resistivity response, based on additive type, additive loading percentage, and additive 

particle size included in a specific propellant formulation. 

 

Figure 6. Visual Representation of the Response Surface Space to be Created Using Experimental 
Electrical Resistivity Results. 

 For this thesis project, the purpose of the screening-type experiment and response surface 

interpretation was to identify any of the electric propellant formula additive variables that could 

have significant effects on propellant properties or performance for further, future investigation, 

and to further specify a potential range of values for future exploration that might help to “round 

out” the results of this investigation or to allow researchers to “hone in” on desired outcome 

responses. The response surface template plot shown above in Figure 6 has been set up to aid in 

the visualization of the experimental design outlined in the sections below. 

 Based on the ASTM standards and research collected and summarized in the literature 

review in Chapter 2 of this document, as well as on all of the electric propellant work done prior to 

this study, and with the intention of filling out the response surface template above for each 

combination of this investigation’s dependent variables, the sample formulations, pre-

manufacturing pilot study, sample manufacturing instructions, testing apparatus, and testing 

methods described below were developed and used during this investigation. 
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Research Design and Rationale 

 In the case of this investigation, based on the established research questions, the 

determination of whether or not the various replacement additives chosen for this experiment 

influence the overall electric propellant resistivity and if the overall additive amount and particle 

size further influences that resistivity value are of the highest interest. As the time required to 

complete this set of experiments was limited, only two replacement additives (due to the 

elimination of aluminum from the study), three particle sizes, and three particle loadings have 

been considered for this set of experiments. Due to the wide range of limited factors chosen to 

bound the experimental space of this investigation, these experiments were defined as a set of 

fractional factorial experimental designs, as outlined in Table 3 below.  

 Since such a wide study of sample formulation additive, particle size, and loading has never 

previously been conducted, this experiment, regardless of how limited it may be, has contributed 

to the advancement of electric propellant knowledge. Additionally, the mixing and testing methods 

and apparatus designed for this set of screening experiments, and preserved in this document, 

have added to the ability of researchers to gain electric propellant manufacturing and electrical 

conductivity knowledge related to any further formulation study efforts put forth in the future. 

Methodology 

Sample Population 

 In Table 3, there are four different groups of sample particle loading amounts: no loading, 

light loading, medium loading, and heavy loading; within each loading group the replacement 

additives and the range of particle sizes are shown. Due to the screening type nature of these 

experiments and the lack of knowledge regarding electric propellant additive particle size effects, 

particle sizes were chosen based on increasing factor of order 10 and include the following sizes: 

aggregate for all carbon black samples, and 1-5 micron, -325 mesh (44 micron and below), and -

100 mesh (149 micron and below) for all samples formulated with a metallic additive. (Mesh is a 

measurement of particle size used to describe particle size distribution based on the sorting 

screen opening size and is not necessarily a precise measurement of particle size because of the 

possible error in the size of the wires in a mesh screen.) The largest two particle size options,       
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-325 and -100 mesh, limit the investigation in terms of their wide range of particle size, but were 

chosen due to the difficulty and increased cost of finding powdered copper and powdered 

tungsten in the same particle size ranges and shapes. 

 Each numbered cell of the particle loading sets shown in Table 3 corresponds to the number 

of samples tested for that particular propellant formulation, either nine samples or none. If a 

particular cell shows a “9,” three of the sample specimens were measured at each of the three 

pulse generator input voltage values chosen for this study for that particular sample formulation. 

Again, the number of voltage settings chosen for this study were limited due to time constraints, 

equipment capability, and because this experiment is classified as a fractional factorial 

experiment and, as such, does not require a wide spectrum of power settings. The number of 

specimens to be tested across the experimental design totals 198, not including any additional 

samples that were manufactured and used while proving in the testing apparatus and testing 

methods, or in the case of any problems encountered during the testing/measuring process. 

Table 3. Depiction of the Experimental Sample Population. 

Additive/ 

Particle Size 

Non-additive Tungsten Copper Carbon black 

 Zero Loading 

No Applicable 
Particle Size 

9 - - - 

 Light Loading (1.5%) 

Order 100, 1-5 micron - 9 9 - 

Order 101, -325 mesh - 9 9 - 

Order 102, -100 mesh - 9 9 - 

Aggregate - - - 9 

 Medium Loading (2.3%) 

Order 100, 1-5 micron - 9 9 - 

Order 101, -325 mesh - 9 9 - 
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Additive/ 

Particle Size 

Non-additive Tungsten Copper Carbon black 

Order 102, -100 mesh  9 9 - 

Aggregate  - - - 9 

 

 Heavy Loading (5.0%) 

Order 100, 1-5 micron - 9 9 - 

Order 101, -325 mesh - 9 9 - 

Order 102, -100 mesh - 9 9 - 

Aggregate - - - 9 

 
 Particle loading values of approximately 1.5%, 2.3%, and 5%, by volume, have been chosen 

for the light, medium, and heavy particle loading groups, respectively. As discussed in the 

Percolation Theory and Concepts subsection of Chapter 2, particle loadings above and below the 

assumed percolation threshold of approximately 3.4%, by volume, were desired for investigation. 

The medium particle loading value of approximately 2.3% was chosen because it is 

approximately the tungsten particle loading value in the current electric propellant baseline 

formula, and comparison of the baseline formula tungsten loading to the copper and carbon black 

loading was desired. 

 A lighter particle loading value of 1.5% was chosen because, based on the literature review, 

more useful information can be gathered by focusing on several points below the volume fraction 

percolation threshold rather than above. However, the value of the volume fraction percolation 

threshold for this material and its variants has not yet been established, so the third value of 

particle loading of 5% was selected above the assumed threshold in order to increase the 

chances of ascertaining a possible threshold location. 

 If this investigation shows that electric propellant sample electrical resistivity values are a 

function of replacement additive, additive particle size, and particle loading, and are driven by 

percolation, then the scaling of the average additive particle cluster size within samples, in 
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addition to the value of the volume fraction percolation threshold, will become important. Testing 

enough propellant formulation loading variations and overall sample sizes to determine scaling 

exponents, length scaling factors, and “s” curve slope change would then be required.  

 Each of the propellant samples tested were prepared following the method outlined in the 

most updated previously written version of the “ESP-9 Electric Propellant Manufacturing 

Instructions” as closely as possible, and following the guidelines outlined in the “ePropellant Pre-

Mixing Test Plan” and the “ePropellant Mixing and Testing Plan” developed for this thesis project. 

The 10 baseline propellant sample formulations designed for the experiment are given below in 

Figures 7, 8, 9, and 10. 

  Non-additive Propellant Formulation 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 75 65.9 
Polyvinyl Alcohol 25 34.1 
Total 100 100 

Figure 7. Formulation for the Electric Propellant Samples with No Included Additives. 
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Propellant Formulation at 1.5% W Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 65 65.7 
Powdered Tungsten 14 1.5 
Polyvinyl Alcohol 21 32.9 
Total 100 100 

 

Propellant Formulation at 2.3% W Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 60 64.5 
Powdered Tungsten 20 2.2 
Polyvinyl Alcohol 20 33.3 
Total 100 100 

 

Propellant Formulation at 5.0% W Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 48 62.7 
Powdered Tungsten 36 4.9 
Polyvinyl Alcohol 16 32.4 
Total 100 100 

Figure 8. Formulations for the Electric Propellant Samples with Varying Tungsten Additive Particle 
Sizes and Loadings. 
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Propellant Formulation at 1.5% Cu Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 70 65.3 
Powdered Copper 7 1.5 
Polyvinyl Alcohol 23 33.3 
Total 100 100 

 

Propellant Formulation at 2.3% Cu Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 67 64.7 
Powdered Copper 11 2.4 
Polyvinyl Alcohol 22 32.9 
Total 100 100 

 

Propellant Formulation at 5.0% Cu Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 59.5 63.0 
Powdered Copper 21 5.0 
Polyvinyl Alcohol 19.5 32.0 
Total 100 100 

Figure 9. Formulations for the Electric Propellant Samples with Varying Copper Additive Particle 
Sizes and Loadings. 
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Propellant Formulation at 1.5% CB Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 73.75 64.9 
Aggregate Carbon Black Powder 1.5 1.4 
Polyvinyl Alcohol 24.75 33.7 
Total 100 100 

 

Propellant Formulation at 2.3% CB Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 73.25 64.5 
Aggregate Carbon Black Powder 2.5 2.3 
Polyvinyl Alcohol 24.25 33.1 
Total 100 100 

 

Propellant Formulation at 5.0% CB Volume Fraction 
Chemical Mass % Volume % 
Perchlorate Oxidizer Solution 71.25 62.9 
Aggregate Carbon Black Powder 5.25 4.9 
Polyvinyl Alcohol 23.5 32.2 
Total 100 100 

Figure 10. Formulations for the Electric Propellant Samples with Aggregate Carbon Black and 
Various Particle Loadings. 

Manufacturing Pilot Studies and Sample Manufacturing 

 Prior to manufacturing the samples used for experimental testing, a document detailing 

experimental test mixes and procedures was written and a set of pre-mixing test samples were 

made and examined in order to determine the best set of mixing and curing instructions for each 

sample formulation. In order to preserve materials and decrease time to complete test mixing, 

only the -100 mesh tungsten and copper formulations were prepared, in addition to the carbon 

black samples and the test sample with no included additive. The -100 mesh samples were 

chosen because they contained the largest additive particle sizes, and it was assumed that if any 

of the additive particle sizes were to negatively affect the propellant, it would be the largest 

particle sizes that may settle or sink within the samples after being allowed to set in their molds. 

 The written documents detailing experimental test mixing and final sample manufacturing 

called for the use of the most up to date version of the electric propellant mixing instructions at 

the time. These mixing instructions detailed the chemical ingredients needed for a baseline 
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propellant formulation mixture, the mixing equipment and expendables required to manufacture 

the propellant to the current, best practice quality, and the instructions detailing how the 

ingredients should be mixed. Current best practice for mixing electric propellant at the time during 

which this investigation was completed included the use of a Thinky ARV-310 planetary mixer. 

 

Figure 11. (Left) Thinky Mixer Used to Manufacture Test and Final Sample Formulations [41]. (Right) 
The Semco extruding gun used to extrude mixed propellant out of the syringes in which they were 

mixed. 

 Based on previous work, discussed in the Background section of Chapter 1, one of several 

advancements made in 2016 included the addition of the Thinky mixer to the mixing process, as 

the “mixer has shown that it can emulsify an ESP-9 mix better than anything else” [40]. This 

improved propellant emulsification was probably due to the fact that the Thinky ARV-310 mixer 

combines “vacuum pressure reduction function with rotation and revolution mixing for general 

purposes,” enabling the “efficient elimination of submicron-level air bubbles” when compared to 

the previously standard hand mixing instructions [41]. 

 Also included in the current best practice manufacturing processes was the addition of 

Semco cartridge syringe mixing and extrusion, added in 2017 in order to ease the time and effort 

required for propellant casting. Using the Thinky mixer, and mixing in the smaller diameter 

syringes, adapted to fit into the Thinky mixing chamber, propellant was mixed within a Semco 

syringe cartridge and then place right into the Semco extruding gun for casting into the flat molds. 

The Semco model 250-A sealant gun used for this process is widely considered an aerospace 

and electronics industry standard and has been designed for the pneumatic application of 

sealants, adhesives, and other materials that can be filled into Semco disposable cartridges. 
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 Following the completion of the mixing all of the test samples for the pre-mixing plan, it was 

decided that added dehydration time was absolutely necessary in order for the samples to retain 

their required shape based on the amount of relaxation observed in the finished samples. 

Additionally, all sample formulations, with the exception of the tungsten formulation at 2.3% 

particle loading, were adjusted so their PVA to perchlorate oxidizer solution volume ratio matched 

that of the baseline formulation at 2.3% tungsten particle loading as closely as possible; these are 

the sample formulas presented in Figures 7 through 10. This was done to ensure that the 

desirable mechanical properties of the 2.3% tungsten particle loading formulation (hardness, 

resistance to relaxation, ease of mixing and extruding) were preserved across the entire sample 

population. 

 In addition to improving sample manufacturing techniques, the sample dimensions, in 

accordance with ASTM standards, and the sample molds were also updated based on the pre-

mixing results. Samples made during the pre-mixing study were extruded into 3D printed molds of 

ASTM standard specified sample shape 6 in by 0.5 in by 0.25 in, however as the testing 

apparatus designed for this experiment matured, sample dimensions were decreased 

dramatically, but still kept within the allowable ASTM standards, down to 2.75 in by 0.5 in by 

0.125 in, in order to continue to preserve material and allow for quicker testing sample 

manufacturing. It was also decided that extruding syringe mixed propellant into sheets, referred to 

as “flats,” that could then be cut down would be more time efficient in terms of manufacturing all 

of the required test samples, and would, again, decrease material waste. 

Following the pre-mixing plan, and prior to taking any electrical measurements, the left over 

material from each sample manufactured for the pre-mixing study described above was set aside 

and later configured for open atmosphere on/off test firing to verify that each formulation retained 

the on/off properties of the baseline propellant formulation. However, as discussed in the 

Limitations section of Chapter 1, no pilot study was done to determine if the on/off mechanism of 

these various propellant samples has been preserved across different operating pressures, as 

stated in the original electric propellant patent. This may be desired as a follow up experiment, as 

the determination of such may provide vital clues to the propellant burning and control 
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mechanisms, and it is possible that not all formulations being studied retain their on/off 

mechanism at higher pressures.  

 The final samples used during the testing process of this investigation were manufactured as 

closely to the most current version of the “ESP-9 Electric Propellant Manufacturing Instructions” 

as possible, with notable exceptions including a hand mix time of approximately 90 seconds, and 

a planetary centrifugal vacuum mixer time of approximately 60 seconds. Additionally, after being 

extruded into their molds, each flat of propellant was dehydrated (cured) in a digitally timed 

dehydrator. The countertop five tray dehydrator used was controlled by a 550 Watt heating 

element and a rear-mounted fan designed for uniform drying, with an adjustable 95-155oF 

thermostat and a 30 hour digital timer. Each propellant flat was dehydrated for a total of 30 hours 

at a set temperature of 135 oF  in order to remove a portion of the water from the samples and 

prevent them from relaxing out of their desired shape throughout the testing process. After 

dehydration, each flat of propellant was then cut down into the required testing specimen size 

according to the dimensions above. 

Sampling and Sampling Procedures 

 Unfortunately, the electric propellant material’s ability to absorb water from its surroundings 

has not yet been fully eliminated and the degree to which this ability has been mitigated by 

dehydrating the propellant sample flats is currently unknown. While sample conditioning 

measures were put in place in order to preserve, as closely as possible, the condition of the 

samples immediately after dehydration time, the samples may still have been able to absorb 

enough water to affect experimental conductivity measurements and make the researched 

hypothesis developed for this experimental investigation difficult to prove or disprove. In the 

interest of understanding how the samples/specimens manufactured for this experiment absorbed 

water over time, specimens were each weighed at several instances throughout their 

experimental life including once before being placed in a desiccator for storage, once immediately 

before being tested, and one final time after all testing had been completed. 
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Figure 12. Testing Samples Stored in the Laboratory Desiccator. 

 Cut specimens were conditioned, stored, and prepared for testing inside of a laboratory 

desiccator located near the testing set-up. Figure 12 above shows the prepared samples inside of 

the desiccator prior to the beginning of testing. Each flat of propellant manufactured allowed for 

approximately 9-14 specimens to be cut, from which the 9 specimens required for testing were 

randomly chosen and numbered for recording purposes. Specimens were kept within their 

propellant flat mold after cutting in order to prevent relaxation and were stored in sealed plastic 

bags inside of the desiccator when not in use in order to prevent contamination. Tested 

specimens were only electrified for measurement and data collection once before being placed 

back in their flat mold, and all results were recorded on a soft copy of the testing record sheet 

designed to record results for this investigation. 

 Usually, the order of running and testing experimental trials is “randomized to protect against 

the presence of unknown lurking variables,” as well as bias of any kind [11]. For this thesis 

project, and in accordance with ASTM standards, specimen testing (and sample manufacturing) 

was done at random using a pre-ordered testing record sheet to determine the order in which to 

test and record specimen measurements. This record sheet was assembled in Excel; all of the 

specimens to be tested for this investigation were given a serial number and each of those serial 

numbers were given a number 1 through 198. Each of the serial numbers were then assigned a 
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random number value between 0 and 1 using Excel’s “rand” function, the random numbers were 

then sorted from smallest to largest using Excel’s “small” function, and finally, the sorted random 

values were matched to their serial specimen number to determine a final testing order for all of 

the specimen. 

Testing Apparatus and Instrumentation 

 The testing apparatus electrode system designed for this investigation to employ the “four 

point technique” in order to determine electrical resistivity was chosen based on ASTM standards, 

ease of design and construction, and ease of use during testing operations. As described in 

Chapter 2, in a four terminal sensing set-up, current is supplied to a sample via a pair of current 

carrying electrodes connected to the sample. A pair of potential electrodes, also connected to the 

sample, indicate the voltage drop across the sample and within the bounds of the current carrying 

electrodes. Using the known and measured values for current and voltage, respectively, and the 

dimensions of the measured sample, a value for resistivity can be calculated. ASTM standard 

D991-89 dictates that the “electrode assembly shall consist of a rigid base made from an 

electrically insulating material having a resistivity greater than 10 TΩ-m” (1012 Ω-m) to which “a 

pair of current electrodes and a pair of potential electrodes are fastened in such a manner that 

the four electrodes are parallel and their top surfaces are in the same horizontal plane. Another 

pair of current electrodes identical with the first pair shall be fastened to a second piece of 

insulating material so that they can be superimposed on the specimen directly above the first 

pair” [42]. The electrode assembly presented below in Figure 13 shows the position of the current 

and potential electrodes described with respect to an example testing specimen. 
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Figure 13. Testing Apparatus Electrode Assembly [42]. 

 Per ASTM standard D257-07, the material used to make the testing apparatus electrodes 

“should be corrosion-resistant under the conditions of the test” and should be made “of a material 

that is readily applied, allows intimate contact with specimen surface, and introduces no 

appreciable error because of electrode resistance or contamination of the specimen.” Copper was 

chosen for this testing apparatus electrode material because it has been used successfully as an 

electrode material for previous electric propellant efforts and it was readily availability for 

fabrication. ASTM standard D257-07 also suggests choosing a flat metal plate/metal bar 

electrode shape for “testing flexible and compressible materials, both at room temperature and at 

elevated temperatures,” however the standard notes that “considerable pressure is usually 

required” to ensure “intimate contact with the specimen” [33]. Electrode assembly specifications 

detail the electrode contact masses required to provide constant contact force between the 

sample and the electrodes; these masses were made out of stainless steel, also due to its 

availability for fabrication.  

 The specimen dimensions, decided upon during the examination of pre-mixing plan results, 

dictated the final dimensions of the testing apparatus, specifically the distance between 

electrodes and the weight of the contact force masses. All other apparatus design details and 

dimensions were either provided by one of the three ASTM standards relied upon for this 

investigation (D257-07, D991-89, and D4496-87) or were chosen based on ease of constructing 

and/or using the testing apparatus. 
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Figure 14. (Left) Creo Parametric Model of Testing Apparatus, with Specimen. (Right) Image of 
Testing Apparatus Built for This Investigation, Without Specimen. 

 The final apparatus assembly’s rigid base and insulation parts were 3D printed out of 

acrylonitrile butadiene styrene (ABS) due to its volume resistivity values of >1015 Ω-m , as well as 

its material flexural strength and higher temperature resistance. The stainless steel current and 

potential contact forces machined for this testing apparatus weigh approximately 0.943 and 0.194 

lbm, respectively, and apply slightly higher that the amount of force required to the copper current 

and potential electrodes (the standards require 0.857 and 0.171 lbm of force, respectively). 

 The desired testing instrumentation output data values required to compute electrical 

resistivity of the tested propellant samples included values for the current through the testing 

apparatus current electrodes and the potential difference across the testing apparatus potential 

electrodes for each specimen. In order to electrify specimen in the testing apparatus assembly, to 

accurately calibrate the testing set-up, and to collect the desired output data values, several 

electronic test instruments, along with some additional testing hardware items, were required. 

 For the purposes of this investigation, a Cober Electronics, Inc. High Power Pulse Generator 

Model 605P was deemed appropriate for generating the required signals to be delivered to the 

testing apparatus. The output of this pulse generator was connected to each of the testing 

apparatus current electrodes and to a LeCroy LC574A 1GHz Oscilloscope to ensure that a pulse 

of the correct shape, magnitude, length of time, etc. was being delivered to the specimens tested. 

The Cober 605P is a “versatile, High-Power Pulse Generator that produces a broad range of 

excellent wave shape pulses at peak powers of up to” 24 kW at 1.5% duty, and the output of 

which is continuously adjustable from 0 to 2200 V at an output current of 11 A. The 605P “is a 

precise tool for research and testing” in which ”specific applications include “use as a power 

source for solid-state devices,” “for performing destructive or non-destructive testing of electrical 
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and electronic components and for determining their electrical and life characteristics”, and 

applications “in the pulse testing of magnetic components, nuclear research, and as an all-

purpose source of high power pulses for the laboratory” [43]. 

 A 100 Ω resistor assembly, referred to as the “current measurement” resistor,” was placed 

between the testing apparatus current electrodes and the negative end of the pulse generator 

output, and was connected to the oscilloscope with a coaxial cable. Using the measured value of 

the voltage drop across the resistor, the current passing through the testing apparatus current 

electrodes could be computed. A current sensing probe could have been used in place of this 

resistor, however, it was found during set-up verification that the signal detected by the current 

probe and output on the oscilloscope was noisier than the sensing precision resistor assembly 

and was slightly less accurate. Use of the resistor assembly also simplified steps required for 

taking data points, as there was no longer any need to constantly degauss a current probe. 

