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ABSTRACT 

 Hall effect thrusters (HETs) are an important technology underpinning the effort to develop 

high impulse electric propulsion devices. The research here has addressed boron based materials 

that are used in these devices – namely the protective chamber wall for protecting the magnetic 

circuit components and the cathode that injects electrons into the plasma.   

The microstructural features of a post-operated chamber wall were examined and found to 

have three characteristic erosion features after extended plasma exposure. Conical protrusions are 

believed to be a result of sputter erosion whereas micro-cracking and loss of BN grains is 

contributed to residuals stresses created by anisotropic thermal expansion of BN within the 

composite ceramic. 

To study the effect of these topological features, particularly the protrusions, had on 

secondary electron emission; a series of mechanical attrition features on the length scale of microns 

were created in an analogue graphite material.  It was found that there was an overall reduction in 

emission from smooth to roughened surfaces; however, a rougher surface does not necessarily 

yield the lowest emission. A characteristic length scale was observed where surface feature size 

relative to roughness appears to regulate the emission. 

In addition, a series of large scale topology grooves (on the order of millimeters) were 

created to simulate larger length erosion features noted in extended plasma exposed materials. The 

effect of these features on the plasma sheath floating wall potential was measured for a BN surface. 

As the grooves depth increased, the floating wall potential necessary to collapse the plasma sheath 
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increased. A detailed plasma simulation revealed that trapping of electrons occurs near the 

entrance of the grooves which was used to explain the plasma sheath phenomenon.  

Finally, lanthanum hexaboride (LaB6), was fabricated as a coating using vacuum plasma 

spraying to determine its feasibility as a replacement for bulk cathode configurations. Excess boron 

was added to LaB6 powders prior to spraying and was found to improve the densification of the 

coating.  However, the work function of these coatings was near ~ 4.3 eV, this is higher than other 

processes and is contributed to the incorporation of impurities in the coating.   
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STRUCTURE OF DISSERTATION 

The structure of this dissertation follows The University of Alabama guidelines for a 

‘research paper’ dissertation structure. The dissertation contains seven chapters and one appendix 

section. The first chapter introduces the science behind Hall effect thrusters as well as the 

fundamentals of plasma physics and associated erosion mechanisms and electron emission 

behavior in materials exposed to plasmas. In addition, the key material properties of the boron 

nitride, the composite ceramic of boron nitride and silica, as well as lanthanum hexaboride are 

discussed.  From this background literature review, the motivation for the scientific study is 

given. 

Chapter 2 includes the details of the processing and characterization techniques that are 

explained in additional detail to compliment the abbreviated descriptions used in each of the 

subsequent paper chapters.  

Chapter 3 is focused on characterization of the surface features of an eroded Hall effect 

thruster chamber wall. The individual microstructural features of the eroded surface are 

discussed and mechanisms that resulted in their formation are presented.  

Chapter 4 aims to elucidate the effect that surface roughness on plasma stability through 

the quantifying secondary electron emission from varied topologies. Graphite was used as an 

analogue material to boron nitride, as they share a similar crystal structure and deformation 

behavior. Graphite alleviated surface charging issues experienced with boron nitride during the 

measurements under a primary electron beam. 
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Chapter 5 discusses the effect of large scale topology features, such as grooving, on 

plasma sheath stability. A series of different grooves were fabricated into boron nitride and the 

floating wall potential measured while in a low density plasma.  The findings are explained in 

terms of a plasma based models. 

Chapter 6 addresses the fabrication of lanthanum hexaboride as a coating.  This material 

is a common cathode material in plasma based systems.  The coatings were deposited by vacuum 

plasma spraying with the microstructures and work function of the varied processed coatings 

characterized.  

Chapter 7 provides a summary of the research that concludes the findings of the 

dissertation and provides suggestions for future work. 

The appendix contains a series of micro-cracking experiments in BN and M26 ceramics. 

The data base of crack density and sizes are used to support future study investigations. This was 

intended to provide additional characterization of the surface emission. The MATLAB© code 

used to partition the roughness data (from Chapter 4) is also given. 
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CONTRIBUTION TO RESEARCH 

This dissertation has studied the effect of erosion in a series of ceramic based materials 

and systems. The results of which revealed underlying erosion mechanisms through the 

examination of surface features found on an eroded ceramic chamber wall of a Hall effect 

thruster. How such surface features modify the secondary electron emission properties, a 

behavior which is critical to understanding near-wall plasma sheath stability, was analyzed using 

systematically controlled topologies that mimicked similar morphologies found in the eroded 

surfaces. The findings revealed a characteristic length scale between emission and roughness; the 

roughest surface does not necessarily result in the lowest emission. Lastly, LaB6 as a vacuum 

plasma sprayed cathode coating was fabricated and characterized as a possible replacement for 

external pressed powder cathodes. The addition of excess boron was found to densify the 

coating; however, the coatings had work functions (~4.3 eV) of that other processes suggesting 

contamination is still problematic in this method of fabrication. The collective results have 

garnered new insights into how material microstructure regulates material-plasma sheath 

interactions and in particular the need to quantify the topology of materials in electron emission 

studies. 

  



  4 

  

 

 

 

CHAPTER 1 

INTRODUCTION 

 

1.1 – BACKGROUND AND MOTIVATION  

 In the past decade, there is been a growing public interest in space travel and a renewed 

space race. With the emergence of public-private partnerships like those between NASA and 

SpaceX, it has become clear that we will soon see a large expansion in access to space 

technologies than ever before. Because of this, there has never been a greater need to develop 

more efficient forms of propulsion to power this new space age. The methods to propel 

spacecraft all work on the basic principle of creating thrust by accelerating and expelling mass. 

Chemical rockets are able to obtain large levels of thrust by ejecting a very large mass of 

propellant quickly which enables the necessary high thrust to overcome gravity and achieve 

orbit. However the actual velocity of the exhaust in such chemical rockets is low, making them 

inefficient and thus causing them to consume propellant at a staggering rate.  

 In an effort to increase the efficiency of propulsion systems, systems with higher exhaust 

velocities is needed. This has resulted in the development of electric based propulsion. Electric 

propulsion systems trade off the high thrust found in chemical propellants for a significant 

reduction in the propellant needed for a given application [1]. Of these electric based systems, 

Hall effect thrusters (HETs) are attractive electric propulsion candidates for geosynchronous 

station-keeping and similar low-thrust space-based propulsion applications [2], [3]. HETs are 

capable of greater ion current density than gridded ion thrusters because of the quasi-neutrality of 



  5 

  

the plasma used as the propulsion source [4]. They operate in a lower specific impulse regime 

which yields a greater thrust-to-power ratio [5].  And recent qualification life testing of the 

Aerojet 4.5-kW BPT-4000 HET has shown that HETs can achieve operational lifetimes of over 

10,000 hours, which is comparable to the lifespan of 30,000 hours found by NASA during their 

Extended Life Test of a 2.3kW NSTAR ion thruster [6], [7]. Figure 1.1 details the critical 

component parts of a HET device, which included the focal points of this research: the protective 

channel/chamber wall and electron emitting hallow cathode.  

 

Figure 1.1 - Schematic cutaway view of the STP-100ML detailing the location of important 
components, the direction of the magnetic (B) and electric fields (E), and the flow of electrons 
and ions [8].  

The HET consists of a magnetic system, comprised of the inner and outer pole, which 

confines a plasma, and an anode at the rear of the chamber that acts at the propellant injector. 

The cathode serves as the electron injector to create and sustain the plasma. The propellant gas – 

typically xenon or krypton gases - leaves the anode gas distributor and enters the channel 

whereupon the plasma discharge will occur. When the gas leaves the anode, it is in a neutral state 

and travels down the channel until it reaches the radial magnetic field created by the inner and 

outer magnetic poles shown in Figure 1.1 as “B”. At this stage, electrons injected by the cathode 
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are trapped by the magnetic field and ionize the propellant gas which is then accelerated by the 

electric field, “E” in Figure 1.1. This small potential drop, only a few millimeters wide, is 

sufficient to cause the plasma to leave the channel at a high velocity giving the intended 

propulsion.   

The flow of plasma over the chamber walls creates erosion by the impact of high energy 

ions and electrons into its surface. This creates localized heating as well as sputtering from the 

surface.   The chamber wall is typically in insulating ceramic and must serve as a protective 

surface between the plasma and the magnetic coils that confines the plasma for propulsion. 

Given sufficient exposure, macroscopic eroded features will develop, as shown in Figure 1.2 

which developed a sinusoidal eroded pattern in a 4.5kW BPT-4000 HET after 10,400 hours of 

Xe plasma use. In addition to the cathode provided electrons, electron emission from the 

chamber wall itself will contribute to the stability of the local plasma sheath that forms over the 

surface. As the wall topology and chemistry evolves the emission of electrons from the wall, that 

regulates this sheath, will change. Creating a dynamic interaction between the plasma and the 

wall material it is eroding.  This erosion has been identified as a key variable in limiting the 

functionality of these devices [5], [7]–[10]. 
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Figure 1.2 - In-Situ photograph of a BPT-4000 HET after 10,400 hours of operation [7].  

As the chamber wall erodes, the surface topology is altered by the formation of ledges, 

kinks and other similar microstructural features [7], [11]. Depending on the length scale of the 

erosion pattern, such morphologies can concentrate electric fields thereby locally influencing the 

field emission and secondary electron emission (SEE) profiles [12]. Such features tend to be at 

the microscopic scale. The emission from these surfaces then dynamically influences the plasma 

equilibrium boundary conditions [5], [9] which then effects how the plasma erodes the surface 

itself, creating a very complex behavior.   

The erosion and plasma equilibrium will also be influenced by larger lengths scale 

features. As can be seen in Figure 1.2, the erosion pattern creates variations on the macroscopic 

scale. Such grooving will vary the electron emission density between the grooves and thereby 

undulate the plasma flow.  Quantifying the plasma stability on these eroded lengths scales is also 

equally important. Furthermore, if the ceramic wall is a composite material, each phase will 

erode/sputter at different rates, with the relative surface emission behavior varying.  Gascon et 

al. have reported that the discharge current from a surface will be a function of material type [8].  
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It is clear that erosion behavior and its dynamic influence on plasma stability will vary as 

a function of length scales and material types.  Understanding these erosion mechanisms within 

the microstructure and their effect on the surface electron emission behavior will lend new 

insights into the stability of plasmas over their surfaces.  This dissertation aims to provide this 

characterization by addressing the mechanisms of erosion in a boride based ceramic as well as 

the microscopic and macroscopic erosion topologies effect on electron emission in boride or 

related model materials. 

With these studies, the dissertation will also address a cathode material which also is 

intimately involved in electron emission from its surface. The cathode provides the electrons that 

initiate the plasma as described above and is a critical component to thruster designs. To date, 

these materials are typically machined from bulk monoliths of high thermionic emission 

materials, such as LaB6 [13]. Since emission is a surface dependent property, this research 

explored an alternative processing method by vacuum plasma spraying coatings of LaB6. 

Through this additive manufacturing route, increased flexibility in the geometry and substrates of 

cathodes that can be achieved. To date, the feasibility of these materials being coated by this 

processing method has not been extensively reported.  