 Finally, a set of voltage probes connected to a differential attenuator were attached to each 

of the potential electrodes and connected to the oscilloscope through a differential amplifier, 

included in order to amplify the difference between each voltage probe while suppressing any 

common voltage between the two probes. The two channel, 100 MHz LeCroy DA1855A PR2 

Differential Amplifier was intended to act as a signal conditioning preamplifier for the oscilloscope 

used, providing a differential measurement capability to instruments (the oscilloscope, in this 

case) having only single-ended input options. By connecting each of the voltage probes plugged 

into the differential amplifier, or voltage inputs, to each of the potential electrodes during sample 

electrification, the resultant output voltage, displayed on the oscilloscope, was proportional to the 

voltage difference between the two input voltage signals. 
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Figure 15. (Left) The Testing Apparatus Integrated into the Testing Set-up. (Right) The Oscilloscope 
and Differential Amplifier with Connections from the Testing Set-up. 

 All three of the recorded testing signals (the pulse generator output, the voltage drop across 

the “current measurement” resistor, and the voltage drop across the potential electrodes) were 

captured by the oscilloscope as voltage signals and analyzed for data collection as outlined in the 

written testing procedures. 

Procedures for Calibration and Data Collection 

 Due to the large number of data points that were required for experimental analysis, sample 

testing and data collection for this investigation was broken up into discrete testing sessions 

conducted over a period of several weeks. Prior to testing any samples during these discrete 

testing sessions, and in order to ensure that the testing set-up and instrumentation used to collect 

data were functioning properly, all testing hardware and instrumentation were inventoried and re-

calibrated to the specific testing set-up requirements. A 10 kΩ wire wound resistor, referred to as 

the “calibration resistor,” in place of the testing specimen and the bottom shell of the 3D printed 

testing apparatus (including the attached potential and current electrodes), was used during 

calibration to verify the settings of the oscilloscope, differential amplifier, voltage probe assembly, 

and pulse generator, as well as to establish the testing day’s required data correction values, to 

be used later during the data analysis process. It is understood that “wire wound resistors 

naturally have some capacitance and inductance. Because of this, they influence current flow in 

an alternating current circuit,” but “with a DC current fewer problems with the winding arise than 
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with an AC current, because of the parasitic capacity and self induction” [44]. However, wire 

wound resistors are usually very accurate, have excellent properties for lower resistance values 

and high power ratings, and high precision wire wound resistors are often used in calibration 

equipment. 

 

Figure 16. The Calibration Resistor Connected to the Testing Set-up. 

 After this “calibration resistor” was assimilated into the testing set-up, a 1000 V pulse was 

applied to the system set-up and the resulting curve traces were captured on the oscilloscope 

shown above. The resulting curves representing the potential difference across the resistor 

between the two middle alligator clips and the current across the resistor running through the two 

outside alligator clips were analyzed for their average value, which was then used to calculate the 

measured value of the resistor. If the measured four point technique calibration value of the 

resistor was calculated to be within approximately 10% of the actual value of the calibration 

resistor, 10 kΩ, the set-up was deemed acceptable and voltage rejection calibration could be 

performed. 

 In order to determine the voltage rejection value between the voltage probes used to 

determine the potential difference across the testing apparatus potential electrodes, one of the 

voltage probes was removed from its alligator clip and attached to the same alligator clip as the 

other voltage probe. A 1000 V pulse was again applied to the system and the resulting curve 

traces were captured on the oscilloscope. If the potential difference measured across the same 

point on the calibration resistor was less than approximately 10 V, the set-up was deemed 

acceptable and specimen testing could begin. Additionally, the scale used to measure sample 
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mass during testing was checked for accuracy and re-calibrated, if necessary, prior to each 

discrete testing session. 

 After recording the day’s data correction values, the calibration resistor was removed from 

the testing set-up and the testing apparatus was reassembled. Specimens to be tested during 

each testing session, following the order prescribed by the testing record sheet, were weighed 

and measured dimensionally for length, average width, and average thickness before they were 

placed in the testing apparatus. Each specimen tested was tested only once throughout its 

lifetime, due to the fact that the impacts of this kind of electrical impulse on specimens’ material 

and electrical properties was not well understood at the time of testing. For the purposes of this 

investigation, it was assumed that each specimen tested was considered damaged or unusable 

after being electrified. 

 The testing output data shown on the oscilloscope for each specimen was recorded on a 

digital copy of the testing record sheet. Using the Excel document prepared to electronically 

record data, including sample dimensions, mass, and electrical input and output values, ensured 

that data could be easily recorded, stored, preliminarily analyzed, and saved for later data 

analysis and manipulation.  

 Additionally, detailed records were made in a testing notebook during each experimental 

testing period regarding testing operations, samples tested, results of oscilloscope 

measurements, and any significant testing occurrences (mistakes, delays, stoppage, anomalies, 

etc.) that could affect results. Any curve traces presented on the oscilloscope that were deemed 

interesting or different in any way from the expected curve traces were captured for later analysis. 

 Following the recording of the oscilloscope output data, sample resistivity was calculated 

directly within the Excel testing record sheet using a calculation equation in one of the sheet 

columns. The volume resistivity for each specimen tested was calculated using Equation 2 shown 

below, 

 𝑅 =  
𝑉𝑤𝑑𝑘

𝐼𝑙
 (2) 
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where R is the sample volume resistivity [Ω-m], V is the potential difference across potential 

electrodes [V], I is the current through the current electrodes [A], w equals the width of a test 

specimen [in or mm], d equals the thickness of a test specimen [in or mm], l equals the fixed 

distance between the testing apparatus potential electrodes [in or mm], and k is a correction 

factor dependent on the units in which w, d, and l are measured; k is 0.001 if measured in 

millimeters and 0.0254 if measured in inches. 

 After all raw data was recorded and visually inspected, it was apparent that there were 

several outliers in the data sets. Instead of eliminating these outliers, which would have either left 

some samples with only one data point at certain voltage values, or eliminated a few of the 

samples flats tested completely, it was decided that these outliers would be identified using some 

criteria and selected for retest, instead of being thrown out, in order to preserve the size of the 

data set taken. 

 Following a 10% trimmed mean approach, the rounded, top and bottom 5% of calculated 

resistivity values of the specimens from the raw data collected for each group of additives were 

identified for retest in random order. This “trimmed mean looks to reduce the effects of outliers on 

the calculated average,” and is a method that “is best suited for data with large, erratic deviations 

or extremely skewed distributions” [45]. The number of specimens to be retested totaled 24, 

including 10 tungsten specimen, 10 copper specimen, two carbon black specimen, and two non-

additive specimen. Specimens were re-weighed and new testing masses, along with new 

electrical output values were recorded; outlier specimens were not re-dimensioned. 

 Following the completion of data collection and the outlier evaluation, all specimens were 

weighed and their final “end of testing” mass was recorded on the testing record sheet. After all of 

the tested specimens had been weighed, they were left in their flat molds, sealed in a new, 

relabeled plastic bag, and placed inside of the desiccator, which was then filled with new 

desiccants, a new humidity indicator strip, and sealed with grease in order to preserve samples 

for later use. All testing hardware and equipment required for the testing set-up described above 

was broken down and put away, as specified by lab personnel. 
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Procedures for Data Calibration Correction 

 The subsection above, Procedures for Calibration and Data Collection, reviewed the 

procedures for taking five calibration data points: a Fluke DMM reading of the calibration resistor 

and the current measurement resistor, and the oscilloscope readings for mean voltage across the 

potential electrodes, mean voltage across the current measurement resistor, and for voltage 

rejection based on a 1000 V pulse. Based on the equipment used during this investigation and on 

the testing set-up, both DMM readings and both mean voltage readings, used to compute a 

measure value for the calibration resistor, were considered verification calibration readings. 

These readings were all completed and recorded in order to ensure that the resistor used for the 

testing set-up and the testing set-up including the testing apparatus were connected and 

functioning properly. These four readings were not applied to the raw data before or after 

collection. 

 The recorded oscilloscope readings for voltage rejection are the only calibration data points 

collected that were used to later alter the raw data collected during this study. Based on the 

testing set-up shown and described in Chapter 3, the recorded measurement of voltage across 

the potential electrodes was a combination of both a differential and a common mode component. 

 𝑉𝑜𝑢𝑡 =  𝑉𝐷𝑀 +  𝑉𝐶𝑀 (3) 

Had the output of the pulse generator been measured during the calibration portion of each 

testing session, this value would have been used to calculate the differential mode gain. Since 

this value was not measured, it was assumed throughout the calibration correction process that 

the differential mode gain, GDM, was equal to a value of one. This is illustrated in the equation 

below, where V(1) and V(2) represent the difference between the two input terminals, the two 

potential electrodes. 

 𝑉𝐷𝑀 =  𝐺𝐷𝑀(𝑉(1) − 𝑉(2)) = 1(𝑉(1) − 𝑉(2)) (4) 

 Since the voltage rejection values, or the voltage measured when both voltage probes were 

placed on the same potential electrode, were measured and recorded from oscilloscope readings, 

they were used to calculate the common mode gain and applied to the final bulk volume resistivity 
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calculation as a calibration correction. If more than one set of calibration data was taken for a 

discrete testing session, voltage rejection readings were either averaged if they were taken during 

the beginning of a testing session, or applied to only the samples that were tested after 

measurements were recorded if they were taken throughout the testing session. 

 

𝑉𝐶𝑀 =  𝐺𝐶𝑀 (
𝑉(1) − 𝑉(2)

2
)

=  (
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑡

𝑃𝑢𝑙𝑠𝑒 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑆𝑒𝑡𝑡𝑖𝑛𝑔
) (

𝑃𝑢𝑙𝑠𝑒 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑆𝑒𝑡𝑡𝑖𝑛𝑔
2

) 

(5) 

The final equation used to calculate the calibration corrected potential electrode voltage readings 

is as follows: 

 

𝑉𝑜𝑢𝑡 = 1(𝑉(1) − 𝑉(2)) −  𝐺𝐶𝑀 (
𝑉(1) − 𝑉(2)

2
)

= 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐴𝑐𝑟𝑜𝑠𝑠 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 𝑂𝑠𝑐𝑖𝑙𝑙𝑜𝑠𝑐𝑜𝑝𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 

− (
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑃𝑢𝑙𝑠𝑒 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑆𝑒𝑡𝑡𝑖𝑛𝑔

) (
𝑃𝑢𝑙𝑠𝑒 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑆𝑒𝑡𝑡𝑖𝑛𝑔

2
) 

(6) 

The calibration correction was performed in the same Excel spreadsheet in which all of the raw 

experimental data was stored and the final values for calibration corrected voltage across the 

potential electrodes were used to recalculate the values for electric propellant bulk volume 

resistivity. 

 

Figure 17. Screen Capture of the Calibration Correction Portion of the Excel Testing Record Sheet. 

 The equation above, for final corrected potential electrode voltage, assumes that the voltage 

rejection measurement, taken once during the calibration portion of each testing session across a 

specific pulse generator input voltage, did not vary significantly over the course of that testing 

session. Calibration testing procedures and the calibration correction procedure described above 

were set up this way in order to simplify the amount of measurements that needed to be taken for 

each specimen electrified during a testing session. Additionally, because the testing session was 

prohibited from proceeding further unless the measured voltage rejection value was less than 10 
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V, equivalent to a maximum change in calibration corrected measured voltage value of 

approximately 1.7%, the error attributed to a non-zero common mode gain is small compared to 

other sources of experimental error present in this investigation. Error propagation methodology 

for this testing set-up is discussed below. 

Response Surface Methodology 

 In order to analyze such a large amount of data in a timely and efficient manner, a statistical 

software package called Minitab® 17 was used, as it provided all of the necessary tools for 

analyzing the data collected for this investigation. The response surface equation modeled to the 

data collected and input into Minitab shows how changes in variables affect a response of 

interest; in this case the changed variables include the additive, percent loading of additive, and 

additive particle size, and the response of interest is the electric propellant bulk volume resistivity.  

 Data from the outlier and calibration corrected Excel testing record document was cut down 

and edited in a separate sheet tab so that it could be properly formatted and transferred into the 

Minitab Worksheet space, as shown in Figure 18. Only columns for additive resistivity, additive 

percent loading, additive particle size, and resulting propellant resistivity were needed for the 

Minitab analysis performed for this investigation. 

 

Figure 18. The Minitab Worksheet Where Experimental Data Was Entered. 

 In order to be properly analyzed in Minitab, additive type was replaced with the value of 

electrical resistivity for each additive used in this set of experiments. Additive resistivity for the 

non-additive samples was set equal to zero, the resistivity values for tungsten and copper were 

set to those values provided in Table 1 of Chapter 2, and the carbon black/graphite resistivity 

values was estimated to be approximately equal to 1*10-6 Ω-m, as no resistivity data was 

provided or available for the material. The largest given value of particle sizes in each size order 
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was formatted for use in Minitab and was used in place of the range of particle sizes; “5” for the 1-

5 micron additive particle sizes, “44” for the -325 mesh, and “149” for the -100 mesh. Additionally, 

the units of particle size were converted from micron/mesh to meters and the values for percent 

loading were converted to decimal place numbers in order to ensure that the resulting regression 

equation developed in Minitab had correctly scaled units. 

 Several design of experiment response surface statistical functions are provided by Minitab. 

For the data entered into Minitab, partially shown above in Figure 18, data was first analyzed for 

normality and then the corresponding response surface was analyzed; various data-specific 

results, including ANOVA tables and several factorial, surface, and contour plots, were used to 

draw conclusions regarding the results of this set of experiments. 

 As discussed in the Introduction section of this Chapter, the purpose of this screening-type 

experiment and response surface interpretation was to identify any of the electric propellant 

formula additive variables that could have significant effects on propellant properties or 

performance. The response surface design options in Minitab are capable of fitting a second-

order (quadratic) prediction equation using the measured input responses. The quadratic terms 

included in this equation model the curvature in the response function (or at least in the response 

function created by the measured data), allowing for the visualization of unique extrema in the 

response. This method of imposing a quadratic function on the measured responses forces a 

revealing structure with local perturbations (the maximum, minimum, or range of values, 

depending on what is desired) that could be important; these features are what could possibly 

indicate or hint at an optimal combination of electric propellant formula additive variables, or 

explanatory factors. 

Error Analysis 

 In any experimental investigation, it is important to understand and account for the fact that 

all measurements of physical quantities are subject to uncertainty. In the case of this 

investigation, experimental response values for bulk volume resistivity were determined indirectly, 

calculated using an equation composed of other measured physical and electrical quantities. 

Based on the description of the results above, it is clear that experimental error exists within the 
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response values obtained, however the quantification of all of this error is almost impossible given 

the most likely sources (mixing non-homogeneity, etc.). However, because the test measurement 

system was set up using equipment and hardware with known (or able to be estimated) 

associated uncertainties, the error contribution from the testing measurements themselves can be 

propagated through the resistivity calculation equation and analyzed to determine the impact on 

response results.  

 In order to determine the error propagation through the testing set-up, all known equipment 

and hardware errors/tolerances/uncertainties were gathered, or estimated, as shown in the table 

below, and were used as the measurement error values throughout the resistivity error 

propagation calculations. 

Table 4. The Error Values Used as the “Prime” Values for Testing Set-up Error Propagation. 

Error Term Error Value 

Pulse generator error ±3% of set output voltage value 

Voltage probes 100:1 ± 1.75% 

Differential amplifier 1:1 or 10:1 ± 1% 

Current measurement resistor 

DMM error 

100Ω, 5% = 5Ω 

± 2% + 1 

Specimen width, Specimen thickness ± 0.5mm based on rubber quality of specimens 

Distance between potential electrodes l ‘ << w’, d’, Assumed negligible  

Correction factor N/A 

 
 Using the values for error gathered in Table 4 and the equation for resistivity (Equations 2 

and 6), the equation for error propagated through the resistivity testing set-up detailed in Chapter 

3 was determined. The first step of determining the equation for testing equipment and hardware 

error propagation through the resistivity measurement, assuming all variables are independent of 

each other and neglecting any correlations, was to write out the full error propagation equation to 

be used, shown in Equation 7. 
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 (𝜕𝑅)2 =  (
𝑘
𝑙

) [
𝑤𝑑

𝐼

2

𝜕𝑉2 +  
𝑉𝑑
𝐼

2

𝜕𝑤2 +
𝑉𝑤

𝐼

2

𝜕𝑑2 +
−𝑉𝑤𝑑

𝐼2

2

𝜕𝐼2] (7) 

 Following the definition of the equation to be used for error propagation, it was necessary to 

determine the equations of several terms and subsequent terms within Equation 7 in order to fully 

define calculations required to complete this error propagation. These equations were for the 

uncertainty in both the voltage and the current measurements (Equations 8 and 9, respectively), 

and subsequently for the uncertainty of the voltage values used to compute the final voltage 

measurement, which was then used to calculate the bulk volume resistivity of each specimen 

tested (Equation 10). 

 (𝜕𝑉)2 = [(1)2𝜕𝑉𝑜𝑠𝑐𝑜𝑝𝑒
2 + (

1
2

)
2

𝜕𝑉𝑟𝑒𝑗
2] (8) 

 

 (𝜕𝐼)2 = [(
−𝑉𝑜𝑠𝑐𝑜𝑝𝑒

𝑅𝐶𝑀
)

2

𝜕𝑅𝐶𝑀
2 + (

1
𝑅𝐶𝑀

)
2

𝜕𝑉𝑜𝑠𝑐𝑜𝑝𝑒
2] (9) 

 

 

(𝜕𝑉𝑜𝑠𝑐𝑜𝑝𝑒)2 = (𝜕𝑉𝑟𝑒𝑗)2

= [(𝐺𝑝𝑟𝑜𝑏𝑒𝑠𝐺𝑑𝑖𝑓𝑓 𝑎𝑚𝑝)2𝜕𝑉𝑝𝑔𝑒𝑛
2 + (𝑉𝑝𝑔𝑒𝑛𝐺𝑑𝑖𝑓𝑓 𝑎𝑚𝑝)2𝜕𝐺𝑝𝑟𝑜𝑏𝑒𝑠

2

+ (𝑉𝑝𝑔𝑒𝑛𝐺𝑝𝑟𝑜𝑏𝑒𝑠)2𝜕𝐺𝑑𝑖𝑓𝑓 𝑎𝑚𝑝
2] 

(10) 

 Once equations were fully defined, they were all input into separate cells of the same outlier 

and calibration corrected Excel testing record document discussed above and testing equipment 

and hardware contributed uncertainty values for each of the 189 bulk volume resistivity 

measurements made during this investigation were determined. 

Summary 

 This chapter detailed the methodology used throughout this investigation to prepare samples 

and specimens for testing, to set up and calibrate the testing apparatus, hardware, and 

equipment, to take resistivity measurements on specimens and record resulting measurements, 

to test for outliers and correct raw data with calibrations measurements, to preparing responses 

surfaces, and finally to calculating the error, or uncertainty, values imparted on each resistivity 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  85 

measurement based on the testing hardware and equipment. Each of these methods was either 

created specifically for this investigation and approved, such as the methods for sample and 

specimen preparation and testing procedures, or was followed based on previous work, on 

outlines provided by ASTM standards, or in the case of error analysis, widely accepted practice.  

 The following chapter of this document details the results of the experiments outlined above, 

produced by following the methodology discussed in this chapter. 
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CHAPTER 4 

RESULTS 

Introduction 

 Using the equipment and following the methods detailed in Chapter 3, 21 sample flats were 

mixed, cast, dehydrated, and prepared for testing. Detailed qualitative and quantitative resulting 

data for each of the 189 specimens considered for this experiment was recorded during the 

testing process, and the final experimental outcomes have been processed and are presented 

below. 

Sample Results and Test Preparation 

Pre-Mixing Sample Manufacturing 

 As discussed in the Manufacturing Pilot Studies and Sample Manufacturing subsections of 

Chapter 3, a testing sample pre-mixing plan was created and carried out over a period of 

approximately one month. The results of this pre-mixing plan were carefully reviewed in order to 

determine the best set of mixing and curing instructions for each of the 22 sample formulations 

required for this investigation. 

 The first set of samples produced during this pre-mixing plan were variations of the non-

additive propellant sample formulation; the set of four samples made for this formulation were the 

most informative set of samples mixed during this time. Each of the four samples made, 

manufactured to the 70% perchlorate oxidizer solution to 30% PVA formulation, had the same 

ratio of ingredients and were hand mixed for approximately the same amount of time, but were 

mixed in the Thinky mixer for varying amounts of time. The two most noticeable differences 

between each of the resulting four samples were the number of voids visible within the samples 

(relatively easy to gauge, as there was no additive included so the samples were transparent) 

and the tendency of the finished samples to relax out of their 6 inch by 0.5 inch by 0.25 inch mold 

shape when removed from their molds. The non-additive sample that was hand mixed, but not 

mixed in the Thinky mixer had the most voids, bubbles, and undissolved sections of PVA visible, 

and was the most susceptible to relaxing out of its original mold shape. The non-additive samples 

mixed for a Thinky mix time equal to six minutes, had the least amount of visible voids and had 
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relaxed the least when compared to the other samples. The non-additive samples mixed in the 

Thinky mixer for one and three minutes confirmed the following trend: the more time a batch of 

propellant was mixed in the Thinky (and the longer it was under vacuum), the warmer the 

propellant got during mix time, the fewer voids, bubbles and unmixed PVA within the propellant 

sample, and the less likely the propellant sample was to relax. 

 Following the non-additive mix trials, each of the three carbon black additive samples 

formulations were test manufactured. The light and medium loaded carbon black additive 

samples were fairly easy to manufacture as long as the initial hand mix of the ingredients was 

done carefully so as not to lose any of the carbon black additive. Due to the difficulty experienced 

when mixing the amount of carbon black required for the 5% loading carbon black sample with 

the formulated amounts of dissolved perchlorate oxidizer and PVA, the set of samples to be 

manufactured to the 5.0% CB Volume Fraction formulation presented in Figure 10 was ultimately 

eliminated from this study.  