1.2 - CHAMBER WALL MATERIALS AND EROSION MECHANISMS 

The HET chamber walls are typically made from either boron nitride (BN), a composite 

made of boron nitride with silica (referred to as Combat M26), and alumina [14]. Of these, the 

BN based walls have been the most successful in providing a balance between intrinsic electron 

emission, electrical resistivity, and good thermal shock resistance. BN has a hexagonal crystal 

structure (P63/mmc), shown in Figure 1.3, and like that of graphite has strong in plane bonds and 

weak secondary bonds between the basal planes. These weak bonds provides both graphite and 



  9 

  

BN (also referred to as white graphite) excellent dry lubricating properties as the atomic basal 

plane sheets easily shear off under loading [15].  The similarity of graphite to BN, while having a 

higher electrical conductivity, will be a critical property in future experiments where it can serve 

as a model system since both deform (erode) in a similar manner. BN is also known to be 

chemically resistant and has a high melting temperature of ~3000 °C [16].  

 
Figure 1.3 - Diagram of the crystal structure of hexagonal BN and its constituent atoms and 

bonding [17].  
In the composite variations, amorphous silica has been used as a binder material to help 

improve the structural stability of the BN monoliths. It has low heat conductivity, very low 

thermal expansion, and is corrosive and hydration resistant [18]. The physical properties of both 

pure BN and the composite ceramic M26 containing both BN and silica, as given by the 

manufacturer Saint-Gobain ceramic materials, are found in Table 1.1 along with the similar 

properties for graphite.  
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Table 1.1 - Physical properties of hexagonal BN and the composite M26 ceramic material as 
indicated from the manufacturer’s technical documentation [19], along with the related 

properties of isostatic graphite [20].  
Typical 
Property Units             

Grade Name   AX05 M26 Isostatic Graphite 

Constituents   Boron Nitride(BN) 60wt.% 
BN 40wt.% SiO2 Graphite 

Phase   Hexagonal Hexagonal Amorphous Hexagonal 
Unit Cell 
Volume Å^3 35.9     35.3 

Lattice 
Parameters Å a = 2.50 c = 6.64     a = 2.46 c = 6.71 

Property 
Directionality   Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular 

Flexural 
Strength MPa 22 21 62 34 38 33 

Young's 
Modulus Gpa 17 71         

RT 
Compression MPa 25     90 66 

Hardness-
Knoop Kg/mm^2 4     18 

Thermal 
Conductivity W/mK 78 130 11 29 160 

Coeff. of 
Thermal 
Expansion 

              

@25-400°C'   -2.3 -0.7 3 0.4 3.2 - 5.7 
@400-800°C'   -2.5 1.1 2.5 0.1     
@800-1200°C'   1.6 0.4 3 0.1     
Specific 
Heat@25°C J/gK 0.81 0.77     

Max. Temp - 
Oxidizing/Inert °C 850/2000 1000 350/3000 

Dielectric 
Const. 
@1MHz 

  4 4 4.5 3.8     

Dielectric 
Strength KV/mm 79 66     

RT Resistivity Ωcm >10^13 >10^14 >10^13 >10^14 3*10^-5 
 



  11 

  

Since these chamber walls are subjected to a plasma environment, the secondary electron 

emission characteristics are essential. The physics of secondary electron emission related to 

plasmas will be discussed in detail in section 1.4, but in short, these are low energy electrons 

emitted from the surface of a material (typically with an energy < 50 eV [21]). Such electrons 

play a critical role in regulating the plasma sheath over the material. The secondary electron 

yield will be described in detail in section 1.5, but for BN and M26 these values have been found 

to be ~1.3 and 1, respectively, at a primary electron energy of 50 eV [14]. For comparison, Au, a 

highly conductive material, has an emission value of 0.94 at a primary electron energy of 2000 

eV [22]. The high secondary electron emission of BN and silica are desirable traits in that they 

help to reduce the electron temperature in a stationary plasma thruster [23] which has been 

shown to increase HET efficiency [8].  

With BN based materials identified as ideal chamber walls, their microstructural stability 

under ion-based erosion has been an area of active investigation [6]–[9], [24]–[31].The identified 

mechanisms of erosion in these materials have included sputtering by the plasma ions 

bombarding the surface, thermal stresses, and ion implantation into wall material. These 

processes are believe to initiate crack failures created from the localized strain generated by the 

implanted ion species. In some cases, these implanted ions are believed to migrate to the grain 

boundaries, weakening them, from which intergranular cracking can become more prevalent. 

Though these mechanisms are generally accepted, some controversy still exists, in which 

mechanism is the most dominate.  

In the work of Zidar and Rovey [32], a M26 chamber wall was found to have a higher 

amounts of BN after 2000 hrs of erosion.  This suggested that sputtering was likely the dominate 

mechanisms of erosion since the binding energy of BN is nearly twice that of silica [33].  



  12 

  

Conversely Garnier et al. [29], [30] and Pellerin et al. [25] using a similar BN-silica composite, 

each observed a retention of silica on the eroded surface. If sputtering was the dominate 

mechanism of material removal, then these results did not trend with well with the binding 

energies of the species in the composite. It should be noted however, that Zidar and Rovey 

measured surface chemistry using energy dispersive x-ray spectroscopy, a technique that has 

difficulty measuring low atomic number elements.  More recent analysis by Yim et al. improves 

upon past assumptions of previous work which relied solely on ion scattering collisions, as ions 

scattered from the plasma flow and impinged on the walls. They improved on models that 

calculate erosion rate by including hydrodynamic flow to the plasma, it was found that near 

surface effects like electron balance and conductivity play in an even more important role than 

previously expected [34]. Other work by Schinder et al. have applied detailed simulations of the 

heterogeneous material microstructure as it undergoes erosion from the proposed sputtering 

conditions found in HETs. They were able to accurately recreated some of the surface features 

that have been found on HET chamber walls, and have estimated an average ion incidence angle 

of ~30° to the chamber wall surface [10]. 

Coupled with these experimental studies, other researchers have developed quasi-

empirical models to predict HET service lifetimes and performance based on erosion rates [25], 

[27]–[29]. However, these models have not focused on the material underpinnings of these 

erosion features. These known features include topology variation (roughness), variations in the 

composition of the surface with erosion [29], [32], and large-length scale features such as those 

seen in Figure 1.2 [6]. Clearly these types of surface topology and chemical variations will create 

differences in electron surface emission and a variation in plasma stability over the course of the 
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device lifetime. Arguably, these gaps are a result of insufficient microstructural characterization 

of the erosion behavior and/or how those eroded surface itself influences the electron emission.   