 In order to preserve materials and decrease time to complete test mixing, only the -100 

mesh tungsten and copper formulations were prepared, in addition to the three carbon black 

samples loaded at different amounts and the test samples with no included additive. The -100 

mesh samples were chosen because they contained the largest additive particle sizes, and it was 

assumed that if any of the additive particle sizes were to negatively affect the rheological 

properties of the propellant, it would be the largest particle sizes that made the propellant more 

difficult to mix and extrude, and that may settle or sink within the sample after being allowed to 

set in a mold. This was later disproved, as the formulations that included additives of smaller 

particle size were the most difficult to manufacture.  

 All of the metallic additive samples made during this mix study were easily mixed by hand 

and then by the Thinky, and easily cast into molds. It was observed after a few weeks’ time, 

however, that each of the samples’ susceptibility to relax out of its desired shape increased with 

the increased amount of metallic additive particle loading. 

 Following the completion of mixing all of the test samples for this pre-mixing plan, and based 

on the amount of relaxation observed for each of the samples, it was decided that added 
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dehydrating time was absolutely necessary in order for the samples to retain their required shape. 

Additionally, all sample formulations, with the exception of the tungsten formulation at 2.3% 

particle loading, were adjusted so their PVA to perchlorate oxidizer solution volume ratio matched 

that of the baseline formulation at 2.3% tungsten particle loading as closely as possible; these are 

the samples formulas presented in Figures 7 through 10. This was done to ensure that the 

desirable mechanical properties of the 2.3% tungsten particle loading formulation (hardness, 

resistance to relax, ease of mixing and extruding) were preserved across the entire sample 

population. One of each of the 22 samples formulation, minus the heavily loaded carbon black 

sample, was produced using these updated sample formulations and was finished with additional 

time in a dehydrator in order to test the influence of dehydration time on each of the sample’s 

propensity to cold flow. The final sample manufacturing procedure used for this investigation was 

described above in the Manufacturing Pilot Studies and Sample Manufacturing subsection of 

Chapter 3.  

 In addition to improving sample manufacturing techniques, the sample size, in accordance 

with ASTM standards, and the sample mold shape were also updated based on the pre-mixing 

results. Samples made during the pre-mixing study were extruded into 3D printed molds of ASTM 

standard specified sample shape 6 in by 0.5 in by 0.25 in, however as the testing apparatus 

designed for this experiment matured, sample size was decreased dramatically, but still kept 

within the allowable ASTM standards, down to 2.75 in by 0.5 in by 0.125 in, in order to continue to 

preserve material and allow for quicker testing sample manufacturing. It was also decided that 

extruding and pressing syringe mixed propellant into sheets, referred to as “flats,” that could then 

be cut down would be more time efficient in terms of manufacturing all of the required test 

samples, and would, again, decrease material waste. 

Pilot Study Results 

 Following the pre-mixing plan, and prior to taking any electrical measurements, the left over 

material from each sample manufactured for the pre-mixing study described above was set aside 

and later configured for open atmosphere on/off test firing to verify that each formulation retained 

the on/off abilities of the baseline propellant formulation. 
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 Using aluminum tape, insulated wire, and a wooden stir, leftover sample material was 

configured into small, (~10 to 30 grams of propellant) improvised coaxial electrode thrusters. 

Each of these test thrusters was connected to an 800 VAC power source with interrupted current 

using an alligator clip. The improvised thrusters were then fired continuously and pulsed on and 

off until the insulated wire and propellant around it had burned back to the top strip of aluminum 

tape. All of the samples produced during the mix trial were able to lend leftover material to this 

pilot study, and all of the improvised thrusters tested were able to be fired continuously and 

pulsed on and off several times. Noted during sample mixing and pilot study testing, was that 

samples with alternate formulations, when compared to the baseline electric propellant 

formulation, did not show any indication of properties or behavior different from that of the 

baseline formulation other than in variations in sample texture due to the amount of solids loading 

in each formulation. 

 

Figure 19. An Improvised Coaxial Electrode Thruster Shown After Being Pulsed Several Times. 

 Unfortunately, and as mentioned previously, no pressurized testing set-up was available 

during this investigation, so improvised sample thrusters could not be tested under varied 

pressurized conditions. Again, this may be desired as a follow up experiment, as the 

determination of such may provide vital clues to the propellant burning and control mechanisms. 

It is possible that not all formulations being studied retain their ability to extinguish over a range of 

pressures, as detailed in the patent invented by Villarreal and Loehr containing the baseline 

formulation, and discussed in Chapter 1. 

 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  90 

Sample Manufacturing and Preparation 

 The flats of propellant tested for this investigation were manufactured over a period of three 

days, spread across four weeks due to availability, however, care was taken to ensure that 

manufacturing across all samples was consistent and unbiased. The finished, unprepared sample 

flats are all shown below in Figures 20-26. 

 

Figure 20. (Left) The Unprepared Non-Additive In-Mold Sample Flat. (Middle) The Unprepared 1.5% 
Loaded Carbon Black In-Mold Sample Flat. (Right) The Unprepared 2.3% Loaded Carbon Black In-

Mold Sample Flat. 

 The unprepared non-additive flat, shown Left in Figure 20, is the most telling regarding the 

amount of variation within the flats, given the random, patchy concentrations of perchlorate 

oxidizer (pink areas) and PVA binder (clear areas). Additionally, the varying sizes of voids and 

bubbles are visually unobstructed in this sample, when compared to those samples with an 

additive included. Both of the carbon black samples, Middle and Right, are perhaps the best two 

mixed samples of all 21 prepared samples. However, upon further inspection, both samples did 

contain several unmixed lumps of PVA. All three of the samples picture in Figure 20 were the 

lightest in weight out of the 21 samples manufactured for this study due to either their lack of an 

additive, or due to the fact that their additive was the lightest additive by weight used in this 

investigation. 
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Figure 21. The Unprepared 1.5% Loaded Tungsten (Left) 1-5 Micron, (Middle) -325 Mesh, and 
(Right) -100 Mesh In-Mold Sample Flats. 

 The three 1.5% loading tungsten samples all turned out fairly well, with the Left 1-5 micron 

tungsten sample turning out to be the best mixed of the three, most likely due to the smaller 

particle size. The Right -100 mesh sample was, however, one of the least well mixed samples 

due to the amount of variation in the concentration of the tungsten additive across the sample. 

 

Figure 22. The Unprepared 2.3% Loaded Tungsten (Left) 1-5 Micron, (Middle) -325 Mesh, and (Right) -
100 Mesh In-Mold Sample Flats. 

 Figure 22 shows the three 2.3% tungsten loading samples; these are the three samples 

most closely resembling the baseline electric propellant formulation. The Left 1-5 micron sample 

is probably one of the most well mixed samples, next to the two carbon black samples and the 
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extreme amount of variation in tungsten concentration within the -100 mesh sample, shown Right, 

is comparable to that of the 1.5% -100 mesh sample shown in Figure 21. 

 

Figure 23. The Unprepared 5% Loaded Tungsten (Left) 1-5 Micron, (Middle) -325 Mesh, and (Right)  
-100 Mesh In-Mold Sample Flats. 

 Due to the large percentage, by mass, of tungsten particles required to make the 5% loaded 

tungsten sample formulations, none of the three sample flats manufactured to the 5% tungsten 

loading formulations were able to entirely fill a flat mold, however at least 9 specimen were 

obtained from each flat when cut, so samples were deemed acceptable. Apparent in the texture 

of the 1-5 micron tungsten flat, pictured Left, are some of the unmixed PVA lumps described 

throughout this document when discussing the non-homogeneity/non-uniformity of these sample 

mixtures (see left half of sample flat). 
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Figure 24. The Unprepared 1.5% Loaded Copper (Left) 1-5 Micron, (Middle) -325 Mesh, and (Right)  
-100 Mesh In-Mold Sample Flats. 

 The 1.5% copper samples manufactured using the -325 and the -100 mesh copper particles 

were both some of the more poorly mixed samples out of the 21 prepared for this investigation 

due to the amount of unmixed PVA in both samples. These PVA lumps are very visible in the 

Middle -325 mesh sample (see upper left corner of sample flat) and were made even more 

apparent when both propellant sample flats were held up to the light for further inspection. The 1-

5 micron sample, again most likely due to the particle size, was not deemed to be as poor of a 

mixture as the other two copper particle flats in its loading percentage category. 

 

Figure 25. The Unprepared 2.3% Loaded Copper (Left) 1-5 Micron, (Middle) -325 Mesh, and (Right)  
-100 Mesh In-Mold Sample Flats. 
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 All three of the 2.3% copper loading flats were mixed fairly well, and are the most 

comparable in formulation to the baseline tungsten propellant formulation. Variation in the 

concentration of the 1-5 micron copper additive is apparent in the 5% loading copper sample 

shown Left in Figure 26. Also apparent in the texture of the -100 mesh 5% loading copper sample 

is the amount of unmixed PVA (see bottom half of sample flat). 

 

Figure 26. The Unprepared 5% Loaded Copper (Left) 1-5 Micron, (Middle) -325 Mesh, and (Right) -100 
Mesh In-Mold Sample Flats. 

 Following their removal from the dehydrator, each sample flat was placed in a labeled plastic 

bag and all sample flats were relocated to the lab space used for testing samples for storage 

inside of a laboratory desiccator near the testing set-up. Prior to entry into the desiccator, each 

sample flat was examined for its post-cure batch inspection and any observations made were 

recorded on the corresponding batch sheets used to document sample heritage. 

 Variations in the homogeneity of each of the 21 sample flat images provided in Figures 20 

through 26 are visually obvious, and indicate a short coming in the version of the electric 

propellant mixing procedures followed to manufacture each flat. By visual inspection only, it 

appears that the non-additive sample flat is the most nonhomogeneous mixture of all of the flats 

prepared, followed by the 1.5% and 2.3% loading flats made with the -100 mesh tungsten and the 

1.5% loading -325 and -100 mesh copper flats. These variations in mixture homogeneity, 

discussed in detail below, have definitely impacted the variation in sample resistivity results 

across each flat. However, the degree of variability due to poor mixing is currently unknown and 
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should be a subject that is revisited after the electric propellant mixing process has been 

improved. The quality of mixing of each of the samples and across the entire specimen 

population tested for this investigation could be further investigated using a coded “quality of mix” 

scale, which could then be taken into account during statistical analysis in order to account for a 

portion of the variation within the results further discussed below. This coded mix scale analysis is 

further described in the Recommendations section of Chapter 5.  

 Following their post-cure batch inspection, sample flats were cut, using a scoring blade and 

scissors, into between 9 and 14 specimen depending on the amount of propellant that filled each 

flat. (Some sample flats were not entirely filled due lack of volume based on the sample’s high 

additive loading and of that additive’s high density.) Once a sample flat had been cut into the 

allowable number of correctly sized specimens, specimens to be tested were randomly chosen, 

removed from the flat mold, and the specimen’s testing number was written on the part of the 

mold showing in the void with a paint pen. This was done to prevent the need to mark directly on 

the samples and to prevent the need for storing samples individually, which could have allowed 

them to relax as they would have been out of their original molds for several weeks during testing. 

Figure 27 shows an example of a sample flat of prepared specimens. 

 

Figure 27. A Prepared Sample Flat and Storage Bag, with a Randomly Chosen Specimen Removed 
from Flat Mold to Display the Specimen Labeling Technique. 

 With testing numbers assigned to each specimen to be electrified, specimen serial numbers 

could be finalized. Following the finalization of specimen identification and prior to entry into the 
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lab desiccator, the pre-desiccator mass of each of the 189 specimen to be tested for this set of 

experiments could be established and recorded to be used later for comparison with the pre-

testing mass to ensure that specimens were not losing any considerable amount of mass in the 

desiccator over a long period of time and for later possible density assessment, if required. As 

discussed in Chapter 3, since the effects of water absorption on electric propellant resistivity are 

still unknown, any absorption or loss of water within the samples could have affected 

experimental resistivity measurements and made the researched hypothesis developed for this 

experimental investigation difficult to prove or disprove. All prepared sample flats were left sealed 

in the laboratory desiccator for a period of approximately four weeks prior to the start of testing. 

Pre-Response Surface Results and Analysis 

Data Collection and Initial Raw Data Visualization 

 Data collection was broken up into discrete testing sessions conducted over a period of 

several weeks, due to the large number of specimens to be tested, but was kept as consistent as 

possible in order to maintain the integrity of the experiments. Data collection was carried out 

following the methodology discussed in Chapter 3.  

 Voltage values of 600 V, 1800 V, and 2200 V were chosen for the low, mid-level, and high 

pulse generator input voltage values, and the 10 kΩ calibration resistor was measured at each of 

the voltage input values chosen in its calibration configuration to verify that the wide spread of 

input voltage values did not affect the accuracy of the testing set-up. These three voltage values 

were chosen for this set of experiments for several reasons including the larger size of the tested 

specimens compared to any previous testing specimen size and the fact that, in practice, higher 

voltage values would most likely be used to drive the operation of this material. This experiment 

could be repeated using lower voltage values, as this material should be understood across the 

full spectrum of operating values, however the higher values chosen above aligned more closely 

with research interests at the time during which testing was carried out. 

 Following the completion of data collection across all 189 prepared specimens, all of the raw 

Excel testing data was plotted for visualization and determination of general trends in the data 
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prior to the application of calibration corrections, to determine if outlier re-testing was required, 

and in order to preliminary predict response surface results.  

 The raw testing data collected from the non-additive set of nine specimen was the first set of 

data plotted visually in Excel, as it was believed that this would be the data most equivalent to a 

“control” to compare all of the additive results with despite the extreme variation in sample 

homogeneity. 

 

Figure 28. Values for Bulk Volume Resistivity of the Non-Additive Specimens Plotted as a Function 
of Pulse Generator Input Voltage. 

 Linear fits were chosen for each of the initial raw data visualizations shown only in order to 

obtain a general idea of the behavior of the results. Quadratic and/or exponential fits could have 

also been utilized, given the fact that three sets of data points are available; however it is unlikely 

at this point in the investigation that anything more specific or precise than a linear fit would be 

useful at this time, given the amount of data and related variation available. 

 As directed, a linear fit was applied to the nine non-additive specimen data points plotted 

above, in order to determine if there was a significant relationship between measured specimen 

bulk volume resistivity and pulse generator input voltage. The y-intercept of this linear fit, or the 

estimated value of the bulk volume resistivity of this electric propellant formulation at a 0 V pulse 
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generator input voltage value, was approximated by Excel to be equal to 194.69 Ω-m; the slope 

of the line generated by excel was given as -0.0184, indicating that as input voltage value 

increases, resistivity is expected to decrease only slightly. However, the value of the slope of this 

line is so close to zero that it should not be considered statistically significant, and it can be said 

that, given the current amount of data, the resistivity of this non-additive electric propellant 

sample does not seem to be related to or significantly affected by pulse generator input voltage 

values.  

 Notable in the plot shown in Figure 28 is the wide spread of data points across resistivity 

values. Given that this propellant formulation only has three ingredients, with no additive of any 

kind, and that the sample flat was not well mixed (see Figure 20), the variation in this data could 

most likely be explained by the variability in mixture homogeneity. Although it is less likely, and 

the determination of which is out of the scope of this investigation, interactions and percolation 

between the perchlorate oxidizer and the PVA could have also contributed to this variation, and 

would affect all of the other samples examined during this investigation regardless of their 

additive. However, more data would be and is required to officially determine these relationships, 

and to possibly help with the identification of the variation in measured resistivity. 

 In Figure 29, the results of the eighteen different carbon black specimens were plotted on 

the same axes as the non-additive specimens shown above and grouped by their additive particle 

loading percentage values. The y-intercept of the line fitted to the carbon black specimens loaded 

at 1.5% is approximated at 42.345 Ω-m, with a slope of 0.0083, and the y-intercept of the line 

fitted to the specimens loaded at 2.3% is approximately 53.81 Ω-m, with a slope of 0.0043. 

Interestingly, the y-intercept values of the carbon black samples were significantly lower than the 

non-additive sample y-intercept value, and as the particle loading percentage of the carbon black 

samples increases, so does the y-intercept value of each linear fit. Similar to the slope of the non-

additive sample data linear fit, the slopes of both of the carbon black fitted lines are close enough 

to zero that the interaction between resistivity and input voltage can be considered statistically 

insignificant, given the data collected. Again, more data should be gathered across varying 
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loading percentages and across an increased number of pulse generator input voltage values, 

and is required to conclusively determine these relationships. 

 

Figure 29. Values for Bulk Volume Resistivity of the Carbon Black Specimens Plotted in Groups of 
Percent Additive Loading as a Function of Pulse Generator Input Voltage. 

 Variation in the measurements of resistivity across this plot are also noticeable, however, as 

shown by the lines representing the linear fit of each loading group, the Excel fits do indicate that 

all of the data points measured for the 2.3% loaded samples do appear to be, on average, slightly 

higher in resistivity values, given that the plotted (red) line for the 2.3% sample group is higher 

than the linear fit (blue) line for the 1.5% sample group. 

 Additionally, the variation shown in Figure 29 across all eighteen of the carbon black 

specimens spans from approximately 30 to 80 Ω-m compared to the approximately 15 to 310 Ω-

m spread of the non-additive specimen data. This reduction in the overall spread of resistivity 

values measured for the carbon black specimens could indicate either that the carbon black 

sample flats were much more well mixed than the non-additive flat, that the addition of carbon 

black somehow aided in the tightening of variation across measured samples, or some 

combination of both. Additional visualization of measured specimen resistivity results over particle 

loading percentage could indicate some evidence of whether or not the added carbon black is 
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showing the effects of percolation, however, with data at only two loading percentages available, 

the evidence would need to be backed up later with more specimens tested at different loading 

percentages. 

 Figure 30 details the resistivity results of all of the tungsten specimens, grouped by additive 

loading percentage, but not by additive particle size. The twenty-seven specimens manufactured 

with a 1.5% loading of tungsten particles, when given a (blue) linear fit, show a y-intercept value 

of approximately 102.96 Ω-m and a slope of 0.0037, compared to the 2.3% loading y-intercept of 

126.93 Ω-m and a slope of 0.0031 (red fit), and to the 5% loading y-intercept of 173.59 Ω-m and 

a slope of 0.0157 (green fit). These linear fits, along with the lines plotted for the particle loading 

percentage fits, indicate that as the tungsten particle loading in samples increases, so does the 

propellant samples’ average value of bulk volume resistivity.  

 The slopes of all three linear fit lines, all relatively close to zero, indicate, similar to the 

carbon black specimens above, that there does not seem to be a relationship between pulse 

generator input voltage and measured sample bulk volume resistivity. Additionally, given how flat 

and close together the 1.5% and 2.3% loading linear fit lines are, the statistical difference 

between the two sets of data is questionable, which may mean that percolation may have more of 

an effect on the variation across the measured resistivity of all of the tungsten specimens when 

compared to the carbon black specimens. However, no data exists for the carbon black sample at 

5% loading, so this is only speculation and more data is needed to confirm. 
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Figure 30. Values for Bulk Volume Resistivity of the Tungsten Specimens Plotted in Groups of 
Percent Additive Loading as a Function of Pulse Generator Input Voltage. 

 Given that the 5% particle loading linear fit line is further above the 2.3% loading line, the 

estimation of a percolation threshold of approximately 3.4%, discussed in Chapter 2, could hold 

valid for electric propellant samples with a tungsten additive. However, the approximately 75-350 

Ω-m spread of measured resistivity values is indicative of the largest variation across one of the 

additive data sets studied during this investigation. Since the spread of variation is so large, 

additional data or new data measured from specimens manufactured with better mixing quality 

could help to later pinpoint the true source of variation in results. 

 Results of the measured resistivity of the copper specimens are shown in Figure 31. The 

twenty-seven specimens manufactured with a 1.5% loading of copper additive particles, when 

given a (blue) linear fit, show a y-intercept value of approximately 126.27 Ω-m and a slope of -

0.0024, compared to the 2.3% loading group’s (red linear fit) y-intercept of 123.16 Ω-m and slope 

of -0.0063, and to the 5% loading group’s (green linear fit) y-intercept of 163.81 Ω-m and slope of 

0.0047. Given that the 1.5% and 2.3% loading linear fit lines are closer than the same fit lines 

produced for the tungsten results at the same particle loading percentages, percolation theory 

could also hold true for the copper additive as well. Even though the y-intercept and linear fit line 
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for the 1.5% loading data are higher than the 2.3% results for both, the debatable statistical 

difference between the two lines given the slopes is an indication that the switch in the fit line 

order compared to the tungsten results could be insignificant. However, a similar amount of 

variation in the data exists when compared to that of the tungsten data, which could explain why 

the 1.5% and 2.3% fit lines are not the same, brings into questions the validity of percolation 

theory given the mixture quality of each flat. 

 

Figure 31. Values for Bulk Volume Resistivity of the Copper Specimens Plotted in Groups of Percent 
Additive Loading as a Function of Pulse Generator Input Voltage. 

 Trends noticeable across all sets of samples, regardless of additive, include the lack of a 

relationship between resistivity and pulse generator input voltage value, as indicated by slopes 

approximately equal to zero on a plot of pulse generator input voltage value versus bulk volume 

resistivity, bulk volume resistivity values between ~40-400 Ω-m, and a large amount of variation 

across each plotted data set with noticeable outliers in each additive group of specimens. Given 

the amount of variation across the resulting resistivity data and the data outliers made obvious 

with data visualization, it was decided that a certain set of specimens would be re-measured for 

electrical resistivity based on the outlier identification criteria used for a trimmed mean approach, 

specified in Chapter 3. 
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Outlier Identification, Re-Testing, and Visualization 

 The outliers for each additive data set were chosen for retest by sorting the resistivity values 

for each data set from low to high so the top 5% and bottom 5% of measured specimen resistivity 

values could be identified; equivalent to a total of 10% of the results for each additive data set to 

be identified for retest. Specimens were chosen for retest rather than elimination due to the 

limited size of each data set collected and to the amount of data required for the response 

surface results detailed below. The total number of specimens to be re-tested, 24 in all, included 

the following: two non-additive specimens, two carbon black specimens, 10 tungsten specimens, 

and 10 copper specimens. 