1.3 - PLASMAS AND THEIR PROPERTIES 

With the various materials surveyed, the dissertation will now provide a review of the 

physics of plasmas.  Since the research will involve and characterize the plasmas over a variety 

of materials surfaces, the proceeding section is aimed at highlighting the major features and 

properties of plasmas. The reader is referred to references [35]–[37] for further discussions. For a 

material to meet the criteria of being a plasma, it must satisfy the following three main criteria: 

1. The physical length scale of the system (L) must be much larger than the electron 

Debye length (λd): 

𝐿𝐿
λd
≫ 1       (Eq. 1.1) 

2. There must be a large number of charged particles (Nd) within a Debye sphere (a sphere with 

radius equal to the electron Debye length): 

𝑁𝑁𝑑𝑑 = 𝑛𝑛𝑒𝑒
4
3
𝜋𝜋𝜆𝜆𝑑𝑑

3 ≫ 1      (Eq. 1.2) 

3. There must be enough charged particles that the electron plasma frequency (ωpe) is faster than 

the gaseous collisional timescale (νc): 

𝜔𝜔𝑝𝑝𝑝𝑝

𝜈𝜈c
≫ 1       (Eq. 1.3) 

As can be seen by the above equations, to properly understand a plasma, it is important to 

define a number of properties for both the individual particles within the plasma as well as the 

plasma system as a whole. On the most basic level, the number densities of each particle species 

must be defined – this includes the ion number density (ni), the electron number density (ne), and 

the neutral number density (nn). These compose the overall number density of the plasma (np), 
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the units of which are the number per square meter (m-3). Since the particles are so small as 

compared to the unit volume, many plasmas will fall in the plasma density range of 1010-1020 (m-

3). In addition to density, the energetic state or temperature of the particles in the plasma, 

particularly the electrons, is also qualified. The values for electron temperature (Te) are often 

much higher than those found in other systems – because they have low mass and ease to 

accelerate in an applied field.  Typically these temperatures are defined in electron volts (eV) and 

range between 10-3 (very low density plasmas) - 105 eV (high density plasmas like in fusion 

reactions). The temperature conversion of which is 1 eV = ~11600 K. A plasma can maintain 

these extreme electron temperatures because the energy transfer between the relatively small 

mass electrons and relatively large mass ions/neutrals is extremely slow. 

Two of the most important bulk properties of plasmas are the Debye length (λD) and the 

plasma frequency (ω), each of which correspond to the “distance” and “speed” over which the 

plasma can respond to perturbations such as magnetic fields or physical surfaces. These two 

properties incorporate the above individual particle properties into the larger communal behavior 

of the plasma. From, which they provide a descriptor in the plasma criteria discussed earlier.  

The Debye length is named after chemist Peter Debye who pioneered the study of its 

effect on ionic chemical solutions [38]. The origin of this characteristic length is derived from a 

process referred to as Debye shielding. In this processes, a strongly negative charge is introduced 

into the plasma field which attracts positively charged carriers (such as ions) to it while also 

repelling negatively charged carriers (electrons). From a longer length perspective, this charge 

interaction in the bulk plasma creates a negative bias of charge that is surrounded by a balance of 

positive charge in the form of a sphere. In this way, the positive charge carriers have shielded the 
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bulk of the plasma from the disturbance of the negative charge. The size of this Debye shielding 

layer is governed by a distance defined called the Debye length and is defined as: 

𝜆𝜆𝐷𝐷 = �𝜖𝜖0𝜅𝜅𝐵𝐵 ∑ � Τ𝛼𝛼
𝑞𝑞𝛼𝛼2𝑛𝑛𝛼𝛼

�𝑁𝑁𝛼𝛼
𝛼𝛼=1    (Eq. 1.4) 

where (ε0) (permittivity of free space) and (κB) (Boltzmann constant) are fundamental constants, 

and the remainder is the summation of the each particle species’ (α) temperature normalized by 

its charge (qα) and density.  

In a majority of scenarios, the Debye length is dominated by the size of the effect from 

the electrons in the plasma, so Eq. 1.4 can be reduced to the electron Debye length: 

𝜆𝜆𝑑𝑑 = �𝜖𝜖0𝜅𝜅𝐵𝐵Τ𝑝𝑝
𝑒𝑒2𝑛𝑛𝑝𝑝

     (Eq. 1.5) 

here the temperate, charge, and density of each component has been replaced with the respective 

values for electrons.  

Next, one must consider the frequency at which the species move. This is referred to as 

the plasma frequency and is defined most strongly by the species which moves the fastest in the 

plasma. The fastest moving species will be the electrons because of their low mass and high 

temperature.  To define the plasma frequency, one must consider a volume of ions, which is 

taken as stationary point charges of +e while an equal volume electrons  will move back and 

forth around these stationary point charges. As these ions are point charges, the electrons (being 

so much smaller than the ions) will simply pass by them without collision. This creates an 

overshoot scenario and where the electrons are then attracted back towards the ions. This 

electronic oscillatory motion defines the electron plasma frequency (ωpe): 

𝜔𝜔𝑝𝑝𝑒𝑒 = �𝑛𝑛𝑝𝑝𝑒𝑒2

𝑚𝑚𝑝𝑝𝜖𝜖0
     (Eq. 1.6) 
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where (me) is the mass of the electron.  

With the major individual properties of a plasma defined, the criteria of a plasma are 

revisited.  Criterion #1 simply requires that the physical length scale (L) be sufficiently larger, 

but can otherwise apply to any given density or temperature. Criterion #2 scales directly with 

electron temperature but inversely with electron number density, so a plasma system must 

contain a sufficient electron temperature to regularly bring the electrons into close proximity for 

them to interact electrostatically. Lastly, criterion #3 requires that the plasma frequency scale 

based on the electron number density, while the collision frequency scales with the neutral 

density. Therefore a plasma must have a large enough population of electrons, in proportion to 

neutrals, to have its behavior governed electrically instead of collisionally. Further discussion 

and derivation of the criteria and equations above can be found in the following references: [35], 

[36], [39], [40]. With these criteria and the appropriate terms and properties defined, we can now 

address the plasma sheath.  

1.4 - PLASMA SHEATH PHYSICS 

With respect to the research here, the plasma sheath is critical in that it forms at the 

physical boundary between the confined plasma and the surrounding environment, which for our 

research is the chamber wall.  The Debye shielding effect occurs at this boundary. As the 

physical length scale of the sheath is on the order of the Debye length scale, the sheath does not 

meet criteria #1 for being defined as a plasma. However, it contains plasma-like features and is a 

transitional space between the clearly defined plasma state and clearly defined non-plasma state 

(i.e. chamber wall).  Sheaths will, in general, form in nearly any plasma system when the plasma 

comes in contact with an external wall or surface, as it forms in order to enforce the wall’s 

electrical neutrality. Consequently, the sheath will not satisfy the plasma criteria of being quasi-
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neutral, which is to say that the net charge of a given plasma volume is zero or that the given 

plasma volume is electrically neutral on average.  

Within a typical sheath, a profile of the electrostatic potentials will develop and are 

schematically shown in Figure 1.5(a). From this figure, one can see that ions will be accelerated 

down the potential gradient to the regions of lower potential; conversely, electrons are 

accelerated up the gradient towards regions of high potential. This phenomena is analogous to 

the boundary layer formation in viscous fluid flow of fluid mechanics [41]. Viscous forces are 

insignificant over the bulk of the fluid flow, except at a critical layer near the wall where they 

dominate to enforce the boundary condition of the wall where the fluid can have no velocity 

relative to the wall. For the case of the plasma sheath, quasi-neutrality dictates that electrostatic 

forces are insignificant over the bulk except at the wall, where the plasma can have no charge 

relative to the bulk.  

 
Figure 1.4 - (a) Potential profile of a typical Child-Langmuir plasma sheath. (b) Potential profile 
including presheath region described by Bohm. Figure Credits: [40]  

The first derivation of the fundamental equations governing the properties and formation 

of plasma sheaths was completed by Child in 1911[42] and later finished by Langmuir. Because 

of their pioneering work, plasma sheaths are often referred to as Child-Langmuir sheaths and 
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have been very good in capturing the physics of the sheaths. The reader is referred to references 

[36], [40], [43] for more details. 

One of the short-comings of the Child-Langmuir sheath is that it does not include the 

effect of plasma electrons. Hence these sheaths best describe systems with very few electrons, 

which would be the case for a plasma sheath near a low emission surface, such as a ceramic wall 

like BN. Low plasma electron conditions occur when the sheath voltage is largely negative with 

respect to the plasma potential. Another assumption of the Child-Langmuir sheath is that ions 

enter the sheath with zero velocity at a point of zero electric field strength. This assumption was 

overcome by Bohm [44] who incorporated it and created the Bohm criterion, which defines the 

speed ions must reach at the edge of the sheath [45]. The energy needed to accelerate ions to this 

speed results from the potential drop that leads up to the sheath, referred to as the “pre-sheath”, 

which allows for the degree of quasi-neutrality to gradually decrease facilitating a smooth 

transition between pre-sheath and sheath itself [35], [41], [43], [46], [47]. This is illustrated in 

Figure 1.5(b) 

The boundary condition of the plasma sheath is caused from typically either an electrode 

or the bounding wall of the plasma discharge chamber. In the case of the electrode, the wall 

potential is enforced externally because the electrode is at ground. However for a bounding wall, 

like a chamber wall in a HET, it is electrically isolated which causes it to “float” to the potential 

which equalizes the positive and negative charge fluxes into the wall. This is commonly referred 

to as a “floating wall.” When the charge fluxes at a wall are balanced, a zero net current flow is 

achieved at the wall. For this particular boundary condition of zero net current, the wall is then 

referred to as the “floating wall potential”. For an electrically insulating material, the current is 

unable to flow which can then enforce other potentials that are not the than the floating potential. 
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Experimental measurements using a variety of techniques have provided accurate measurements 

of the sheath potential structure, such as, ion density profiles and ion velocity profiles [48]–[53] 

to understand its structure and its reference to a floating wall potential.  

1.5 - ELECTRON EMISSION IN MATERIALS 
As electron emission will be critical in establishing the equilibrium of the plasma near the 

wall, which by defaults creates the floating wall potential, an understanding of the emission 

characterize of materials is needed. Electron emission in materials is a well-studied subject, as it 

has wide applications in many fields. As noted above, emission can be thermionic, which is 

where heat is sufficient to allow electrons to escape the surface. In other cases, impact of ions, 

other electrons, and photons (the photo-electric effect) can cause electron emission. For the 

purpose of this review, and with respect to plasmas sheaths, we are most concerned with the 

energy of the emitted electron rather than the details of its emission mechanism.  

Secondary electron emission (SEE) are those elections with energies less than 50 eV. 

These electrons are sensitive to surface topology and are often used for that purpose in scanning 

electron microscopy (SEM) characterization.  The energy of these, as well as any other emitted 

electrons, are a function of the primary incident energy, E0, which creates them. For an SEM, 

this primary energy would be the acceleration of the electrons from a source, such as a field 

emission gun, whereupon these electrons strike the surface creating new electrons that are 

emitted. In a plasma, the primary energy source to create emitted electrons would be the charged 

species in the plasma that accelerates through the plasma sheath and strike the wall. In general, 

the energy distribution for all these emitted electrons will measure over a range from 0 to E0, as 

shown graphically in Figure 1.6(a). This curve is largely dominated by higher energy electrons, 

referred to as backscattered electrons and denoted as I and II, and originate from elastic 

scattering. These can be emitted electrons from the surface or reflected electrons of the primary 



  20 

  

source, if the primary source is an electron beam as in a SEM. These electrons will scale with the 

atomic number, Z, of the material. Backscattered electrons (BSE) are higher energy electrons 

than those typically found in plasmas used in HET, as these electrons rarely have energies > 20 

eV.   