 During the outlier retesting process, each of the outlier specimens retested were 

photographed outside of their flat with all of the other specimens identified for retesting, if any, in 

the same flat removed. This was done in order to inform any later analysis and discussion 

surrounding the mix quality of each the flats and to contribute information to the discussion of 

current overall electric propellant mixing procedure effectiveness and/or avenues of possible 

improvements. 

 

Figure 32. Two Prepared Sample Flats, Both with at Least Four Specimens Identified as Outliers. 

 Interestingly, only two out of the 24 specimen identified as outliers for retest were unique to 

their sample flat. This suggests that, at least in the flats with more than one specimen identified 

for retest, there is a good chance that the variation in mixing observed previously in all of the flats, 
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but notable in those that contained outliers, is a significant contributor to variation in electrical 

resistivity values. However, where there were groups of outlier specimens identified close 

together in position within their sample flat, the measured resistivity values of each of the 

specimens was approximately the same. So while the specimens identified for retest may have 

been outliers within the additive groups as a whole, within their flats, and compared to each other, 

resistivity values were consistent. This also indicates that the testing set-up and procedures, 

when followed appropriately and consistently across each testing session, are able to produce 

consistent results. The table below details the measured values of volume resistivity for each 

outlier before and after retesting. 

Table 5. All 24 Raw, Outlier Specimen Bulk Volume Resistivity Values Before and After Retesting. 

Specimen Serial 
Number 

Original Resistivity 
Value [Ω-m] 

Re-measured Resistivity 
Value [Ω-m] 

Percent 
Difference [%] 

NA-1 14.5 173.1 1093.8 

NA-3 309.5 222.8   28.0 

CB-1.5-5 87.2 73.9 15.3 

CB-1.5-9  14.1 13.8 2.1 

W-1.5-1-5-1 79.5 78.6 1.1 

W-1.5-1-5-3 83.4 64.9 22.1 

W-2.3-1-5-2 72.5 44.4 38.8 

W-2.3-1-5-4 75.9 66.8 11.9 

W-2.3-1-5-5 82.4 63.3 23.8 

W-2.3-325-5 246.6 170.4 30.9 

W-5-1-5-1 334.5 241.4 27.8 

W-5-1-5-5 344.5 174.3 49.4 

W-5-1-5-8 299.8 170.0 43.3 

W-5-1-5-9 453.1 221.4 51.1 

Cu-1.5-1-5-1 67.8 40.4 40.4 

Cu-1.5-1-5-2 61.9 56.4 8.9 
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Specimen Serial 
Number 

Original Resistivity 
Value [Ω-m] 

Re-measured Resistivity 
Value [Ω-m] 

Percent 
Difference [%] 

Cu-1.5-1-5-3 68.4 46.5 32.0 

Cu-1.5-1-5-4 62.9 56.5 10.2 

Cu-1.5-1-5-8 69.9 74.7 6.9 

Cu-1.5-100-1 310.7 227.5 26.8 

Cu-1.5-100-8 243.4 119.8 50.8 

Cu-5-1-5-6 261.0 186.6 28.5 

Cu-5-1-5-8 291.2 285.3 2.0 

Cu-5-325-3 329.9 220.2 33.3 

 
 In the table shown above, only five of the outlier specimens retested for resistivity (CB-1.5-9, 

W-1.5-1-5-1, Cu-1.5-1-5-2, Cu-1.5-1-5-8, and Cu-5-1-5-8) remained within 10% of their original 

resistivity measurement, and three of the specimens’ measured values (NA-1, W-5-1-5-9, and 

Cu-1.5-100-8) changed by at least 50% or more. The reason for such a variation in the original 

versus the outlier retest resistivity measurement is unknown, as all of the outlier’s chosen for 

retest were originally measured across seven testing sessions and in random order with the rest 

of the 165 specimens tested. Variation could be explained by further examining the specimens to 

see if large concentrations of one ingredient made up more of certain specimens than others 

within their flat; which would make sense given that most of the outliers were from the same flats 

and were located close together within those flats. These outlier specimen measurements and a 

detailed explanation of possible causes are further discussed in the Interpretation of the Findings 

section of Chapter 5. After outlier testing was complete, re-measured values were substituted in 

place of the raw data for original outlier results and the specimen resistivity results were again 

plotted on axes of pulse generator input voltage verses bulk volume resistivity values to visually 

compare the differences in outlier measurements. 

 The resistivity values of the two non-additive outliers retested, both at an input voltage value 

of 600 V, changed dramatically. Both values converged closer together and closer to the 

measured resistivity value for the third specimen measured at 600 V, lessening the variation in 
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resistivity of the specimens measured at the lowest test voltage. The slope of the line fitted to the 

data is now more negative as input voltage value increases and the y-intercept value of the line is 

approximately 227.41 Ω-m compared with the original y-intercept value of 194.69 Ω-m. Although 

these changes may seem significant, it is important to remember that this is the experimental 

data set with the smallest amount of data points and thus is the data set most susceptible to 

changes in trends given any applied data correction. More resistivity data collected for non-

additive electric propellant samples would result in more stable and more reliable data. 

 

Figure 33. Values for Bulk Volume Resistivity, Including the Two Data Points That Have Been 
Retested as Outliers, of the Non-Additive Specimens Plotted as a Function of Pulse Generator Input 

Voltage. 

 The changes in resistivity values of the two carbon black specimens that were retested, both 

from the 1.5% loading flat, were much less dramatic than that of the non-additive specimens and 

did not significantly affect the y-intercept location or the slope of the 1.5% loading linear fit line. 

The outlier corrected data for both carbon black sample flats still has the lowest amount of 

variation in resistivity values compared to all of the other outlier corrected additive data sets, at a 

spread of approximately 50 Ω-m. 
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Figure 34. Values for Bulk Volume Resistivity, Including the Two Data Points That Have Been 
Retested as Outliers, of the Carbon Black Specimens Plotted in Groups of Percent Additive Loading 

as a Function of Pulse Generator Input Voltage. 

The linear Excel fits for the carbon black data still indicate that all of the data points measured for 

the 2.3% loaded samples do appear to be, on average, slightly higher in resistivity values than 

the 1.5% loading group, given that the plotted line for the 2.3% sample group is higher than the 

linear fit line for the 1.5% sample group. However, whether or not the lines are statistically 

different, given the amount of variation across all of the measurements, is still under 

consideration. 
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Figure 35. Values for Bulk Volume Resistivity, Including the 10 Data Points That Have Been Retested 
as Outliers, of the Tungsten Specimens Plotted in Groups of Percent Additive Loading as a Function 

of Pulse Generator Input Voltage. 

 The set of tungsten samples saw the most dramatic of the 5% loading group outliers fall 

back in with the rest of the data set after retesting. Given the updated spread of 5% loading 

sample measurements, the loading group’s linear fit slope increased positively, only slightly 

decreasing its y-intercept value, but compared to the linear fit equation generated for the raw 5% 

loading tungsten data, there was no significant change. The 1.5% loading groups’ linear fit slope 

positively increased and its y-intercept value decrease slightly as a result of outlier retesting, but 

the overall change in the linear fit equation was, again, negligible. The 2.3% loading group’s 

linear fit slope decreased, increasing its y-intercept slightly, and resulting in the most significant 

change, even though small, in the outlier-corrected tungsten linear fit equations. 

 The set of 1.5% copper samples contained the largest number of outliers for re-testing and 

saw a range of change in initial to retested bulk volume resistivity values of approximately 7 to 

51%. As a result, the slope of the linear fit changed from slightly negative to slightly positive and 

the linear fit equation’s y-intercept increased. Overall, the change did not dramatically affect the 

position of the line created by the linear fit on the plot in Figure 31, and the question of statistical 
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significant between the 1.5% and the 2.3% loading samples sets still stands. No 2.3% loading 

group specimens were re-tested as outliers, so the 2.3% linear fit remains the same as shown in 

the raw data plots, and with the correction of three 5% outlier specimen measurements, the 5% 

loading linear fit positively increased in both slope and in y-intercept value. 

 

Figure 36. Values for Bulk Volume Resistivity, Including the 10 Data Points That Have Been Retested 
as Outliers, of the Copper Specimens Plotted in Groups of Percent Additive Loading as a Function of 

Pulse Generator Input Voltage. 

 Additional plots produced with raw and outlier corrected data include bulk volume resistivity 

versus particle loading percentage and versus particle size. These plots have not been included 

above, but they were done with calibration corrected data and are presented below. 

Additional Observations 

 Following outlier retesting and prior to beginning data visualization and analysis, a column 

for calculated density was added to the Excel testing record sheet in order to be used for later 

data analysis if needed, as it was speculated throughout testing as specimen were visually 

inspected prior to being electrified, that even between specimen from the same sample flat, there 

was a wide variation of specimen dimensions and masses. A small amount of this variation could 

be attributed to inconsistencies in specimen size, as cutting sample flats with scissors was not a 
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precise specimen shaping method, but is most likely due to a combination of variation of 

homogeneity within the sample flat and of voids within the samples. Voids of varying sizes were 

observable within all of the specimens tested and throughout all of the propellant flats 

manufactured, but are most apparent in the non-additive sample flat, as there is no additive 

included to visually obscure the voids.  

 Combined, both of these observations (the fact that the majority of the specimen selected as 

outliers were from the same flats and the fact that voids within the samples were, if nothing else, 

at least present and creating density consistency issues) indicate the need for mixing process 

improvement. While care was taken to ensure that the procedures used to mix all of the sample 

flats used for this investigation were thoroughly followed, noticeable voids, non-homogeneously 

mixed flats, and unmixed PVA throughout samples implies the need for improved propellant 

mixing techniques. 

 Additionally, as outliers were re-tested, images of the resulting oscilloscope traces were 

taken and archived for later comparison to “normal” trace results and any additional required 

analysis. These traces are not provided in this document, as this analysis work is outside of the 

scope of this investigation, however the traces resulting from sample electrification are important; 

an understanding of these responses and the underlying physics driving these responses will be 

required for a complete understanding of the fundamental science surrounding this material and 

for later implementation into and operation of a system utilizing this material. 

Calibration Corrections and Visualization 

 The testing set-up voltage rejection values, or the voltage measured when both voltage 

probes were placed on the same potential electrode, were measured and recorded from 

oscilloscope readings during the calibration portion of each discrete testing session. The values 

were then used to calculate the common mode gain of the circuit used to measure potential 

difference voltage values, which was then applied to the final bulk volume resistivity calculation as 

a calibration correction. 
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Table 6. All of the Measured Values for Voltage Rejection Taken During Sample Testing Sessions. 
(Some testing session were broken up into several smaller specimen measurement sessions and 

have several voltage rejection values.) 

Testing Date Voltage Rejection Value(s) [V] 

January 18, 2018 -2.75 (Average of -2.6, -2.9)  

January 23, 2018 6.8 

January 25, 2018 1.05 (Average of 1.9, 0.2) 

January 26, 2018 -20.8 

January 31, 2018 5.15 (Average of 5.5, 4.8), 5.6, 6.2 

February 01, 2018 -0.6, -1.5, 4.1, 5.1, 4.0 

February 02, 2018 1.8, 4.5, 4.7, 5.2, 4.8, 4.1, 4.6, 4.0, 6.7 

February 05, 2018 -9.0, 2.1, 4.9, 4.2, 3.8, 5.7, 5.2 

February 15, 2018 (Outlier Testing) 5.1, 6.1, 4.2, 4.5 

 
 As shown above, almost all of the values recorded for voltage rejection were under the 

arbitrarily selected 10 V limit, with the exception of the -20.8 V reading from the January 26, 2018 

testing session. Prior to this testing session, the oscilloscope’s “Auto Zero” function was not being 

utilized during testing procedures. After this testing session, due to erroneous equipment 

readings, the testing instructions were altered slightly to include the “Auto Zero” function as a 

regular part of testing. After this inclusion, no other erroneous readings were identified. 

Additionally, it is not believed that these erroneous equipment readings or their cause had 

significantly affected the accuracy of results measured prior to the inclusion of this procedural 

step. 

 The final outlier corrected, raw data calibration correction was performed in the same Excel 

record sheet in which all of the raw experimental data was stored. The final values for calibration 

corrected voltage across the potential electrodes were calculated and then used to recalculate 

the final values for electric propellant bulk volume resistivity. After applying calibration corrections, 

all of the newly corrected data was plotted similarly to the raw and outlier corrected shown above 

and in further detail shown below. 
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 The first set of plots made for each of the replacement additives are similar to those shown 

above of pulse generator input voltage versus the measured bulk volume resistivity response. 

When compared with the previous plots made with the outlier corrected data, the four plots shown 

below in Figures 37 through 40 show that while the final bulk volume resistivity values did 

change, they only changed by a small percentage and the overall trends in data have not been 

altered with the addition of the calibration correction. 

 

Figure 37. Calibration Corrected Values for Bulk Volume Resistivity, Including the Two Data Points 
That Have Been Retested as Outliers, of the Non-Additive Specimens Plotted as a Function of Pulse 

Generator Input Voltage. 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  113 

 

Figure 38. Calibration Corrected Values for Bulk Volume Resistivity, Including the Two Data Points 
That Have Been Retested as Outliers, of the Carbon Black Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Pulse Generator Input Voltage. 

 

Figure 39. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Tungsten Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Pulse Generator Input Voltage. 
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Figure 40. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Copper Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Pulse Generator Input Voltage. 

 Based on Figures 37 through 40 above, and on the previously plotted raw and outlier 

corrected resultant data, the data collected for this investigation shows that the electric propellant 

bulk volume resistivity for all of the samples tested is not dependent on the pulse generator 

voltages at which it’s resistivity value was being tested/measured. The same data has also 

indicated a large variation of bulk volume resistivity values across all of the samples tested for 

this set of experiments. Before moving on to generating response surface results using this 

calibration corrected data, additional data visualization was completed in an effort to preliminarily 

predict the response surface results and to use for later verification. 

 The first of these additional visualizations included plotting the resulting bulk volume 

resistivity values across the values for additive particle loading percentage in order to check for 

the existence of a relationship between the two variables and to show variation among loading 

percentage groups. Results for the non-additive set of nine specimens, all plotted at a particle 

loading percentage value of zero, show the variation of bulk volume resistivity values between 

approximately 100 and 250 Ω-m, with an average value of 176.6 Ω-m. Given that there are only 
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nine data points to show for the non-additive electric propellant formulation, and that all of these 

nine data points have been taken from the same, poorly mixed sample flat, more data from flats 

with a better distribution of ingredients throughout is definitely required in order to claim and/or 

confirm an approximate value of bulk volume resistivity for the non-additive propellant 

formulation. 

 

Figure 41. Calibration Corrected Values for Bulk Volume Resistivity, Including the Two Data Points 
That Have Been Retested as Outliers, of the Non-Additive Specimens Plotted as a Function of 

Particle Loading Percentage Value. 

 The bulk volume resistivity values of each of the 18 carbon blacks specimens were also 

plotted across the values for additive particle loading percentage and the resulting plotted values 

of both the 1.5% and the 2.3% loading percentage values showed significantly less variation than 

that present in the non-additive set of specimens. 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  116 

 

Figure 42. Calibration Corrected Values for Bulk Volume Resistivity, Including the Two Data Points 
That Have Been Retested as Outliers, of the Carbon Black Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Particle Loading Percentage Value. 

 Since the overall average value for the 1.5% loading sample set was 54.3 Ω-m and the 

overall average value for the 2.3% loading sample set was 60.9 Ω-m, it is possible that the 

resistivity value of electric propellant samples containing carbon black could increase as the 

loading percentage of carbon black is increased, however, these value of resistivity are so close 

to each other that more data at both loading points tested for this investigation and at additional 

loading percentages is still needed to confirm. 

 Looking at the results of the 27 different tungsten specimens plotted across particle loading 

percentages, a definite increase in average bulk volume resistivity is visible as particle loading 

percentage increases; this trend is confirmed with the overall average values of bulk volume 

resistivity for the 1.5%, 2.3%, and 5% particle loadings at 109.2 Ω-m, 127.1 Ω-m, and 176.3 Ω-m, 

respectively. When shown across loading percentage, all of the measured tungsten specimens 

also show the smallest amount of variation in volume resistivity values next to the carbon black 

specimens. 
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Figure 43. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Tungsten Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Particle Loading Percentage Value. 

 

Figure 44. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Copper Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Particle Loading Percentage Value. 
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 The copper loading samples appear to follow the same overall trend of increasing electrical 

bulk volume resistivity with increasing additive particle loading, although the average difference 

between the 1.5% and 2.3% loading groups is difficult to gauge just looking at the plot shown in 

Figure 44. This trend is confirmed in the copper specimens, however, with the calculation of the 

overall average bulk volume resistivity values of 113.5 Ω-m, 114.2 Ω-m, and 164.3 Ω-m for the 

1.5%, 2.3%, and 5% particle loading sample sets, respectively.  

 Given the fact that both the tungsten and copper sets of specimens follow the same trend of 

increasing resistivity with increasing particle loading, it is possible, given the current set of data, 

that percolation theory is applicable and could be used to explain a portion of the measured 

results observed for some of the samples studied in this investigation. Samples measured across 

several additional values of particle loading percentages would be needed in order to verify 

whether or not percolation is governing sample response on some level. 

 Based on the results of this set of experiments, whether not particle size contributes to a 

change in bulk volume resistivity as a primary or secondary effect is not able to be exactly 

determined due to the types of powdered additives used, as detailed below. 
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Figure 45. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Tungsten Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Additive Particle Size. 

 The resulting data for the set of tungsten specimens in the 5% loading group, shows, as 

displayed in Figure 45, a linear decrease in bulk volume resistivity as particle size increases from 

1-5 microns to -325 and -100 mesh sizes. This same trend is also seen in the copper 5% loading 

group, shown in Figure 46. For both sets of 5% loading data, the plotted linear fit line indicates a 

higher value of expected resistivity for samples with particle sizes of 1-5 micron and shows a 

decrease in expected values of resistivity as the line moves through the data plotted for both the -

325 mesh and -100 mesh samples. The expected value of resistivity indicated by this line at 

particle sizes of -100 mesh, or 149 micron and below, is on the order of that predicted by the 

linear fits lines for both the 1.5% and 2.3% particle loading groups. These results, however, are 

questionable due to the fact that the -100 and -325 mesh sizes of particles were used instead of 

discrete particles sizes, as mesh is not a precise measurement or particle sizes because it 

includes the range of particles that fit through a specifically sized mesh screen. 
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Figure 46. Calibration Corrected Values for Bulk Volume Resistivity, Including the 10 Data Points 
That Have Been Retested as Outliers, of the Copper Specimens Plotted in Groups of Percent 

Additive Loading as a Function of Additive Particle Size. 

 More data is needed in order to determine if this decrease in resistivity with an increase in 

particle size is truly occurring with particle size (and not as a function of the mesh sized particle 

additives) and if it is actually significant enough to affect resistivity results. However, the trend 

observed with mesh sizes is interesting and should be remembered later when more detailed 

particle size research is to be performed. 

 The ASTM D991 standard indicates that the median value for each of the three specimens 

measured at each specific pulse generator input voltage value for each of the cells originally 

shown in Table 3 of Chapter 3 should be reported as the value for measure bulk volume 

resistivity. Following this standard, the values for bulk volume resistivity of each of the three 

voltages at which the specimens were tested are reported below. 
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Table 7. The Median of the Three Measured Bulk Volume Resistivity Values at Each of the Three Test 
Voltages Measured from Each Sample Flat. 

Median Bulk Volume Resistivity Values [Ω-m] 

Additive/ 

Particle Size 

Non-Additive Tungsten Copper Carbon black 

 Zero Loading 

No Applicable 
Particle Size 

@600V = 227.4 

@18000V = 145.5 

@2200V = 164.1 

- - - 

 Light Loading (1.5%) 

1-5 micron - @600V = 80.8 

@18000V = 110.1 

@2200V = 121.3 

@600V = 47.5 

@18000V = 71.0 

@2200V = 74.0 

- 

-325 mesh - @600V = 121.8 

@18000V = 100.8 

@2200V = 95.9 

@600V = 143.3 

@18000V = 148.0 

@2200V = 173.7 

- 

-100 mesh - @600V = 124.2 

@18000V = 108.8 

@2200V = 104.6 

@600V = 99.2 

@18000V = 98.0 

@2200V = 120.2 

- 

Aggregate - - - @600V = 41.4 

@18000V = 63.7 

@2200V = 82.8 

 Medium Loading (2.3%) 

1-5 micron - @600V = 86.4 

@18000V = 67.3 

@2200V = 85.8 

@600V = 142.5 

@18000V = 140.5 

@2200V = 114.8 

- 

-325 mesh - @600V = 173.5 

@18000V = 152.2 

@2200V = 196.6 

@600V = 107.9 

@18000V = 99.2 

@2200V = 97.8 

- 

-100 mesh  @600V = 103.9 

@18000V = 159.8 

@2200V = 140.5 

@600V = 99.0 

@18000V = 110.7 

@2200V = 113.7 

- 

Aggregate  - - - @600V = 69.0 
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Median Bulk Volume Resistivity Values [Ω-m] 

Additive/ 

Particle Size 

Non-Additive Tungsten Copper Carbon black 

@18000V = 46.6 

@2200V = 67.2 

 Heavy Loading (5.0%) 

1-5 micron - @600V = 212.9 

@18000V = 203.5 

@2200V = 222.4 

@600V = 168.7 

@18000V = 187.8 

@2200V = 209.3 

- 

-325 mesh - @600V = 201.7 

@18000V = 202.4 

@2200V = 169.7 

@600V = 208.4 

@18000V = 184.9 

@2200V = 204.2 

- 

-100 mesh - @600V = 115.3 

@18000V = 145.0 

@2200V = 122.8 

@600V = 94.4 

@18000V = 96.0 

@2200V = 91.2 

- 

Aggregate - - - - 

 
Regression and Response Surface Results 

Introduction and a Note on the Normality of the Data 

 In order to analyze such a large amount of data in a timely and efficient manner, a statistical 

software package called Minitab® 17 was used, as it provided all of the tools necessary for 

ANOVA analysis, regression equation building, and for response surface, etc. visualization of 

study results. 

 After all of the study results were input into Minitab in the format shown in Figure 18 of 

Chapter 3, Minitab’s “DOE>Response Surface>Analyze Response Surface Design…” function 

was used to create the response surface regression model discussed below.  

 An analysis of variance, or ANOVA, was performed with collected study data to test 

hypotheses regarding the effect of main factors and their interactions on results. Minitab was 

used to perform this analysis and as a result, outputs an ANOVA table, shown in Figures 48-50. 

Before discussing these initial Minitab results, it is important to note that the ANOVA analysis 

performed using the sets of experimental data gathered for this investigation was performed with 
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several limiting assumptions. These assumptions include: that the specimens have each been 

randomly selected for test and that the specimen response results are independent of all other 

specimens, that the experimental errors within the data gathered are normally distributed, and 

that the variance between different groups/treatments/etc. is similar. 

 In order to verify the assumption of normally distributed data, a probability plot, or a graphical 

method used to determine whether collected specimen data conforms to a hypothesized 

distribution or not, can be made in Minitab for visual examination. This verification of a normal 

data distribution was performed using a probability plot, rather than a histogram plot (even though 

a histogram plot was also produced), because a probability plot is usually considered more 

reliable than a histogram for small or moderately sized sample sets. 

 

Figure 47. (Left) A Histogram Plot of All of the Values Measured for the Bulk Volume Resistivity 
Response Shown with a Normal Distribution Curve for Comparison. (Right) A Probability Plot of the 

Bulk Volume Resistivity Responses Used to Verify the Normality of the Response Data. 

 The right image in Figure 47 shows the probability plot for the bulk volume resistivity 

response variable measured during the data collection portion of this study. The Minitab single 

variable probability plot creates and estimates a cumulative distribution function from all of the 

specimen data chosen by plotting the value of each observation against that observation’s 

estimated cumulative probability; if the data points plotted fit a positively sloped straight line, then 

the data is perfectly normal. In this case, the response variable data points plotted show a tailed 

distribution that is left-skewed at higher bulk volume resistivity values and right-skewed at lower 

resistivity values. The goodness-of-fit Anderson-Darling (AD) statistic run on the response data in 

order to create the probability plot is a measure of the area between the fitted line based on a 
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normal distribution and the data point based empirical distribution function; the AD statistic is 

used by Minitab to calculate a P-value for determining whether or not the plotted data follows a 

normal distribution. Based on the plot shown right in Figure 47 with a P-value equal to less than 

0.05, or 5%, it has been concluded that the response data does not follow a normal distribution 

[46].  

 Given that the response data gathered during this investigation is not normally distributed 

and that one of the three assumptions governing the validity of ANOVA results does not hold up, 

it is possible that the chances of getting falsely negative results for the response surface analysis, 

performed using this data and described below, are increased given that this analysis may be 

underpowered. Based on this information, the robustness of the response surface regression 

ANOVA analysis could be called into question. However, since the calculated AD-value is equal 

to 1.713, the fact that larger AD-values indicate non-normally distributed data and the fact that the 

ANOVA test makes inferences about mean values (or expected average responses at chosen 

factor levels) and not about the tails of the distribution, it was decided to proceed with response 

surface regression analysis. 

Initial Regression and Response Surface Results 

 Minitab outputs ANOVA tables with columns as follows: “Source” represents the source of 

variation being analyzed, “DF” indicates the number of degrees of freedom, or the amount of 

information in the data, of the Source, and the “Contribution” term indicates the percentage that 

each Source in the ANOVA table contributes to the total Seq SS values. The “Seq SS” term, or 

the sequential sum of squares term, are the measures of variation for the different components of 

the model and take into account the order of the terms in the model. Each Seq SS term 

represents the increase in the model sum of squares compared to a model with only the above 

ANOVA terms. The adjusted sum of squares, or the “Adj SS” term, indicates the measures of 

variation for different components of the model and each term quantifies the amount of variation 

in the response data that the corresponding term in the model explains. The adjusted mean 

squares, or “Adj MS” term, measures how much variation a term or model explains, assuming 

that every other terms is also in the model, and unlike the Adj SS term, the Adj MS term takes 
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into account the DF information. The “F-Value” of a term contains the test statistic used to 

determine whether or not that term is associated with the overall response; a larger F-Value 

represents a higher statistical significance. Finally, the “P-Value” of a term indicates the 

probability that measures the evidence collected against the null hypothesis, where lower 

probabilities provide stronger evidence against the null hypothesis and in support of the research 

hypothesis. 

 

Figure 48. The ANOVA Table That Minitab Generated Using the Data Collected for This Set of 
Experiments. 

 The Contribution column of the ANOVA table detailing the Minitab model fit for the data 

collected during this investigation indicates that the model generated accounts for approximately 

58.92% of all of the variation in the electric propellant resistivity responses collected. A large 
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majority, 36.34%, of the sources accounting for this variation come from a linear fit model with 

additive resistivity, then additive loading percentage, and lastly, additive particle size each 

accounting for a lesser portion of the variation in the order they were listed. Both the square and 

the 2-way interaction model account for about the same amount of response variation, 11.79% 

and 10.79%, respectively, with the additive percent loading squared term and the additive percent 

loading multiplied by the additive particle size term accounting for the most variation in each 

model, respectively.  

 The Contribution column also indicates that approximately 41% of the variation in the 

recorded resistivity response results is due to error. The error is parsed out into two categories: 

the first, as a result of the model’s lack of fit to the recorded data, accounting for 14.46% of the 

total variation in response, and the second source of error, a result of random error, accounts for 

26.62% of the total variation in response. Both of these model error contributions make sense, as 

only a few of the electric propellant additive explanatory factors have been explored during this 

investigation, and as described throughout this document, a significant portion of the error and/or 

variation present in this set of experiments is due to sample mixing non-homogeneity, among 

other known and unknown contributors, which cannot easily be quantified at this point. 

Additionally, the restricted experimental domain could also be contributing to both of these error 

components, however, since this study was intended to be a screening experiment, this was to be 

expected. 

 Based on the relationship used to calculate P-Values from F-Values, it can be said that 

higher F-Values lead to smaller P-Values, which suggests stronger statistical evidence against 

the null hypothesis. (The research hypothesis, from Chapter 1, states that there exists some 

replacement additive for the electric propellant formulation that will both preserve the operating 

mechanisms of the propellant and reveal the nature of the electrical resistivity of the altered 

propellant samples with regard to the presence of percolation theory. That is, that some 

percolation curve exists for each replacement additive used that will reveal some limiting critical 

threshold percolation value, beyond which no added benefit of particle size or amount can be 

shown. The corresponding null hypothesis would indicate that there is no replacement additive 
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that can be used in the electric propellant formulation that will preserve the operational 

mechanisms and/or that would reveal any effects of percolation.) With regard to the statistical 

analysis performed in Minitab, this null hypothesis corresponds to the fact that the model fit to all 

of the data gathered for this experiment does not explain any of the variation in the observed 

responses, and this is where looking at P-Values becomes important. 

 By comparing a standard chosen significance level of 5%, or 0.05, to the P-Values 

calculated for this set of data, the null hypothesis can be assessed by determining how well the 

model explains variation in the observed responses. If the P-Value being analyzed is less than or 

equal to the chosen significance level then it can be concluded that the model is likely to be able 

to explain the variation observed, otherwise, if the P-Value is greater than the significance level, 

the lack of fit of the model could be statistically significant and it may not correctly specify the 

relationships between provided independent and response variable data. 

 The P-Value of the model is shown as 0.000 (which means that the estimated probability is 

not zero, but beyond the number of significant digits presented), a P-Value less than the 0.05 

significance level value, meaning that, overall, the model itself is statistically significant and does 

account for a significant amount of the variation observed in the experimental results. 

Additionally, the P-Values of each of the fits, linear, square, and 2-way interaction, are also all 

below the significance level, meaning they too all contribute to the model being able to explain the 

observed variation in response. Models and terms that are significant based on their P-Values 

include: the linear fit model, the square fit model, the additive percent loading squared term, the 

additive particle size squared term, the 2-way interaction model, and the additive percent loading 

multiplied by the additive particle size term [47]. 

 Finally, the ANOVA table presents the outputs of several “goodness of fit” statistics. The first 

statistic is an “S” values that represents how well the model describes the response and is 

intended to be used in place of the R2 value to compare model fit with those models that do not 

have a constant value. In this case, the S value is fairly low, at 34.5133 Ω-m, (the lower the S 

value, the better the model describes the response) but since this is the first attempt at a 
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regression model for data of this kind, there is nothing valuable that could be compared to the S 

value for this model.  

 The last three statistics that were analyzed in this figure were the three R2 model summary 

values. The first of these values, “R-sq” or R2, is a statistical measure of how closely the data 

matches the fitted model for which the higher the value of R2 the better the model fits the data. 

This statistic will usually increase in value when additional predictors are included in the model, 

but is most useful when compared to models of the same size. An R2 value of 0% indicates that 

the fitted model does not explain any of the variation in the observed responses, and a value of 

100% indicates that the model accounts for all of the variability in the response results. For the 

data gathered during this investigation, Minitab predicts an R2 value of 58.92%, which is fairly 

high considering that this experiment was only conducted using one of the four electric propellant 

ingredients and using only a subset of available additive replacements, percentages, and particle 

sizes.  

 The next value for “R-sq (adj),” or the adjusted R2 value, is the value intended for use when 

comparing models with different numbers of predictors. Again, since no model similar to this one 

exists yet, this value should be saved and used later after more work has been done to explore 

electric propellant formulations and corresponding resistivity. However, it should be noted that the 

value for adjusted R2 is equal to 56.85%, only a -2.07% difference from the actual model R2 

value.  

 Lastly, the value shown for the predicted R2, or “R-sq (pred),” indicates how well the fitted 

model will predict responses for new observations in the data. For this model, the predicted R2 

value is 54.50%, a -4.52% difference from the actual model R2 value. A predicted R2 value that 

has a substantially lower value than the model R2 value could possibly indicate that the model is 

over-fit or has a number of added terms that account for population effects that are not important, 

meaning the model could be tailored to the specific set of data to which it was fitted and a poor 

population response predictor. This is not the case with the model fitted for this investigation 

given its ~4.5% difference from the fitted model R2 value [48]. 
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 Minitab outputs the Coded Coefficient portion of its ANOVA tables, shown in Figure 49, with 

columns as follows: the “Effect” column includes Effect values that describe the magnitude and 

direction of the relationship between a term and the chosen response variable, and the “Coef” 

column contains values that describe the magnitude and direction of the relationship between a 

term in a specific model and the response variable, half the size of the value in the Effect column. 

The “SE Coef” column contains values for the estimated variability of the coefficient estimates 

that would be obtained if samples from the same population were repeatedly retested; the smaller 

the values of the standard error of the coefficient, the more precise the estimate is. The “95% CI” 

column details the ranges of values that are likely to contain the actual value of the coefficient for 

each modeled term. The “T-Value” is a measurement of the ratio between the coefficient and its 

standard error and the “P-Value,” as discussed previously is the probability that measures 

evidence against the null hypothesis. Lastly, the “VIF” (variance inflation factor) values describe 

how much the variance of a particular coefficient has been inflated based on the correlations 

among model predictors.  

 Given that the T-Values for all of the model terms are relatively low, the standard error for 

each of the calculated coefficients can be deemed sufficiently large, meaning that the coefficient 

estimates are not very precise. Combined with the computed P-Values that are less than the 

chosen significance level, these statistics indicate that the following coefficients are statistically 

significant: the constant value term, the additive loading percentage squared term, the additive 

particle size squared term, and the additive loading percentage multiplied by the additive particle 

size interaction term. Terms that had an assigned P-Value slightly above the significance level of 

0.05 (which could or could not be considered marginally significant) included the following: the 

linear additive resistivity and additive particle size terms and the additive resistivity multiplied by 

additive particle size interaction term. 
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Figure 49. A Continuation of the ANOVA Table That Minitab Generated Using the Data Collected for 
This Set of Experiments. 

 VIF values can be used to describe how much correlation between predictors 

(multicollinearity) exists in a regression model. A VIF value equal to 1, usual in most factorial 

designs, indicates that predictors have no correlation between them, and a VIF value of greater 

than 5 indicates that predictors are highly correlated. Five out of the nine model terms included in 

the generated regression equation, discussed below, have VIF values significantly greater than 5; 

“highly correlated predictors are problematic because the multicollinearity can increase the 

variance of the regression coefficients,” making them unstable. This could mean that some of the 

regression equation coefficients “can seem to be not statistically significant even when an 
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important relationship exists between the predictor and the response,” and “removing any highly 

correlated terms from the model will greatly affect the estimated coefficients of the other highly 

correlated terms” [49]. 

 Following the Minitab Coded Coefficients table is the Minitab generated response surface 

Regression Equation. The equation shown in Figure 49 has been output by Minitab in uncoded 

units due to the fact that the model generated for the data is hierarchical. A hierarchical model is 

one in which, “for each term in the model, all lower order terms contained in it must also be in the 

model.” When interpreting this regression equation in uncoded units, “interpret the coefficients 

using the natural units of each variable” [50, 51]. 

 The last set of data output by Minitab as part of the response surface regression analysis is 

the table shown below in Figure 50 of Fits and Diagnostics for Unusual Observations. This table 

details all of the unusual, or influential, observations that have an unequal impact on the ANOVA 

analysis and/or on the regression model; these observations are important to identify, as they 

could produce misleading results. The unusual observations detected in the data set fed to 

Minitab for this investigation are all of the outlier, or large residual, type, meaning that they are 

values that are considered extreme in the y-direction when compared to the fitted regression line. 

These observations are denoted extreme standardized residuals by the “R” value shown in the 

unusual observations table. 
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Figure 50. A Continuation of the ANOVA Table That Minitab Generated Using the Data Collected for 
This Set of Experiments. 

 The observations denoted in the Fits and Diagnostics for Unusual Observations table refer to 

12 different data points, or specimen, that seem unusual given the rest of the data collected. The 

specimen corresponding to the observations above have been tabulated below. Interestingly, four 

out of the 12 unusual observations (observations 169, 176, 185, and 189) were identified as 

outliers and retested as detailed above in the Outlier Identification, Re-Testing, and Visualization 

subsection. 

Table 8. The Specimen Serial Numbers Corresponding to the Minitab Identified Unusual 
Observations. 

Minitab Unusual Observation Specimen Serial Number 

27 Cu-5-1-5-2 

36 Cu-5-100-8 

88 W-2.3-325-8 

90 Cu-1.5-325-4 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  133 

Minitab Unusual Observation Specimen Serial Number 

113 W-2.3-100-4 

127 W-2.3-325-7 

130 NA-2 

157 W-2.3-325-1 

169 NA-3 

176 Cu-1.5-1-5-1 

185 Cu-1.5-100-1 

189 Cu-5-1-5-8 

 
 In order to verify whether or not the observations noted above have had an influential effect 

on the regression results, the model would have to be fit with and without each of the 

observations and values including those for P-Values, R2 values, and additional model 

significance indicators considered important would have to be analyzed. If significant changes in 

the models occur when one or more of the noted observations is removed, then those 

observations should be checked for error (in entry, measurement, etc.) and a decision as to 

whether or not the data point should be omitted, re-tested, or if more data needs to be collected 

all together needs to be made in order to determine a model resolution [52]. This analysis, 

however, was outside of the scope of this study. 

 The first set of plots generated in Minitab for data visualization and interpretation included 

the main effects and interaction plots for the bulk volume resistivity response values shown 

below.  

 The main effects plot “displays the means for each group within a categorical variable, with a 

line connecting the points for each variable. When this connecting line is horizontal, there is no 

main effect present; the steeper the slope of a non-horizontal line, the larger the magnitude of the 

main effect. Interestingly, additive resistivity and additive particle size both have a positively 

increasing slope, although curved oppositely, while the additive loading percentage categorical 

variable has a “U” shaped curve. The ANOVA and response regression detailed above have 
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already verified that the main effects of additive resistivity and particle size, at least for this model, 

are important. This main effects plot, however, details that percolation may be having an effect on 

bulk volume resistivity response. The curve shown for additive loading percentage could be “U” 

shaped, or could represent one side of the typical “S” curve (discussed for carbon black in 

plastics in Chapter 2). In order to verify this, more data for additive loading percentage values on 

either side of the additive loading percentage values chosen for this investigation would be 

needed. 

 

Figure 51. The Minitab Generated Fitted Means Main Effect Plot for the Bulk Volume Resistivity 
Response Variable. 

An interaction plot is used to show the relationships between one categorical factor and a 

response variable that depends on the value of a second categorical factor; the lines on the 

interaction plots are to be evaluated in order to determine interactions. If the plotted lines are 

parallel, no interaction occurs, and if the plotted lines are non-parallel or intersecting, an 

interaction occurs, where the strength of the interaction is determined by how non-parallel the 

lines are. 
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Figure 52. The Minitab Generated Fitted Means Interactions Plot for the Bulk Volume Resistivity 
Response Variable. 

 The top left plot, of additive resistivity and additive loading percentage, shows two parallel 

lines (representing a 0.025 and a 0.05 loading percentage) with one line (representing a 0 loading 

percentage) intersecting the 0.05 loading percentage line on the left hand side on the plot, and 

possibly intersecting the 0.025 loading percentage line off of the plot to the right. The bottom left 

plot, of additive resistivity and particle size, shows interaction between all three particle size lines 

and shows lines each with a significant difference in slope. The last plot on the bottom right, 

additive loading percentage and particle size, shows three nearly parallel lines that do not 

intersect, indicating no significant interaction. However, these line could possibly show an 

intersection further off of the plot to the right if the data set were to be expanded [53]. 

 Upon further inspection of the fitted means main effects plot above, specifically the additive 

resistivity plot, the fitted mean bulk volume resistivity point representative of the carbon black 

specimens is dramatically higher compared to the actual response value data. This is also true for 

the fitted mean values shown in the interactions plot. It is believed that this error could be due to 

the fact that tungsten, copper, carbon black, and the non-additive samples were all analyzed in 

Minitab under the assumption that they all included additives, or a lack of additives, that could be 

compared on the same scale across all of the analysis work performed. In order to remedy this, a 

nested analysis would have to be performed, however, this would have required sufficient effort 
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and it is preferred that this analysis be completed when more data is available so conductive and 

non-conductive metallic and non-metallic combinations could be equally analyzed separately and 

then compared for review. This is further discussed in Chapter 5. 2D contour plots of the data 

were also generated in Minitab, however these plots exhibit a similar error as described above 

and are not shown, however, their form can be inferred from the surface plots shown below. 

 Due to the effect described above, two different sets of surface plots were generated in 

Minitab: those shown as green surfaces below were generated using the Minitab DOE Response 

Surface option and those shown as a blue/grey mesh surface were generated using the actual 

measured values collected during testing. 

 

Figure 53. Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Resistivity (x-axis) and 
Particle Loading Percentage (y-axis), with an Additive Particle Size Hold Value Equal to 0.0000745m. 

 The surfaces shown in the figure above detail the bulk volume resistivity response values 

over the plane of additive resistivity values versus additive loading percentages. In the plot on the 

left (the Minitab surface) the plotted bulk volume resistivity response surface clearly increases 

with increasing additive resistivity and has a slight “U” shape corresponding to additive loading 

percentage where the lowest point in the “U” shape occurs at a loading value of approximately 

0.023, or 2.3% percent.  

 The surface shown to the right (the surface representing the actual data point values) shows 

this similar “U” shape corresponding to additive resistivity only at lower values of resistivity (where 

the metallic additive resistivities occur) and transitions into more of an downward curve as 

additive resistivity increases. Peaks in bulk volume response resistivity appear to occur at low 

values of additive resistivity and either very low or very high (within the domain tested) values of 
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additive loading percentage. Valleys in the response variable appear to occur at low additive 

resistivities and mid-level additive loading percentages and higher additive resistivity values and 

low additive loading percentages. 

 The portion of the surface shown in Figure 53 representing the actual data point values 

corresponding to the tungsten and copper additive resistivity values appears to mirror the results 

found above in the initial data visualization done in Excel. The slope of the response surface 

increases slightly between the 1.5% and 2.3% additive loading percentages, and slightly more 

between the 2.3% and the 5% additive loading percentages.  

 The two surfaces plotted to show the bulk volume resistivity response value over the plane 

of additive loading percentage versus additive particle size shows an incredible difference in 

predicted response values as particle size increases. The Minitab surface shown in Figure 54 

indicates that as particle size increases, so does the bulk volume resistivity response across all 

additive loading percentage values. However, more realistically, given the values of mesh sizes 

that were used for two out of the three particle size levels, the actual data shown in the meshed 

surface only shows that particle size has an impact at lower values, where the 1-5 micron particle 

sizes used for this experiment exist. This end of the response also details the “U” shaped additive 

loading percentage curve discussed above.  

 The initial data visualization in Excel detailed that, for a 5% additive loading percentage, a 

decrease in resistivity with an increase in particle size was observed using a linear fit. This 

behavior is small, but observable in the surface shown in Figure 54 representing the actual data 

point values at a loading percentage of approximately 5%. 
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Figure 54. Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Loading Percentage (x-
axis) and Additive Particle Size (y-axis), with an Additive Resistivity Hold Value Equal to 0.0000005Ω-

m. 

 The last surface plotted, showing the bulk volume resistivity response values over the plane 

of additive resistivity versus additive particle size, only seems to differ between the Minitab and 

data-based surfaces at values of high particles size and high additive resistivity. Unfortunately, 

the initial data visualization done in Excel detailed inconclusive results in bulk volume resistivity 

response relationship based on the interactions between the additive resistivity and additive 

particle size explanatory factors, most likely due to mesh sizes. This inconclusively in measured 

response was carried through to the response surface representing the actual measured data 

points, as the majority of the surface is flat. 