 

Figure 1.5 - (a) Schematic of the energy distribution of the electrons emitted from a target, 
highlighting regions dominated by backscattered electrons (I/II) and the secondary electrons 
(III). The width of region III is exaggerated. (b) Secondary electron energy distribution as 
measured by experiment. Figure credit [21]. 

The electrons, denoted as III in Figure 1.7, are the secondary electrons. As can be seen in 

this graph, the number of these electrons emitted are much larger than the contribution from 

backscattered electrons for a given energy value. This increase is electron emission is a result of 

secondary electrons being loosely bound outer shell electrons which receive sufficient energy 

during inelastic scattering to be ejected from the atom. The ejected electrons, which are now 

technically referred to as secondary electrons, will propagate through the material with some 

reaching the surface and escaping. Based on their low energy, only those electrons very near the 

surface (< 3 nm) are able to achieve this ejection.  Though backscattered electrons could also be 

within this category, in terms of energy, they have been found to be negligible. In Figure 1.7(b), 
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the highest density of secondary electrons occurs at < 10 eV.  Incident species that create 

secondary electrons typically arrive with much higher energies than this value. The large 

difference in energy between these incident source and the emitted electrons indicates that very 

little energy transfer occurs. Consequently, the secondary electrons that are observed have very 

low energy upon escaping.  Finally, the total number of secondary electrons emitted, nSE, 

normalized by the number of incident electrons, nB, is termed the secondary electron yield 

coefficient, δ, and is defined by: 

𝛿𝛿 = �𝑛𝑛𝑆𝑆𝑆𝑆
𝑛𝑛𝐵𝐵
� =  �𝑖𝑖𝑆𝑆𝑆𝑆

𝑖𝑖𝐵𝐵
�     (Eq. 1.7) 

where iSE and iB are the corresponding secondary and beam currents. 

1.6 - LANTHANUM HEXABORIDE PROCESSING FOR CATHODE APPLICATIONS 

 Unlike the chamber wall, where one wants to maximize electron emission, the cathode 

aims at generating a large flux of electrons to initiate and maintain the plasma. LaB6 has been 

one of the most commonly used materials to achieve this behavior because of its relatively low 

work function (~ 2.4 eV) from which thermionic emission, at temperatures between 1500 °C and 

1700 °C, can occur for extended times.  It is resistant to oxidation and corrosion in acidic 

environments and also boasts high hardness and reasonable thermal and electrical conductivity 

[13], [54], [55].  

LaB6 is a cubic phase (Pm3̅m) with a relatively narrow range of sub-stoichiometry. Figure 

1.5 is the phase diagram for La-B. Other phases of lanthanum-boride, such a LaB4 and LaB9, are 

line compounds.  When LaB6 is produced, it yields a bright purple-violet color.   
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Figure 1.6 - The Boron-Lanthanum phase diagram [56].  

Since thermionic emission is a surface based phenomenon, the surface orientation and 

composition of LaB6 is critical. For example, the <100> orientation of has been shown to yield 

the maximum electron emission density [57]. Impurities on the surface or a change in 

stoichiometry of the surface, will also influence the emission characteristics.  In the case of 

impurities, as they evaporate off of the surface, the intrinsic evaporation and emission of LaB6 

can be recovered making this material fairly robust [58], [59]. However, if stoichiometry is lost, 

the electron emission would reduce regardless of the purity of the surface [60].  

LaB6 is traditionally fabricated by a bulk sintering method and then machined into the 

desired shape [13]. Being with electron emission being a surface based property, the fabrication 

of LaB6 may afford the development of other means of fabrication, such as coatings.  Prior 

research on processing LaB6 as a coating examine it typically through a chemical vapor 

deposition or physical vapor deposition [40]. In these methods less material is needed but whose 
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complex fabrication is limited by line of sight deposition. This dissertation analyzed an 

alternative coating/bulk processing route – vacuum plasma spraying (VPS). VPS combines both 

coating and bulk monolith processes in an additive fashion [61]. In this way, specific shapes can 

be built up to the minimum required geometry which could result in less machine time and/or 

less subtractive material loss. To date, the feasibility of LaB6 deposition via VPS has not been 

readily explored. 

1.7 - SUMMARY 

This chapter has provided a general overview of materials with respect to plasma 

interactions. Specifically the use for HETs has been discussed because of their technical 

importance. Upon extended plasma exposure, the materials which are used to protect the 

magnetic system erodes creating changes in composition and topology. It is hypothesized that 

these changes will result in a dynamic interaction with the plasma and how it continues to erode 

the material.  Based on current literature BN based materials are the primary ceramics used as a 

protective wall materials. However, very little is known, about the surface features created by the 

erosion processes and how they change the plasma sheath properties. This sheath – wall 

interaction will be regulated by the emission of electrons from the surface of the wall.  This 

dissertation will then explore how BN based wall materials erode and how those topologies, as 

function of length scale, influence the secondary electron emission that will regulate the plasma 

sheath.  