 

Figure 55. Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Resistivity (x-axis) and 
Additive Particle Size (y-axis), with an Additive Loading Percentage Hold Value Equal to 0.025. 

Updated Regression and Response Surface Results 

 Based on the Coded Coefficients P-Values and VIF values detailed in the initial regression 

analysis table shown above, the modeled terms for additive resistivity squared and the additive 

resistivity multiplied by the additive loading percentage interaction term were removed from the 
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response surface analysis design and a new regression model was created. Both the additive 

resistivity squared and the additive resistivity multiplied by the additive loading percentage terms 

had high P-Values and low VIF values, meaning that their inclusion in the overall model was not 

statistically significant and that neither of them were collinear enough to consider allowing them to 

remain in the model. Given that the regression model above was determined to be hierarchical 

only these terms were removed, as they were not included in any higher order terms and their 

constituent linear terms were left alone. 

 The updated response surface regression model was generated following the same 

procedure as the regression model shown above. The first table, the ANOVA table, output by 

Minitab shows an R2 value equal to 58.41% compared to the R2 value of 58.92% from the initial 

analysis; by removing only two non-collinear, statistically insignificant variables, the regression 

equation output by Minitab was simplified and in the process, only 0.51% of the model’s 

contribution to variation was lost and reallocated to the model’s error contribution percentage. 
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Figure 56. The ANOVA Table That Minitab Generated Using the Data Collected for This Set of 
Experiments, with the Additive Resistivity Squared and Additive Resistivity Multiplied by Additive 

Loading Percentage Terms Removed from the Analysis. 

 The updated Minitab Coded Coefficients table details only one model term with a P-Value 

significantly higher than the chosen significance level value, 0.005, for additive resistivity, which 

has increased significantly from the first regression analysis done using the same data. However, 

because this model is hierarchical and the VIF value for this term is still high, the term must 

remain in the analysis and in the resulting regression equation. 
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Figure 57. A Continuation of the Updated ANOVA Table That Minitab Generated Using the Data 
Collected for This Set of Experiments, Detailing Coded Coefficients and the Regression Equation 

Output by the Analysis. 

 The values in the Coded Coefficients table Coefficients column, as described in the 

subsection above, detail the size and direction of the relationship between the response variable 

and that particular term in the model, shown in coded units in order to minimize the 

multicollinearity among all of the model terms. In other words, a term’s coefficient represents the 

change in the mean response associated with an increase of one coded unit in that term if all 

other terms are held constant; the sign of each coefficient indicates the direction of the 

relationship between the response and that particular term [49]. The size of the Effect value, or 

twice the Coefficient value, is usually a good indicator of the practical significance of the effect 

one of the terms in the regression has on the response variable. The updated Minitab regression 

equation, shown at the bottom of Figure 57, indicates that, along with the constant term, the 

model terms, in order of coefficient size are as follows: additive resistivity multiplied by additive 

particle size, particle size, additive resistivity, additive loading percentage squared, additive 

loading percentage multiplied by additive particle size, additive particle size squared, and finally, 

additive loading percentage. 
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 Lastly, the updated Fits and Diagnostics for Unusual Observations table, shown in Figure 58, 

lists the all of the unusual observations that had an unequal impact on the updated ANOVA 

analysis and/or the regression model. When compared to the initial set of unusual observations 

output and shown above, only two of the initial observations (observations 157 and 176) were 

eliminated. 

 

Figure 58. A Continuation of the ANOVA Table That Minitab Generated Using the Data Collected for 
This Set of Experiments, Detailing the Data Points That Minitab Has Determined to Be Unusual 

Observations. 

 In addition to the updated set of ANOVA regression analysis tables, all of the plots shown 

above for the initial analysis were recreated with the updated regression model and are discussed 

below. The first set of plots re-made for data visualization and interpretation include the main 

effects and the interaction plots for the bulk volume resistivity response values shown below in 

Figures 59 and 60.  

 The main effects plot produced from the updated regression analysis has changed slightly 

from the same plot produced for the initial regression analysis. The curve shown for additive 

resistivity has gotten slightly more linear in shape, and while it overall follows the same trend, it 

now spans a range of bulk volume resistivity response values from approximately 125 to 300 Ω-
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m. There was less of a change in shape and range observed in the curve drawn for particle size. 

The additive loading percentage curve has also not significantly changed in trend, but the shape 

of the parabolic curve has narrowed slightly, however, this is most likely due to the change in 

scale of these plots compared to those from the initial regression analysis. 

 

Figure 59. The Minitab Generated Fitted Means Main Effect Plot for the Bulk Volume Resistivity 
Response Variable. 

 The interactions plot for this updated analysis only contains two complete plots, as the 

interaction term for additive resistivity multiplied by additive loading percentage was removed 

from analysis. The trends observed in the updated interaction plots are similar to those observed 

in the original plots, with almost no change. There appears to be significant interaction between 

additive resistivity and particle size with respect to the bulk volume resistivity response, given that 

each of the particle size lines have different slopes and all show an intersection with the other 

lines. No interaction is shown in the additive loading percentage and particle size plot, and the 

curves all appear fairly parallel, however, the possibility of intersection could still exist off to the 

right of the plot, but more data would be required to either confirm or deny this speculation. 
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Figure 60. The Minitab Generated Fitted Means Interactions Plot for the Bulk Volume Resistivity 
Response Variable. 

 The response surface plots for this updated regression were also generated and are shown 

below next to the same blue/grey mesh surfaces generated using the actual measured values 

collected during testing and shown above for direct comparison. 

 The surfaces shown in the figure below detail the bulk volume resistivity response values 

over the plane of additive resistivity values versus additive loading percentages. In the plot on the 

left (the Minitab surface) the plotted bulk volume resistivity response surface clearly increases 

with increasing additive resistivity and has a distinctly parabolic shape (when compared to the 

original plot) corresponding to additive loading percentage where the lowest point in the “U” 

shape occurs at a loading value of approximately 0.023, or 2.3% percent. This surface shape 

indicates that additive loading percentage has a parabolic shaped relationship with measured 

bulk volume resistivity across the tested additive loading percentage domain and that additive 

resistivity has a linearly shaped relationship with bulk volume resistivity across the tested additive 

resistivity domain. The surface shown to the right (the surface representing the actual data point 

values) shows this similar “U” shape corresponding to additive resistivity only at lower values of 

resistivity (where the metallic additive resistivities occur). 
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Figure 61. Updated Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Resistivity (x-
axis) and Additive Loading Percentage (y-axis), with an Additive Particle Size Hold Value Equal to 

0.0000745m. 

 Following the trend of the initial results described above, the two surfaces plotted to show 

the bulk volume resistivity response value over the plane of additive loading percentage versus 

additive particle size show an incredible difference in predicted response values as particle size 

increases. The only observable difference in the Minitab predicted surface, when compared to the 

initial surface above, is the slight decrease in predicted bulk volume resistivity values when both 

additive particle size and additive loading percentage are large. 

 

Figure 62. Updated Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Loading 
Percentage (x-axis) and Additive Particle Size (y-axis), with an Additive Resistivity Hold Value Equal 

to 0.0000005Ω-m. 

 The final surfaces plotted, for the bulk volume resistivity response value over the plane of 

additive resistivity versus additive particle size, only seems to differ greatly at values of high 

particles sizes and high additive resistivity between the Minitab and data-based surfaces. A 

decrease in predicted bulk volume resistivity values by approximately 200 Ω-m is the only 
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observable difference, as the predicted surface shape remained the same as the initial surface 

shown above. 

 

Figure 63. Updated Surface Plots of Bulk Volume Resistivity (z-axis) Versus Additive Resistivity (x-
axis) and Additive Particle Size (y-axis), with an Additive Loading Percentage Hold Value Equal to 

0.025. 

Error Analysis 

 Following the error analysis calculations, outlined in Equations 7-10 in Chapter 3, uncertainty 

values contributed to measurements from only the testing set-up measurement equipment and 

hardware were computed for each of the 189 specimens measured. The uncertainty values for 

each of the median bulk volume resistivity values presented in Table 7 have been added to Table 

9 below. It is important to note that the largest of the 189 error values computed was equal to 

12.6 Ω-m (computed for specimen Cu-5-1-5-8, also identified as an outlier and as one of 

Minitab’s unusual observations). 

Table 9. The Median of the Three Measured Values at Each of the Three Test Voltages Measured 
from Each Sample Flat Presented with the Associated Uncertainty Value Calculated During Error 

Analysis. 

Median Bulk Volume Resistivity Values [Ω-m] 

Additive/ 

Particle Size 

Non-Additive Tungsten Copper Carbon black 

 Zero Loading 

No 
Applicable 
Particle Size 

@600V = 
227.4±7.0 

@18000V = 
145.5±2.9 

@2200V = 
164.1±3.8 

- - - 
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Median Bulk Volume Resistivity Values [Ω-m] 

Additive/ 

Particle Size 

Non-Additive Tungsten Copper Carbon black 

 Light Loading (1.5%) 

1-5 micron - @600V = 80.8±1.0 

@18000V = 
110.1±1.7 

@2200V = 
121.3±2.2 

@600V = 47.5±0.3 

@18000V = 
71.0±0.7 

@2200V = 
74.0±0.8 

- 

-325 mesh - @600V = 121.8±2.6 

@18000V = 
100.8±1.6 

@2200V = 95.9±1.6 

@600V = 
143.3±3.3 

@18000V = 
148.0±3.8 

@2200V = 
173.7±5.6 

- 

-100 mesh - @600V = 124.2±2.6 

@18000V = 
108.8±2.0 

@2200V = 
104.6±1.7 

@600V = 99.2±1.9 

@18000V = 
98.0±1.6 

@2200V = 
120.2±2.5 

- 

Aggregate - - - @600V = 41.4±0.3 

@18000V = 
63.7±0.6 

@2200V = 
82.8±1.0 

 Medium Loading (2.3%) 

1-5 micron - @600V = 86.4±1.3 

@18000V = 
67.3±0.8 

@2200V = 85.8±1.5 

@600V = 
142.5±3.3 

@18000V = 
140.5±3.5 

@2200V = 
114.8±2.5 

- 

-325 mesh - @600V = 173.5±4.8 

@18000V = 
152.2±4.0 

@2200V = 
196.6±7.0 

@600V = 
107.9±2.0 

@18000V = 
99.2±1.6 

@2200V = 
97.8±1.6 

- 

-100 mesh  @600V = 103.9±1.5 @600V = 99.0±1.5 - 
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Median Bulk Volume Resistivity Values [Ω-m] 

Additive/ 

Particle Size 

Non-Additive Tungsten Copper Carbon black 

@18000V = 
159.8±4.0 

@2200V = 
140.5±2.9 

@18000V = 
110.7±2.0 

@2200V = 
113.7±2.1 

Aggregate  - - - @600V = 69.0±0.7 

@18000V = 
46.6±0.4 

@2200V = 
67.2±0.7 

 Heavy Loading (5.0%) 

1-5 micron - @600V = 212.9±8.6 

@18000V = 
203.5±7.2 

@2200V = 
222.4±8.4 

@600V = 
168.7±4.5 

@18000V = 
187.8±5.8 

@2200V = 
209.3±7.2 

- 

-325 mesh - @600V = 201.7±7.0 

@18000V = 
202.4±10.0 

@2200V = 
169.7±6.1 

@600V = 
208.4±6.3 

@18000V = 
184.9±5.1 

@2200V = 
204.2±6.0 

- 

-100 mesh - @600V = 115.3±2.5 

@18000V = 
145.0±3.2 

@2200V = 
122.8±2.5 

@600V = 94.4±1.6 

@18000V = 
96.0±1.5 

@2200V = 
91.2±1..4 

- 

Aggregate - - - - 

 

These calculated uncertainty values and a detailed explanation of possible causes are further 

discussed in the Interpretation of the Findings section of Chapter 5. 

Summary 

 This chapter has detailed the qualitative and quantitative results of the experimental and 

analysis portions of this study for each of the 189 specimens considered for measurement. 
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Sample manufacturing and pilot study results were presented, as were the results of the pre-

regression and response surface analysis; the resistivity response raw data, outlier corrected 

data, and calibration corrected data gathered during this investigation were plotted in Excel and 

allowed for an early interpretation of results. Following this Excel based analysis, the final 

calibration collected data was assessed in Minitab for normality and statistical analysis 

robustness, then fed through software that allowed for an initial regression and response surface 

examination. Once unessential contributors of variation were removed from the initial Minitab 

regression, an updated regression and response surface examination was conducted. 

Additionally, final calibration data and calibration corrected data gathered were used to calculate 

the amount of uncertainty present in results due to the testing equipment and hardware used for 

resistivity measurements.   

 The set of results gathered from data collection and the subsequent analysis of those results 

yielded a significant amount of information regarding general trends in data and raised several 

questions regarding the validity of the analysis performed based on sample population size and 

make up. Trends apparent after data analysis include: changes in propellant sample resistivity 

responses based on the included formulation additive, the lack of a relationship between pulse 

generator input voltage value and resistivity response for all samples tested, the possible effects 

of percolation on sample resistivity based on Excel plots detailing additive loading percentage 

versus bulk volume resistivity response values, and inconclusive behavior regarding the effects of 

particle size on sample responses. The data-based Minitab response surfaces further illustrate 

these trends and also offer several 3D representations of the results measured across the 

experimental domain. And, further statistical analysis in Minitab, based on the fitted mean and 

interaction plots has indicated questionable analysis predictions that should be further 

researched. Finally, based on the error analysis results, and on the final state of the prepared 

samples used for this investigation, it has been presumed that the majority of the error in 

measurements was most likely due to non-uniform mixing given the comparatively small 

calculated values of uncertainty presented.  



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  150 

 These trends, and their implications, are further interpreted below in Chapter 5, along with a 

discussion of several possible avenues of research that could be carried out in an effort to further 

explore them. 

 The final result of all of the analysis completed for this investigation has yielded a regression 

equation, based on the data gathered and detailed above, that can be used to preliminarily 

predict the electrical resistivity of electric propellant samples based on the included additive’s 

resistivity, particle size, and loading percentage. The final equation is as follows, 

 

𝑅 = 155.4 
− (43593014 ∗ 𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦) − (5264 ∗ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒)

+ (1226926 ∗ 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑆𝑖𝑧𝑒) 
+ (120723 ∗ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑃𝑒𝑟𝑒𝑐𝑛𝑡𝑎𝑔𝑒2) − (5769430904 ∗ 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑆𝑖𝑧𝑒2) 
+ (2928522678752 ∗ (𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 ∗ 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑆𝑖𝑧𝑒)) 

 − (18906073 ∗ (𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 ∗ 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑆𝑖𝑧𝑒)) 

(11) 

 
where the final result for bulk volume resistivity and additive resistivity are in units of Ohm-meters 

and particle size is in units of meters. 
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CHAPTER 5 

INTERPRETATION AND DISCUSSION OF RESULTS 

Introduction 

 The research hypothesis under which this study was conducted, originally presented in 

Chapter 1, states that there exists some replacement additive for the electric propellant 

formulation that will both preserve the operating mechanisms of the propellant and reveal the 

nature of the electrical resistivity of the altered propellant samples with regard to the presence of 

percolation theory. That is, that some percolation curve exists for each replacement additive used 

that will reveal some limiting critical threshold percolation value, beyond which no added benefit 

of particle size or amount can be shown. This portion of the research hypothesis has been 

supported, as both of the replacement additives chosen for this investigation (copper and carbon 

black) preserved the baseline electric propellant properties at ambient pressures, and resulted in 

a change in propellant resistivity based upon the additive included. The various loading 

percentages at which these additives (including tungsten) were incorporated into the electric 

propellant samples manufactured for this investigation may have partially revealed the effects of 

percolation on propellant electrical bulk volume resistivity responses; this behavior could be 

further proven with added investigation, described below. 

 Additional statements made regarding a combination of additive properties that may negate 

the “electric properties” of this propellant and regarding any possible predictions about propellant 

performance based on electrical resistivity results were also made. The results of the bulk volume 

electrical resistivity responses gathered during this investigation, combined with the data 

gathered during the literature review conducted for this study suggest that propellant electrical 

resistivity responses could be loosely correlated to power consumption testing results from 

previous work. No conclusion can be drawn, however, regarding the negation of any electric 

propellant properties based on the results gathered and discussed in Chapter 4. 

 As discussed in Chapter 1 of this document, the significance of understanding the 

operational mechanism and of what improves the performance of this electric propellant 

formulation cannot be overstated. While the study described herein does not do this directly, until 
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the exact conduction and combustion mechanisms for this propellant are understood, any step 

taken in the direction of increasing the fundamental science surrounding the operation of this 

material should be considered beneficial. This chapter comprises a discussion and an 

interpretation of the findings detailed in Chapter 4, and will review the significant contributions of 

this investigation to both the understanding of the fundamental science governing the electric 

propellant operation and to any researchers interested in electric propellant. 

Interpretation of the Findings 

 The following subsections detail an interpretation and a discussion of the significant and/or 

interesting outcomes described in Chapter 4, resulting from the methodologies and procedures 

followed or created for this study, as described in Chapter 3.   

Pilot Study and Sample Flat Manufacturing and Preparation Results 

 The fact that the electric propellant formulations tested operate as desired with various 

copper additive loading percentages and particle sizes was promising to discover, as was finding 

out that a carbon black additive also did not affect desired propellant operation. Although no 

pressurized tests were done in order to confirm whether or not the on/off mechanism of the tested 

propellant variations is retained at higher pressures, as described in the original perchlorate 

oxidizer electric propellant patent, results of the pilot study completed for this investigation show 

that all of the 21 sample formulations tested retained the on/off operational mechanism at 

ambient pressures. It did not come as a surprise that all nine of the tungsten sample formulations 

varying in additive loading percentage and additive particle sizes maintained this ability. 

 Since all of the propellant variations were proven to maintain operational ability, this 

investigation was unable to significantly narrow in on whether or not the tungsten additive is 

playing a significant role based on any observed changes in propellant operating behavior based 

on the properties varied across the replacement additive tested (reactivity, electrical conductivity, 

thermal conductivity, metallic nature, etc.). Again, these pilot study tests were only performed at 

one input level and at one testing pressure, and it is unknown whether or not the behavior of 

these formulations is different than that of the baseline electric propellant formulation at varied 

operating conditions. 
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 While the results of the pilot study proved interesting, the results of the sample flat 

manufacturing process were much more significant and perhaps point to the largest source of 

experimental error and possible variation in propellant properties, performance, etc. The non-

additive flat produced is perhaps the most telling, due to the fact that there is no additive included 

to conceal the variation of perchlorate oxidizer and PVA within the sample flat. In the image of the 

flat shown on the left side of Figure 20 in Chapter 4, variation is apparent in the overall color of 

the propellant; red dye was added to the perchlorate oxidizer and deionized water solution for 

safety reasons, however it also serves a visual purpose, indicating where there are higher 

concentrations of the red dyed oxidizer solution than PVA; the PVA can be identified visually in 

the clearer areas of the flat and physically in the areas with a higher durometer and a hard plastic 

feel. Additionally, the non-additive sample flat also allows for a visual of the number of voids 

present in the sample due to the inability of the mixing procedure to deaerate the mixture.  

 The additives included in the other 20 propellant flats hinder the ability to visually determine 

the amount of homogeneity within each mix, however, variation in the amount of additive spread 

throughout several of the samples was observed by holding the sample flats up to a light. This 

variation can be seen in the right-most image in Figure 21 of the -100 mesh 1.5% loading 

tungsten sample flat. Furthermore, samples made with the smallest 1-5 micron copper additive 

sizes show significant variation in color and concentration across flats, most notably in the 5% 

loading copper sample flat shown in Figure 27. The most well mixed samples, apparent in the 

visualization of the data collected and discussed below, appear to be the carbon black samples. 

This lower variation among the resistivity results of the carbon black samples could indicate an 

overall better quality of mixture or could be due to the fact that since the particles/aggregates of 

the conductive carbon black powder were so small, and that so much was used to meet the 

formulation’s mass requirement, that the conductive additive was much more well dispersed 

within the samples compared to the samples with tungsten and copper additives. The aggregate 

characteristics of the carbon black particles used for making these samples flats supports this 

idea, as particles with higher aspect ratios tend to have a higher surface area per unit volume and 

a more wettable surface area.  
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 Based on the initial visual observations of the unprepared sample flats, it is clear that the 

mixing instructions used to produce them are lacking in ability to guide the user to a well-mixed, 

void-free product. This is one of the significant contributions of this investigation, as, discussed 

further below, it provides a starting point for the team to use to improve mixing instructions and 

sample homogeneity from this study forward; because the sample flats manufactured for this set 

of experiments have been preserved and data taken for this investigation has also been recorded 

and made available to the team, both can be referred to and used to determine the quality of any 

updated procedures and newly manufactured propellant samples. 

Data Collection, Correction, and Visualization Results 

 Given the variation apparent in the sample flats made for specimen selection and testing, the 

amount of variation observed in bulk volume resistivity responses was not surprising. An initial 

visualization of the response results showed large differences in the responses of samples from 

the same flats, tested at the sample pulse generator input voltages. 

 Despite the amount of variation present, the linear fits applied to all of the data sets 

indicated, as initially found by the two-point technique analysis, performed in 2017 and described 

in Chapter 2, that there is no relationship between the pulse generator input voltage and the 

measured bulk volume resistivity response variable for any of the sample formulations tested. 

Interestingly, the linear fits for the 1.5% and the 2.3% data sets for carbon black, tungsten, and 

copper were all within a few Ω-m of each other’s y-intercept and had similar slopes approximately 

equal to zero, bringing into question the statistical differences between them. The 5% data sets 

for the tungsten and copper samples, however, had significantly higher y-intercept values and 

slopes approximately equal to zero, lending some credibility to the possibility of the effects of 

percolation theory affecting sample response.  

 The un-corrected data sets collected during this study do conclusively show, based on the 

measured resistivity of the different additives included in the formulations studied, that the 

removal and the replacement of the tungsten additive, in various sizes and amounts, does have 

some effect on the electrical resistivity of the materials that were studied. Combined with the 

conclusions regarding the pilot study above, this investigation was unable to narrow in on whether 
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or not the tungsten additive is playing a significant role based on any observed changes in 

propellant operating behavior given the properties that were varied across the replacement 

additives tested. This conclusion successfully answers the first research question established in 

Chapter 1 regarding whether or not the removal or replacement of the tungsten additive would 

yield a change in propellant electrical resistivity. This conclusion, however, does not successfully 

provide any supporting evidence to allow for the third research question established in Chapter 1, 

regarding electrical resistivity relating to propellant performance and power requirements, to be 

answered. 

 Statistically, an outlier is defined as “one or more observations in a sample that are so far 

from the main body of data that they give rise to the question that they may be from another 

population” [54]. The outliers present in this data set could have occurred due to chance, to 

variability in measurements taken, or could possibly indicate experimental error; after detailed 

inspection of the manufactured sample flats above, it is believed that any outliers present are 

most likely the results of variation in sample homogeneity, and identified outliers are just 

specimens with significantly more of one electric propellant constituent ingredient than others. 

Outliers can occur by chance in any distribution, but they often indicate either measurement error 

or that the population has a heavily-tailed distribution. In the former case, the outliers could be 

discarded or statistical tools that are robust to outliers could be used for analysis, and in the latter 

case, outliers indicate that the distribution has high skewness and that care in using tools or 

intuitions that assume a normal distribution should be taken. Outlier points can also indicate, in 

larger samplings of data, faulty data, erroneous procedures, or areas where a certain theory 

might not be valid.  

 Deletion of outlier data is a controversial practice traditionally frowned upon, and while 

mathematical criteria can provide an objective and quantitative method for data rejection, they do 

not make the practice more scientifically or methodologically sound, especially in small data sets 

or where a normal distribution of response results cannot be assumed. The rejection of outliers is 

a more acceptable practice in areas of study where the underlying model of the process being 

measured and the usual distribution of measurement error are confidently known; additionally, in 



Approved for Public Release DOPSR 19-S-0112 
Placed in the Public Domain Per E18-9TPV 

  156 

large data sets, a small number of outliers is to be expected (in the case of the 24 outliers chosen 

for retest, the number of outliers was equal to approximately 13% of the sample population). The 

normality of the measured resistivity response data was determined and was discussed in 

Chapter 4; the sample population also does not appear to have a heavily tailed or skewed 

distribution. Since such care was taken in performing calibration and following the testing 

procedures, the evidence gathered from the outliers within the same sample flats, detailed below, 

further indicates that mixing inhomogeneity is the most likely source of this error. 

 Interestingly, only two out of the 24 specimens identified as outliers for retest were unique to 

their sample flat and where there were groups of outlier specimens identified as close together in 

position within their flat, the measured resistivity values of each of the specimens was 

approximately the same. Again, this supports the conclusion that significant amounts of variation 

in observed results are due to variation in the mixed flats. Additionally, it was noted in Chapter 1, 

than many of the electric propellant experiments conducted in 2014 and 2015 reported that 

results could have been skewed due to non-uniform mixing and curing processes; it is expected, 

as the electric propellant mixing instructions are further refined, that variation in experimental 

results will decrease as propellant mixtures become more homogeneous over time. 

This also contributes a certain amount of credibility to the testing set-up used; as the testing set-

up was able to calibrate to almost the exact value of the calibration resistor used prior to every 

testing session, the fact that specimens with perhaps the same kind of variation between them 

(based on where they were cut the sample flats) were consistently showing similar response 

values is promising. This coupled with the confirmation of linearity across pulse generator input 

voltages with a two-point resistance measurement technique is indicative of a testing set-up and 

a set of corresponding testing procedures that produces accurate and repeatable sample 

measurements that can be used to draw conclusions. 

 Prior to generating response surface results using the data gathered during this 

investigation, data visualization in Excel was completed for each phase of raw data refinement in 

an effort to preliminarily predict the response surface results and to use for later verification of any 

general trends noted during the response surface analysis. A visualization of the calibration 
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corrected outlier data did not show a significant amount of change in the overall trends 

ascertained from the non-corrected outlier data. No significant change in trends was observed 

across the data sets for pulse generator input voltage versus the response variable. Plots of 

additive loading percentage versus the response variable were created following final analysis of 

the pulse generator input voltage versus the response variable relationship in order to provide 

another way to visualize data variation. From this perspective, given the fact that both the 

tungsten and copper data sets follow the same trend of increasing resistivity with increasing 

particle loading, it is again possible that percolation theory is applicable and could be used to 

explain a portion of the measured results observed for some of the samples studied in this 

investigation. However, since the percolation threshold for this material is still unknown, as shown 

by the volume resistivity versus carbon black loading sloping “S” curve in Figure 3, if any of the 

sample sets have an additive loading near the material’s percolation threshold, then measured 

values of electrical resistivity are likely to yield inconclusive results regarding the electrical 

resistivity values of that particular sample set.  

 Finally, plots of additive particle size versus the response variable were created, and 

behavior indicative of a decrease in bulk volume resistivity at an additive loading percentage of 

5% as particle size increases was observed. This behavior may or may not be significant; since 

two different sizes of particle mesh were used at higher particle size values instead of discrete 

particle sizes, the this behavior could be a false result or could turn out to be much more 

important than originally predicted.  

 The final, median bulk volume resistivity results, presented in Table 7 (and Table 9) of 

Chapter 4, range from 41.4 to 227.4 Ω-m. The highest resistivity values measured were those 

measured from the non-additive sample specimens. The lowest resistivity values measured 

during this investigation, as shown in the Excel generated plots in Chapter 4, were those 

measured for the carbon black specimens; as discussed, the aggregate characteristics of the 

carbon black particles used for making these samples have higher aspect ratios, leading to a 

higher surface area per unit volume and a more wettable surface area. Both of these 
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characteristics would allow for an increase in electrical conductivity, and a corresponding 

decrease in resistivity, observed in this data set.  

 Recall from Chapter 2 (in the Metallic (or Otherwise) Additive, Size, and Amount subsection), 

Wickham’s prediction that smaller particle sizes included in the electric propellant material would 

lead to an increase in conductivity (a decrease in resistivity). Using the average of the three 

median values presented for each of the pulse generator input voltage values across the reported 

tungsten and copper sample results and comparing, this predicted trend in resistivity is unable to 

be confirmed in all but the 1.5% loading tungsten samples. The non-confirmation of this trend 

using the resistivity values measured for this investigation could be due to the use of mesh 

particles sizes (of an unknown distribution), to a non-uniform dispersion of particles within 

samples, or both. 

 Experimental results indicate that the electric propellant resistivity values measured during 

this investigation are approximately comparable to some semiconductors with high resistivity 

values and some metals/metalloids with low resistivity values, as the median reported resistivity 

values of this electric propellant material range from the previously mentioned 41.4 to 227.4 Ω-m. 

The (DC) conductivity values of some of the solid polymer electrolyte compositions discussed in 

Chapter 2 were approximately 10-3 - 10-4 S/cm at 25oC, or 10 - 100 Ω-m when converted to 

electrical resistivity values. Provided how similar the electric propellant material ingredients are to 

those used in some solid polymer electrolytes, and how peculiar both mixtures are in overall 

composition, this result is definitely positive and promising, but was not wholly unexpected. 

Normality of the Resultant Data 

 Due to the fact that the ANOVA analysis performed using the experimental data gathered for 

this investigation was performed under several limiting assumptions, the normality of the data 

was analyzed prior to performing the regression and response surface analysis in Minitab. As 

mentioned above, outliers within a data set, especially if the data set has a heavy-tailed 

distribution, could indicate a high skewness; if this high skewness is present, care in using tools 

or intuitions that assume a normal distribution should be taken. The verification of a normal data 

distribution was performed using a probability plot, rather than a histogram plot (even though a 
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histogram plot was also produced), as a probability plot is usually considered more reliable that 

the histogram for small or moderately sized sample sets. 

 Given that the response data gathered during this investigation is not perfectly normally 

distributed, and that one of the three assumptions governing the validity of ANOVA results does 

not hold up, it is possible that the chances of getting falsely negative results for the response 

surface analysis, performed using this data and described below, are increased. Given this 

information, the robustness of the response surface regression ANOVA could be called into 

question. However, given that the data does not appear to be heavily tailed, as detailed above, 

that the calculated AD-value is equal to 1.713 (larger AD-values indicate non-normally distributed 

data), and the fact that the ANOVA test makes inferences about mean values (or expected 

average response at chosen factor levels) and not about the tails of the distribution, it was 

decided to proceed with response surface regression analysis. 

Initial and Updated Regression and Response Surface Results 

 The results from the initial regression and response surface analysis done in Minitab using 

the measured response results indicate that a quadratic regression model containing linear, 

square, and two-way interaction terms was able to account for approximately 59% of the variation 

observed in the data set studied above. The other approximately 41% of the variation observed 

was attributed by the analysis to error due to either a lack of fit or to pure error. The initial 

regression analysis R2 value (the statistical measure of how closely the data matches the fitted 

model) of 58.92% was surprising given how limited the domain of the data set input into Minitab 

was; again, note that this study was meant to encompass a set of screening experiments and it is 

possible that some of the factor effects that could be effecting the electric propellant material’s 

resistivity response could have been missed/not included. The contribution values determined for 

each term were as expected, with additive resistivity followed by additive loading percentage 

accounting for the most variation in the model.  

 The initial Excel data visualizations, plotted for the early determination of general trends, 

were able to separately illustrate the magnitude of the resistivity responses of each set of 

samples for early analysis, and preliminarily informed the comparison of all of the bulk value 
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responses across additive type. This turned out to be very helpful in identifying unexpected 

Minitab predicted results, as detailed below. Additionally, the Excel plots illustrated that the 

resistivity response values for the tungsten and copper samples were larger at higher additive 

loading percentage values, enough so to assume that this trend would have also been illustrated 

with the carbon black samples, even though the 5% loading sample was not able to be 

manufactured for testing. The Excel visualizations were also able to illustrate (although somewhat 

clouded by the amount of variation in the data) that the average bulk volume resistivity responses 

do increase as additive loading percentage increases, which could be possible evidence of the 

effects of percolation on this material, and may be indicative of at least part of the “S” curve 

detailed in Chapter 2. Finally, the Excel plots detailed some interesting, but non-conclusive trends 

regarding the effects of additive particle size that would not have been revealed by the response 

surfaces, however, whether or not these  trends truly exist, and if they are indicative of overall 

material behavior and/or properties must still be determined. Outlier identification and re-testing 

may also have been done differently, perhaps using the Minitab Fits and Diagnostics for Unusual 

Observations table to identify outliers instead of the 10% trimmed mean approach. Overall, these 

initial visualizations were incredibly enlightening, as the amount of variability in the data would not 

have been as apparent had the response data been directly input into Minitab. 

 It is believed, however, that the Minitab analysis has over emphasized the value and 

contribution, based on fitted mean values, of particle size based on the plots shown in Figures 53, 

54, and 55. Based on further inspection of both of the fitted means main effects plots shown in 

Chapter 4, specifically the additive resistivity plots, the fitted mean bulk volume resistivity point 

representative of the carbon black samples is dramatically higher compared to the actual 

response value data. This is also true for the fitted mean values shown in the interactions plot. 

The fitted means interaction plot of additive resistivity and additive particle size indicates with 

lines that all cross, each of a significantly different slope, that the interaction between these two 

variable is important. While it is possible that particle size is a more important factor than 

originally thought, due to its possible effect on percolation within samples, if applicable, this 

cannot be concluded based on the data gathered and the results produced for this investigation 
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due to the limited domain and the fact that mesh sizes were used in place of discrete particle 

sizes. The two response surface plot comparison figures (Figures 54 and 55) predict a significant 

increase in bulk volume resistivity response as particle size increases, when in fact, the actual 

collected data in the regions of responses for those same areas have been shown to be 

consistently flat surfaces.  

 It is thought that this error could be due to the fact that tungsten, copper, carbon black, and 

the non-additive samples were all analyzed under the assumption that they were all additives, or 

a lack of additive, that could be compared on the same scale across all of the analysis work done. 

In order to remedy this, a nested analysis would have to be performed, however, this was out of 

the scope of this study and it is preferred that this analysis be completed when more data is 

available so conductive and non-conductive metallic and non-metallic additive combinations could 

be equally analyzed separately and then compared for review. Future work that could be done in 

order to test this theory is discussed below in the Recommendations section.  

 Following the analysis of the initial regression and response surface results, a better 

understanding of which regression equation terms were actually accounting for significant 

contributions in variation was desired. This understanding was gained by eliminating terms from 

the initial regression equation that did not or could not account for significant sources of variation 

based on both their P- and VIF Values, which allowed for a manual simplification of the 

regression equation initially developed. After eliminating the additive resistivity squared term and 

the additive resistivity multiplied by the additive loading percentage term, as both were 

determined to not be as statistically significant as the other seven terms included in the initial 

regression equation, the updated Minitab regression analysis indicated that only 0.51% of the 

model’s contribution to variation was lost. This is promising, as it means that the removal of these 

two terms was justified and would not significantly impact the predictions of any further results 

made using this regression equation. Additionally, the removal of these two terms revealed a 

significant behavior in the additive resistivity versus additive loading percentage response surface 

that was clouded in the initial responses. This updated response surface indicates that the 2D 

curved response behavior shown across additive loading percentage is consistent across all of 
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the additive resistivities tested. The actual data plotted in this surface format, shown next to the 

predicted surface in Figure 61 of Chapter 4, partially shows this behavior, however it is not as 

clear because it is based on actual data and is lacking in domain enough to not be fully 

conclusive. The predicted surface also displays a linearity of response values across additive 

resistivity values, which is again not conclusive in the actual response surface, and more data is 

needed to verify this behavior.  

 Both the initial and updated response surfaces generated for additive resistivity versus 

additive loading percentage and of additive loading percentage versus additive particle size 

surface show the 3D representation of the 2D curved, or parabolic, response behavior in both the 

initial and updated main effects plots output by Minitab. This parabola with its vertex, or lowest 

point, occurring at the approximately 2.3% additive loading value could be indicative evidence of 

the effects of percolation. The shape of the resulting parabola is not as expected compared to the 

“S” curve shown in Figure 3 of Chapter 2. However, this parabolic curve could prove to be only 

one of the halves of an “S” curve, especially given the limited number of additive loading 

percentages tested. If this is the case, following the collection of more data points, the two parts 

of the “S” curve could be analyzed as a piece-wise function made up of two quadratic curves. 

Furthermore, the existence of the estimated percolation threshold value of 3.4%, chosen based 

on information gathered during the research process for the Literature Review section of Chapter 

2, cannot be confirmed based on the experimental results gathered or on the Minitab regression 

analysis performed for this study. Should other values of additive loading percentage, if tested in 

the future, be combined with this data set, and analyzed similarly, reveal an “S” or inverted “S” 

curve shape and/or the existence of a percolation threshold, then the behavior of this propellant, 

at least with the additives studied is effected somewhat by percolation theory in combination with 

any other conduction/combustion mechanisms that allow for its current operating behavior.  

 While the question of whether or not propellant properties and/or operation is in some way 

effected by percolation cannot be definitively stated, partial evidence of the possibility of this 

relationship is present in the results of this investigation. This relationship could be definitively 

established with the completion of some of the future work discussed below in the 
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Recommendations section. The second research question established in Chapter 1 of this 

document cannot be fully confirmed or refuted. 

Error Analysis Results 

 There are several different types of error that may contribute to the approximately 41% lack 

of fit/error identified by Minitab in both sets of regression analysis. Aside from the lack of fit 

accounting for 14.46% of the error contribution, as indicated by Minitab, a combination of both 

random error and systematic error could be contributing to this 41%; the types of random and 

systematic error that could be present in the collected data are discussed below. These possible 

sources of error are separate from the significant amount of variation present in the samples due 

to sample manufacturing and preparation, as this source of error has been thoroughly covered. 

Random error, or errors for which the causes are unknown could always be present, however the 

amount of data taken, three randomized measurements at three different pulse generator input 

voltage values for each propellant flat, should have allowed for the reduction of this kind of error 

due to the size of the data set. Errors introduced and propagated into the results from the working 

environment, including humidity, temperature changes, and/or electronic noise could have 

skewed resultant data, although care was taken to try to eliminate these errors, the negative 

water absorption properties of the propellant have been discussed and slight temperature 

changes throughout the day could have impacted resistivity measurements. Several electronic 

instruments were used in the testing set-up designed for this experiment to measure the values 

used to calculate electrical resistivity; these instruments all have finite precision of varying 

degrees, which limits their ability to resolve small measurement differences. The pulse generator 

for example, has only an analog input dial on which tick marks occur every 50 V, so an exactly 

accurate value of 600 V, 1200 V, or 1800 V may not have been pulsed correctly for every 

measurement taken. Additionally, physical variations in propellant samples tested, detailed 

thoroughly above, are probably the most significant contributor to the 26.62% pure error detected 

in the data set input into Minitab. 

 Based on the manner in which experimental mixing and testing was conducted (randomized 

across mixing days and discrete testing sessions) it is unlikely that a significant amount of 
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systematic error is present, as personnel technique remained the same throughout and observer 

bias was eliminated as much as possible. However, during the design and development of this 

study, the experimental designer could have failed to account for a significant explanatory or 

testing factor; this factor could be contributing error to the experimental results or could account 

for the lack of fit of the model. Again, it is important to mention here that this investigation was 

designed as a set of screening experiments, meant to aid in pointing researchers in a direction of 

study that might yield further useful results regarding the conduction and/or the operational 

mechanisms of the electric propellant baseline formulation and some of its variations.  

 As shown in the Error Analysis section of Chapter 4, some of the error identified by Minitab 

can be quantitatively identified via the actual or estimated uncertainties of the testing equipment 

and hardware used by propagating those values through the resistivity calculation. Chapter 4’s 

Table 9 details the uncertainty values for the median reported specimen bulk volume resistivity 

values measured at each of the three testing voltages calculated following the error analysis 

methodology outlined in Chapter 3. When compared to the presented values for bulk volume 

resistivity, these uncertainties all appear reasonable, considering they only take into account the 

uncertainty propagated through the testing equipment and hardware and not errors in the 

propellant mixing, as those were considered too difficult to quantify for the purposes of this 

investigation. 

 It has been assumed throughout that the equations used for calculating resistivity and error 

propagation account for the testing set-up calibration/measurement errors that could impact the 

results most significantly. Based on the results presented in Chapter 3 and discussed here, it is 

likely that the uncertainty in measurements due to the testing equipment and hardware have 

contributed to the 41% error identified, however, it is unlikely that this uncertainty was the most 

significant contributor of error to the results of this investigation. The disadvantages of this kind of 

error propagation include: not accounting for any unsuspected covariances, error in which the 

reported value of a measurement has been altered rather than the measurement itself, and any 

mistakes made in propagating the error through the resistivity or error propagation formulations 

[55]. 
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Additional Observations 

 The difficulty of manufacturing and the eventual elimination of the 5% loading carbon black 

sample flat was concisely discussed in the Pre-Mixing Sample Manufacturing subsection of 

Chapter 4. The failure to manufacture this sample flat was understood to be due to the wettability 

of the carbon black used and of the formulations’ ratio of wet to powdered ingredients. “Wetting 

the [carbon black] pigment particles is essential for them to be finely distributed in a liquid. Air 

entrapped in the pigment powder must be fully removed and the pigment particle completely 

surrounded by the liquid medium.” The process of manufacturing used for this investigation was 

seemingly unable to effectively wet the amount of carbon black aggregate required in the 5% 

loading sample flat enough to promote thorough material mixing and even additive dispersion. 

 It is unknown, however, whether or not the full wetting of carbon black would be 

advantageous in an electric propellant application that would make use of a carbon black 

additive. If the electrical resistivity of this propellant is dependent in any way on the additive 

included in the mixture, which it has at least partially proven to be, then fully surrounding each 

particle of the additive would effectively reduce the interactions between the additive particles, if 

not totally destroy the clusters allowing for the percolation phenomenon to effect the material. If 

the electrical resistivity of this material was only partially dependent upon the additive, or not at all 

dependent, but the material additive was discovered to be advantageous to properties or 

performance in another way, the wettability of additive particles and its influence on additive 

dispersion and interaction with other formulation ingredients should be considered.  

 The significant number of voids present in each of the sample flats manufactured for this 

investigation was mentioned briefly in the Data Collection and Initial Raw Data Visualization and 

Outlier Identification, Re-Testing, and Visualization subsections of Chapter 4. In conventional 

solid rocket motors, trapped air, in the form of isolated air bubbles, channels of air, or cracks, also 

known as voids, is normally considered intolerable. These voids can be considered uncontrolled 

burn rate modifiers due to the fact that the solid propellant combustion process is dependent 

upon burning surface area and any voids within the propellant represent local increases in the 

surface area available to be burnt. Voids in the propellant also decrease the overall propellant 
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density. The effect of voids in electric propellant operations are currently unknown, as are the 

effects of voids on the resistivity measurements made for this study; it was stated in Chapter 2 

that several aspects of the operation of this propellant material are still unknown, including the 

amount of arcing occurring within propellant samples due to voids created during the mixing and 

casting process. However, it has been speculated that any effects could be similar in nature to 

those in conventional solid propellants, if not worse, given the currently suspected operational 

mechanisms of this electric propellant formulation. Degassing is common practice during 

conventional SRM propellant and hybrid fuel mixing and casting; an attempt to mirror this process 

using the vacuum pump embedded within the Thinky mixer exists in the current set of electric 

propellant manufacturing instructions, however, given the resultant state of the 21 sample flats 

manufactured, there is definitely room to improve with regard to void removal.  

 Included in some of the data written in the Literature Review section of Chapter 2, some 

anecdotal evidence of electric propellant formulation relating to power consumption does exist. 