 Besides these BN based materials, the dissertation will explore the possibility of LaB6 

fabrication. LaB6 is a common cathode material in HETs and other plasma based devices. Since 

electron emission is a surface propriety, the development of coatings would provide a reduction 

of material costs and flexibility in design.  
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CHAPTER 2 

EXPERIMENTAL METHODS 

 

2.1 - MATERIAL ACQUISITIONS AND INTENT 

A series of different materials were chosen as subjects to be researched in this 

dissertation. The primary material systems of interest were hexagonal BN, the composite ceramic 

containing BN and silica called M26, and LaB6. The BN and M26 were sourced from the Saint-

Gobain Ceramic Materials Company. The grade designation for the BN is AX05 and was of 99% 

purity, while “M26” is the grade designation for that material and is composed of 60wt.% of BN 

and 40wt.% silica. These materials were creating by mixing the constituent powders together, 

then hot pressing this mixture; the manufacturer’s measured properties can be found in Figure 

1.4. Hot pressing is a powder processing methodology where the powder mixture is loaded into a 

compression chamber. The chamber is compressed axially, like a piston, forcing the powder 

particles together to densify them while the whole bulk is heated through the chamber wall. This 

combination of heat and pressure sinters the particles into a highly dense monolith, from which 

smaller parts can be sectioned. 

In Chapter 3, a M26 ceramic wall material was utilized in a P5 HET that was operated for 

1500 hours by the joint Air Force Research Lab and University of Michigan. The HET was 

operated at powers levels of 1.6 kW, 3 kW, and 5 kW under a number of different discharge 

voltages. The details of these operational parameters can be found in the following references: 

[1]–[3].  
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In Chapter 4, a number of graphite samples were procured from Tokai Carbon where it 

was isostatically pressed and sintered with a resulting average grain size of approximately 2 µm 

and a density of 99+/-0.5%. The graphite was of EC-17 grade, an ultra-fine grain electro 

discharge machining (EDM) grade, this ensured the graphite was as similar to the hBN material 

as possible that is used in HET.  The samples were polished and roughened, as described in 

section 2.2, to the levels of 120 grit and 1200 grit to simulate the eroded surface found in the 

HET chamber walls. 

In Chapter 5, additional AX05 grade hexagonal BN was procured in the form of 3 inch in 

diameter disks that were ¼ inch thick. Two of these disks were shipped to a third party 

machining company who used high speed cutting tools to cut channels into the surface. These 

channels mimicked the large scale erosion found near the end of life of some HET chamber 

walls. 

In Chapter 6, LaB6 powder was acquired from Materion Corporation at 99.5% purity and 

a particle size between 5-10 µm. The powder was separated into three batches which then had 

amorphous elemental boron powder, acquired from SB Boron at 95% purity, added to it so that 

the batches contained the following mixtures: 0% (no added boron), 5 vol% added boron, and 10 

vol% added boron. The mixtures were then agglomerated using ethanol and polyvinyl butyral 

resin (PVB). Lastly, the mixtures were sieved to 15 - 45 μm using a 325 mesh screen to enhance 

flowabilty. 

2.2 - METALLOGRAPHIC PREPARATION AND HANDLING OF MATERIALS 

All materials that were described above were purchased or acquired from manufacturers 

in larger sections or monoliths. These were all sectioned into smaller samples for easier handling 

or to properly fit inside characterization equipment. These samples were sectioned using a high 
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speed, precision saw that uses a copper blade with an edge impregnated with a diamond 

composite. After sectioning, the samples that only required surface microstructure 

characterization were mounted in conductive phenolic resin using a hot mounting press. In 

general, if any sample had a surface treatment applied to it, or was referred to as “polished”, it 

underwent the following grinding and polishing steps: 

1. Initial removal of surface protrusions and cutting marks using 120-500 grit silicon 

carbide (SiC) grinding paper. 

2. Removal of grinding markings using 800-1200 grit SiC grinding paper. 

3. Initial polishing using 9 µm diamond solution at 300 RPM and 20 N of force in a Buehler 

AutoMet 250 auto-polishing system. 

4. Further polishing using 3 µm diamond solution at 150 RPM and 20 N of force in a 

Buehler AutoMet 250 auto-polishing system. 

5. Final polishing using 0.05 µm silica solution at 150 RPM and 20 N of force in a Buehler 

AutoMet 250 auto-polishing system. 

Note that as there are no times in any of these steps, the samples were visually inspected 

after each step to determine if the step needed repeating. Any samples that were polished, that 

were not mounted in phenolic powder, were polished by hand using the same procedure as 

above. 

2.3 - MICROSTRUCTURAL AND CHEMICAL CHARACTERIZATION  

The phase identification was characterized by X-Ray Diffraction (XRD) using a Bruker 

Discovery D8 diffractometer operated with Cobalt-kα radiation at 45 keV and 20 mA.  A scan 

speed of 0.1 degrees/second, scanning between 10 – 130 degrees 2Θ was used. The ICDD 

databases were used to match the characteristic peaks with their representative indexing cards. 
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Scanning electron microscopy (SEM) imaging of the sample surfaces was captured 

using a JEOL 7000F operated between 10 keV and 30 keV, typically at a working distance of 

10mm. The SEM was operated in Secondary Electron (SE) and Back-Scattered Electron (BSE) 

modes, with the SE mode providing high resolution topography sensitive micrographs while the 

BSE mode providing micrographs with atomic number contrast. Energy Dispersive x-ray 

Spectroscopy (EDS) was used in tandem with SEM to collect chemical maps in any 

micrographs, allowing for the highlighting of specific features with differing chemistry. 

Approximately 10 nm to 15 nm graphite coating was applied over the surface of any sample 

lacking in electrical conductivity, using a Cressington 208C Turbo Carbon Coater evaporator. 

The chemical spectrums from the sample surface were quantified by X-ray 

Photoelectron Spectroscopy (XPS) in a Kratos Axis 165 operating at 12KeV and 12mA with a 

monochromatic Al source, scanning from 0 to 1000 eV binding energy.  

Transmission electron microscopy (TEM) was done in a FEI Tecnai F20 Supertwin 

(Scanning) TEM operated at 200 keV. The TEM foils were prepared by a focus ion beam in-situ 

lift out procedure using a FEI Quanta 3D Dual Beam, the details of which can be found in 

reference [4]. Particular care was done in the final FIB milling steps to reduce potential Ga+ ion 

implantation artifacts through low keV ion polishing [5].  