The ninth electric solid propellant formulation sample made and tested in 2011, a mixture of 60% 

perchlorate oxidizer solution, 20% PVA, and 20% tungsten powder additive, or what is known 

today as the baseline formulation, had the lowest power consumption out of all of the RMS and 

DSSP samples tested in the same study. Two of the other samples tested included 80%/20% and 

70%/30% perchlorate oxidizer solution/PVA mixtures, both of which had some of the highest 

measured values for power consumption. Based on the results from this investigation, indicating 

that the non-additive samples had higher resistivity values than any of the samples including a 

tungsten additive, credibility is given to the fact that a relationship between propellant electrical 

resistivity and performance and/or power requirements may exist, since the propellant samples 

that were previously tested had higher levels of power consumption and were shown in this study 

to have resistivity levels corresponding to a proportional relationship. Further information about 

future work that could prove or disprove this relationship can be found in the Recommendations 

section of this chapter. The third research questions established in Chapter 1, regarding the 

relationship between propellant electrical conductivity and performance, cannot be fully answered 

based on the results of this study, however, the above does provide some reasoning grounded in 
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experimental results throughout the electric propellant’s lifetime that positively indicate the 

possibility of a relationship. 

 Additionally, each specimen tested was electrified and measured only once throughout its 

lifetime, due to the fact that the impacts of this kind of electrical impulse on specimens’ material 

and electrical properties was not well understood at the time of testing. For the purposes of this 

investigation, it was assumed that each specimen tested was considered damaged or unusable 

after being electrified. (An exception was made here for the retesting of outliers, as this retesting 

was done after a significant amount of time had passed following the completion of sample 

testing; it was assumed that several supposed effects had diminished and samples were safe to 

retest. This, however, has not yet been proven.) For this reason, a total of nine specimens were 

tested for each cell in Table 3. Had only three specimens been assigned to each of the cells in 

Table 3, meaning the same specimen would have been tested at all three pulse generator input 

voltage values, the amount of variation in the resulting data might have been reduced. On the 

other hand, the variation in and across samples was a useful factor in determining the quality of 

overall sample mix and in solidifying some of the effects of poor mixing on testing results. 

Revised Limitations 

 The majority of the limitations of this study were detailed in the Scope and Delimitations and 

the Limitations sections of Chapter 1, however based on the data gathered during this 

investigation and the discussion above, it is clear that the screening experiment delimitation 

discussed in Chapter 1 was even more limiting than initially predicted. In order to draw accurate 

conclusions regarding the effects of percolation and the correct shape of the response surfaces 

discussed throughout this document, more data is, without a doubt, needed. A range of loading 

percentages from 0% to approximately 7 or 8%, or as high as possible based on 

manufacturability, would most likely be sufficient for determining a definite value of the percolation 

threshold for this propellant based on each additive material used. Additionally, the addition of 

data collected from samples made with a larger selection of metallic and non-metallic additives 

might be able prove or disprove the assumption that all included additives, or a lack of additives, 

can be compared on the same scale across all of the analysis work performed. 
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 Although more work would be required to generate this data, including creating propellant 

formulations with an expanded number of additive loading percentages and included additives, 

retesting, and updating the Minitab analysis with this new data, using the methodologies created 

or followed in Chapter 3 would allow for work to be done quickly and efficiently. This is further 

discussed in the Recommendations section below. 

Threats to Validity 

 Internal threats to the validity of the results derived from this screening experiment, as 

discussed above include the following: the fact that distribution of the response results were not 

perfectly normal, which could account for any error and/or unknown false negatives in the output 

of the Minitab regressions, and the conclusions made based on particle size due to the fact that 

two mesh particle sizes (with unknown particle size distributions) were used for the larger particle 

size orders in place of discrete values. Particle size may turn out to be more or less important 

than the results above have indicated.  

 Additionally, there exists possible threats to the validity of the regression equations for 

several reasons, the first being that this set of screening experiments was only varying additive 

type, additive amount, and additive particle size; the regression equations produced only account 

for these changes in propellant formulation. Furthermore, an attempt to model a regression 

equation to explain resistivity behavior using one set of non-additive data, two sets of metallic 

additive data, and one set of non-metallic additive data may not be valid provided some of the 

resultant observations. Given the knowledge gained from this outcome, it may be prudent to 

attempt to model at least the behavior governing the change in resistivity of metallic and non-

metallic propellant formulations separately and compare them to the results of this study to 

determine accuracy and validity. An expansion of the screening experiment domain, as 

mentioned in the section above and discussed further below, could help to lessen or eliminate 

some of these threats. 

 Effects of the amount of water within the tested specimens on measured specimen resistivity 

were briefly touched on in the Related Previous RMS Work subsection of Chapter 2 and in the 

Sampling and Sampling Procedures subsection of Chapter 3. Previous results have indicated that 
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a decreasing amount of water included in the baseline formulation caused average measured 

specimen resistance to decrease, this testing, however, has not been verified with a repeated 

experiment. As such, and with the exception of sample storage, the results of this testing were 

not greatly factored into the design of this investigation; samples were kept in a desiccator at 

approximately the same humidity values throughout the life of this set of experiments in an 

attempt to prevent any change in sample water content over time. Additionally, it was believed 

that any error in resistivity measurements due to a change in specimen water content would not 

have significantly altered resistivity measurements based on the magnitude of some of the other 

errors present in measurement data and discussed throughout this document. Another possible 

expansion of this set of screening experiments could include a study designed to quantify the 

effects of water content on the resistivity of electric propellant samples. This experiment would 

serve to both verify previous RMS testing results and could lend some credibility to the 

assumption that water content related error is not as significant as some of the other experimental 

errors detailed. The results of this experimental expansion would also be useful in quantifying the 

severity of the hygroscopic nature of the baseline formulation used in this study and its possible 

effects on propellant operation. 

 Externally, the validity of the results gathered from this investigation, as well as from other 

investigations of the same baseline propellant formulation and its variations, is questionable given 

the unique nature of this formulation and its lack of characterization outside of RMS and DSSP. 

However, comparisons between the electric propellant resistivity values and known industry 

values for the resistivity of solid polymer electrolytes and doped PVA could provide some data for 

triangulation and verification of results, but again, given the peculiarity of this mixture, it is unlikely 

that any closer verification of electric propellant resistivity values would occur in the near future. 

Implications 

 The implications of the results observed and/or determined from this investigation cannot be 

overstated, as they indicate several previously unknown trends in the electric propellant material. 

Firstly, discovering that this electric propellant’s on/off operating mechanism is preserved in 

variations of the baseline propellant formulation including the copper and carbon black additive 
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variations is hugely significant and could lead to additional studies/discoveries of the operational 

differences between these formulation variations that can be used to expand the ability to use this 

propellant in a variety of applications.  

 Although discovering that the current version of the electric propellant manufacturing 

instructions leaves substantial room for improvement was not very favorable, it does open the 

process up for advances in methodology and could/should lead to the tightening of measured 

variation in electrical resistivity within and across all samples made with improved manufacturing 

instructions. Furthermore, as described in the Literature Review section of Chapter 2, it has been 

shown previously that electric resistance could be used as a measure of the amount of water 

present in the material. Given the results detailed above, it could be said that electrical resistivity 

could also be used as a measure of, at least and if nothing else, the “goodness” or overall 

homogeneity of a propellant mixture. 

 Should, at a later date, it be possible to gather more experimental data to fill in the holes of 

the domain used for this screening experiment and discover the presence (as well as what model 

best represents observations) or lack of the percolation phenomenon and any local minimum 

and/or maximum in the newly filled in response surfaces, the information gained from 

understanding how additive type, amount, and particle size affects the resistivity values of this 

electric propellant formulation can be used to the team’s advantage later when designing 

propellant formulation variations for systems that utilize this type of propellant. Additionally, 

understanding how an additive affects the behavior of this propellant and/or its material properties 

may also provide evidence to support the processes believed to be occurring during the initiation 

and burning of the electric propellant, as theorized by Langhenry and discussed in detail in 

Chapter 2. It is possible that the electric propellant additive is aiding in the electro-chemical 

reaction that initiates burning through the generation of a fuel and an oxidizer; the additive should 

also relate somehow to the propellant’s resistive heating phase of operation. Furthermore, if 

information connecting the initial resistivity value of the propellant and its power consumption 

could be determined, systems could be more accurately tuned to work for particular applications. 
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Recommendations 

 Based on the results of this study and their interpretation, several recommendations for 

future research that could be completed in order to expand the experimental domain and/or to 

further the conclusions made herein, or to aid in answering the research questions that were not 

able to be firmly resolved within the scope of this investigation are detailed below. 

Pilot Study and Sample Flat Manufacturing Results 

 The results of the pilot study indicated that all of the formulations created for this 

investigation maintained the on/off operating abilities of the baseline propellant formulation at 

ambient pressure. Since it is unknown, however, whether or not all of these propellant 

formulations maintain this capability at higher operating pressures, it is suggested that a simple 

study be designed to investigate this operational phenomenon. Testing each of these sample 

formulations at those pressures at which the baseline formulation is known to operate may reveal 

that all of these formulations maintain this on/off ability, in which case, they could all be advanced 

as possible formulations for the many applications of this material. If some of the formulations 

display an inability to be turned on or off, both, or neither, at higher pressures, then the 

differences in resistivity, as well as in the varying properties of the included additives, could 

indicate an area of study for researchers to explore that would help contribute to the working 

knowledge base surrounding electric propellant operational mechanisms. 

 Based on the mixing results, shown in Figures 20-26 in Chapter 4, it is clear that the current 

electric propellant manufacturing instructions leave some “goodness” of mix to be desired, 

especially with regard to mix homogeneity and voids. In the case of the voids, a more thorough 

degassing practice, as mentioned above, could be implemented, as could a better method for 

casting samples that would allow for air bubbles to be pressed out somehow. Additionally, using 

the pre- and post-testing mass values recorded for each of the tested specimens during this 

investigation, a density and/or a detailed void analysis could be performed on certain specimens 

which could then be fired or further tested for other electrical and/or physical properties; the 

additional measurements and/or performance results could hint at the effects of voids in this 

material. These updated measurements could also be used in a study designed to repeat and 
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verify the specimen resistivity and water content relationship results detailed in the Previous 

Related RMS Work subsection of Chapter 2. 

Data Collection, Correction, and Visualization Results 

 Given the amount of variability across all of the samples flats made to be tested for this 

study, the recommendation/desire to improve the current electric propellant manufacturing 

instructions, and the suggestions made above regarding the resistivity testing procedures created 

for this study to possibly serve as an indicator of the “goodness” of propellant sample 

homogeneity, it is suggested, once manufacturing instructions have been improved, that the 

worst mixed sample flats from this investigation be remade and re-measured. If the variability 

across response variable results decreases, it would be safe to say that the new manufacturing 

instructions were headed in the right direction. Additionally, the newly taken data could replace 

the original data sets used for this investigation and response surface analysis could be redone 

and compared to the analysis presented in Chapter 4 to see if any overall change in trends could 

be identified.  

 As detailed in Chapter 4, the reason for such a variation in the original versus the outlier 

retest resistivity measurement is unknown, as all of the outlier’s chosen for retest were originally 

measured across seven testing sessions and in random order with the rest of the 165 specimens 

tested. Variation could be explained by further examining the specimens tested for this 

investigation to see if large concentrations of one ingredient made up more of certain specimens 

than others within their flat. This would make sense given that most of the outliers were from the 

same flats and were located close together within those flats; this could also provide further 

explanation of how different concentrations of propellant ingredients effect resistivity results if 

ingredient concentration measurements were related back to the data gathered for each 

specimen. Results could/would also provide further evidence in favor of updating mixing 

instructions. 

 Also detailed in Chapter 4 is the fact that, based on the initial Excel visualizations, more data 

is needed in order to determine if the observed decrease in resistivity with an increase in particle 

size is truly occurring with particle size (and is not as a function of the mesh sized particle 
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additives) and if it is actually significant enough to affect resistivity results. This could be done 

simply by remaking all of the samples manufactured with the -100 and -325 mesh particle sizes 

using discrete particle sizes of the correct order, retesting nine specimens from each of the newly 

made samples, and replacing the current mesh particle size specimen data with the newly 

measured discrete particle size data for analysis. 

 Finally, based on the results from this investigation, detailed in Chapter 5, indicating that the 

non-additive samples had higher resistivity values than any of the samples including a tungsten 

additive, credibility is given to the fact that a relationship between propellant electrical resistivity 

and performance and/or power requirements may exist, since the propellant samples that had 

been previously tested were shown to have higher levels of power consumption. This relationship 

could be verified using of several of the specimens from this investigation, configuring them into a 

testing apparatus designed to measure the power consumption of each specimen during firing, 

and comparing measured resistivity values to measured power consumption levels. 

Response Surface Model Results and Revised Limitations 

 All of the results and conclusions made during this investigation have either somewhat or 

significantly indicated the need for more data. The addition of more data to the database 

completed for this study could, firstly, be used to redefine both the predicted response surfaces 

and the actuals shown in Chapter 4. The addition of new data to the current response surfaces 

would allow for further surface refinement based on actual measured responses and may reveal 

additional surface features not visible based on the current data set. New and denser data, 

especially in the areas of interest on the actual response surfaces could also help to clear up 

remaining questions regarding the applicability of percolation theory to the resistivity responses of 

this type of propellant and, if applicable, may yield a possible percolation threshold location. 

Furthermore, this relationship could be definitively established with the addition of several 

specimen measurements to the current data set made on samples manufactured with additional 

additive loading percentage values; these values could include, for example, any combination of 

additional loading percentages, for example 0.5%, 2.0%, 3.0%, 4.0%, 5.5%, and 6.0%, or 

otherwise as needed.  
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 Recall, that upon further inspection of the initial and updated fitted means main effects plots 

shown in Chapter 4, specifically the additive resistivity plot, the fitted mean bulk volume resistivity 

point representative of the carbon black specimens was dramatically higher compared to the 

actual response value data. This was also true for the fitted mean values shown in the 

interactions plot. As detailed in Chapter 4, it is believed that this error could be due to the fact that 

tungsten, copper, carbon black, and the non-additive samples were all analyzed in Minitab under 

the assumption that they all included additives, or a lack of additives, that could be compared on 

the same scale across all of the analysis work performed.  

 In order to remedy this using only the current data set, a nested analysis would have to be 

performed in which specimen results would be nested under metallic, non-metallic, or non-

additive categories. Given the limited domain and small number of additives tested during this 

investigation, it is recommended that instead of following a nested analysis approach using the 

current data set, that any repeated or further analysis be completed when more data is available 

so that conductive and non-conductive metallic and non-metallic additive combinations could be 

equally analyzed separately and then compared for review.  

 Due to the limited domain that was explored during this investigation, and because the 

Minitab regression analysis was only 2nd order (linear, squared, and two-way interactions), the 

final regression results have been fit to this set of data as best they could be, however, it is 

possible that a more accurate model with higher order terms exists. Additional work furthering the 

model currently fit to the data, or furthering a similar model fit to an expanded domain data set, 

could yield higher R2 values and a model that is able to account for a greater percentage of 

variation within the data as long as care is taken so as not to over fit the data. 

 Furthermore, because the regression equation output by Minitab was only modeled to this 

specific set of non-additive, tungsten, copper, and carbon black data input, an overall domain 

expansion would serve to further generalize a regression model to the overall trends shown to be 

the most important in the electric propellant resistivity response behavior. Using additional 

metallic additives with resistivity values that differ from both tungsten and copper (such as zinc 

and tin) and additional non-metallic or metalloid additives that differ from carbon black (such as 
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germanium or silicon and boron) would allow for the separate analysis of conductive metallic and 

non-metallic additives. This separate analysis could then be compared with the results presented 

in Chapter 4 and used to determine whether or not a separate analysis of propellants formulated 

with varying types of additives is necessary, as it is currently believed to be. 

 With the current data set, further analysis work could be done in order to attempt to capture 

the amount of variation in the mixing of the samples, as mentioned above, by applying a coded 

“quality of mix” scale to all of the specimens tested. This breakdown would quantify the 

homogeneity of each specimen over a pre-determined scale and another regression analysis 

similar to the two detailed in Chapter 4 could be performed taking this scale into account. 

 Based on the data gathered during this investigation, and the resulting interpretations, it is 

clear that the screening experiment delimitation discussed in Chapter 1 was even more limiting 

than initially predicted. This set of screening experiments could be expanded in several ways to 

address the research questions established in Chapter 1 of this document and to address several 

of the additional questions that surfaced during the testing and/or analysis phases of this 

investigation. Again, with respect to the possible additives that could be used, recall that 

Wickham suggested investigating metallic additives with reduction potentials similar to that of 

tungsten, but choosing metals with different oxidation states for the purposes of determining if a 

metal capable of both a positive and a negative oxidation state will burn under the same 

conditions as the tungsten does in the current formulation. Additionally, and even though it was 

eliminated from this study, aluminum as a metallic additive should still of interest due to the non-

preservation of the on/off firing abilities of samples made with a powdered aluminum additive. 

 Since the analysis results from this investigation have revealed that particle size may be 

more important than it was originally believed to be (this was part of the research design 

justification for using meshes instead of discrete particle sizes), the effects of particle size on the 

resistivity response values should be further explored. The data gathered for the two mesh 

particle sizes used for the order 101 and order 102 particle size ranges chosen could be either 

replaced or expanded upon with data measured from samples made of particle sizes in discrete 

ranges within the desired orders (as detailed in the subsection above). This could be done for the 
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entire experimental domain used for this investigation or could be performed as an in-depth study 

of particle size done with a singular additive until the understanding of what affects the 

operational mechanisms of the baseline electric propellant formulation have been further 

advanced. 

Threats to Validity 

 Given that this investigation was designed as a set of screening experiments and such 

significant amounts of room in which to expand both outwardly across the domain and deeper 

down into some of the more specific problems and questions addressed here exist, anything that 

can be done to address all of the previously identified internal threats to validity offers valid 

recommendations for future work. An expansion of the screening experiment domain, as detailed 

in the section above and discussed further below, could help to lessen or eliminate some of these 

threats. 

 In addition to expanding the domain further with varied replacements additives, an 

expansion of this study into alternative oxidizers, binders, etc., also suggested by Wickham, could 

be done in order to further understand the contributions of the propellant chemicals to its 

electrical resistivity response values, in which case, a comparison of results with industry studies 

on solid polymer electrolytes and doped PVA samples may prove more helpful. Moreover, both a 

study with an expanded replacement additive domain and/or an expansion of this study into the 

additional propellant ingredients could be set up to measure additional response variable values, 

electrical or otherwise, and would allow for the observation of any possible interactions between 

changes in the metallic additive properties/amounts and either the oxidizer solution, binder, or 

both. A detailed study of what is considered to be the propellant material’s binder would be 

recommended over the propellant oxidizer based on the discussion of the major determinants for 

ESD sensitivity in solid rocket motors in the Literature Review section of Chapter 2. Recall that 

the results of Covino and Hudson’s work showed that the solid propellant electrical properties 

were influenced the most by the hydroxyl-terminated polybutadiene (HTPB) binder and to a lesser 

extent, the concentration and size of the added aluminum powder particles. 
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Conclusions 

 With respect to the research questions established in Chapter 1, the first question, meant to 

address whether or not a change in propellant properties or basic operation would result from an 

alternative additive included in its formulation, has not been answered based on the current data 

set, but the answer could change following the completion of some of the recommendations for 

future research made above. Electric propellant resistivity does change based upon the included 

additive, and with respect to this data set tested only at ambient pressures, no definite evolution 

of the understanding of the additive contributions to the electric propellant’s conduction and/or 

combustion mechanisms was achieved.  

 This set of experiments and the resulting data have revealed a parabolic response behavior 

visible in the 2D and 3D additive loading percentage versus additive particle size visualizations. 

The lowest point of this parabola, occurring at an approximately 2.3% additive loading percentage 

value, could be indicative of the effects of percolation on this material. While the parabolic shape 

of this behavior does not follow the traditional “S” curve trend indicative of percolation theory, the 

measured responses summarized above may only be a partial piece of this expected curve. Both 

the hypothesis under which this investigation was conducted and the second research question 

established in Chapter 1 seek to examine the possible influence that percolation theory has on 

this material’s properties and operation. The effects of percolation on the propellant have been 

neither confirmed nor denied given the resulting resistivity values for the additive particle loading 

percentage and particle size combinations tested, however, the path to expanding the current 

domain of resistivity results is clear and doing so may reveal conclusive evidence of the 

possibility of percolation affecting electric propellant resistivity values. 

 Finally, the response results gathered during the testing of the data set described above 

have been loosely correlated to power consumption testing results from previous work that may 

indicate that it is possible to relate propellant electrical resistivity and operating power 

consumptions/requirements, however more data is also required to be certain of this conclusion.  

 Ultimately the goals of this thesis project were two fold, the first of which was to address the 

three research questions and the hypothesis established in Chapter 1, and the second of which 
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was to provide new knowledge that could be used to aid researchers in the search for developing 

and understanding the fundamental science of the combustion and conduction mechanisms that 

drive the current perchlorate oxidizer based electric propellant formula to operate and still 

maintain its on/off firing abilities. This study was also able to successfully address a meaningful 

gap in the knowledge surrounding this electric propellant formulation and of several of its variants, 

and has contributed to the beginning stages of filling an industry wide gap in this area of 

research. The work done for this study and the results produced have provided an up to date set 

of mixing instructions to advance, as well as a testing set-up and the corresponding testing 

procedures, and an initial, resultant data set that can be used to quantify any later variations in 

the ESP-9 electric propellant formulation, and any other electric propellant formulation developed 

in the future, as well as to accurately compare with results from previously done work. While the 

propellant mixing procedures leave a significant amount of “goodness” of mix to be desired, 

moving forward, the researchers should have confidence in the ability of the testing set-up, 

procedures, and data analysis process used to assess propellant samples up to a certain degree 

of homogeneity based on the variation in propellant resistivity values. 
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APPENDIX A 

ADDITIVE BILL OF MATERIALS 
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