2.4 - PLASMA SHEATH MEASUREMENTS 

The sheath measurements were done in collaboration with the Georgia Institute of 

Technology’s High-Power Electric Propulsion Laboratory and was built and qualified by Dr. 

Samuel Langendorf [6]. For this experiment, a multi-dipole plasma device that consisted of a 

cylindrical aluminum cage lined with permanent magnets was used, shown in Figure 2.1. The 

cage confines ionizing electrons generated by emissive filaments within the device. The device is 
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operated under a vacuum that has a base pressure of 1.9 x 10-9 Torr and the sheath potential 

profile is measured using an emissive probe and the bulk plasma parameters are measured using 

Langmuir probe. This setup is designed to measure the sheath potential drop as it approaches the 

specimen surface while at different energy levels.  

 

Figure 2.1 - A) Diagram of the important components of the plasma sheath measurement tool, 
and B) a photograph of the setup with the components labeled. The designated letters in (A) 
corresponds to the features shown in the image (B). 
 
2.5 - SECONDARY ELECTRON EMISSION MEASUREMENTS  

The secondary electron emission coefficient was collected in a custom constructed 

stainless steel vacuum chamber at the Air Force Research Lab, shown in Figure 2.2. The 

chamber had a base pressure of approximately 3x10-10 Torr pumped by mechanical and 

turbomolecular pumps, with the electron current being measured using a Keithley 6517A 

electrometer.  A primary electron beam, provided by an SEM column, was rastered across the 

sample at the experimental accelerating voltages. The electron current was first measured while 

the samples were under only primary electron beam irradiation. Then each measurement was 

repeated while the sample was charged to +100 Volts, to recollect all escaping secondary and 
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backscattered electrons. The net current of re-collected electrons (𝑖𝑖𝑛𝑛) and the current from the 

primary electron beam (𝑖𝑖𝑝𝑝) was then used to calculate the SEY coefficient (𝛿𝛿) from: 

𝛿𝛿 = 1 −  �𝑖𝑖𝑝𝑝
𝑖𝑖𝑛𝑛
�     (Eq. 2.1)  

The value for (𝑖𝑖𝑛𝑛), (𝑖𝑖𝑝𝑝), and 𝛿𝛿 was collected once every 5 s for 600 s, and the value for 𝛿𝛿, 

at the particular accelerating voltage, was the average of the last twenty values. The error for this 

energy level was also calculated from this same set of values. 

 
Figure 2.2 - Secondary electron emission yield measurement tool. 

 

2.6 - ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY  

The work function of each sample was measured using Ultraviolet Photoelectron 

Spectroscopy (UPS).  The UPS chamber was evacuated to a base pressure of ~10-8 Pa, while the 

samples were pre-heated to 1000 °C (measured by a pyrometer) using an e-beam heating stage. 

This was intended to evaporate off any residual contaminates, surface oxides, or binder material.  

After which a helium photon lamp source (21.2 eV) scanned the surface up to a kinetic energy 

level of 30 eV. The value for the work function, Φ, was calculated from the difference in Fermi 
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energy level, EF, and onset of secondary emission, ESE, with the photon energy of the lamp 

source, EL, removed using: 

Φ = 𝐸𝐸𝐿𝐿 − (𝐸𝐸𝑆𝑆𝑆𝑆 − 𝐸𝐸𝐹𝐹)      (Eq. 2.2)  

these values are determined graphically from the scans collected. 

2.7 - VACUUM PLASMA SPRAYING PARAMETERS  

Vacuum Plasma Spraying (VPS) is a thermal spraying technique which utilizes a plasma 

flow that has a powderized material fed into the stream, as shown in Figure 2.4. This melts the 

material and imparts a large force which drives the material droplets onto a substrate. These 

molten droplets then solidify on the substrate’s surface, continued application then allows for 

complex coatings or monolithic parts to be built [7]. The combination of an inert atmosphere, 

high temperatures, and high energies makes VPS a unique processing method for materials. 

Many materials that have too high a melting temperature or are too sensitive to atmosphere to be 

fabricated through other means, but that have incredibly useful properties, can be processed 

using VPS. Vacuum plasma spraying is a highly tunable technique capable of generating many 

different material or structural features and is able to create either coatings or near net shape 

parts with complex geometry [8]. By changing spraying parameters or by including additives 

during spraying, it is possible to develop samples with a variety of microstructures and surface 

chemistries. 



36 
 

 
Figure 2.3 - Schematic of generalized vacuum plasma spray process 

 
2.8 - OPTICAL PROFILOMETRY  

Optical profilometry was performed to quantify the roughness of the samples, both 

graphite and ceramic, in Chapter 4. The samples were sent to an outside company, Evan’s 

Analytical Group, who used a Bruker Contour GT-X8 with a 50X optical lens. Three 1.3 mm x 

0.95 mm areas were scanned from each sample, each scan had a vertical resolution of 6 nm and a 

lateral resolution of 6 µm. Roughness statistics were then collected across the entire scanned 

surfaces with root mean square (RMS) roughness (𝑆𝑆𝑞𝑞), given below, as the primary statistic 

considered: 

𝑆𝑆𝑞𝑞 = �∑�𝑍𝑍𝑖𝑖−𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎�
2

𝑁𝑁
      (Eq. 2.3) 

where 𝑍𝑍𝑖𝑖 is the height of the feature, 𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎 is the average 𝑍𝑍 value within the scanned image, and 

𝑁𝑁 is the number of points in the image. For comparison to other roughness analytical methods, 

the geometric mean or average surface roughness (𝑆𝑆𝑎𝑎) has also been calculated and is given as 

𝑆𝑆𝑎𝑎 = ∑𝑍𝑍𝑖𝑖
𝑁𝑁

      (Eq. 2.4) 
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CHAPTER 3 

PLASMA INDUCED EROSION ON CERAMIC WALL  
STRUCTURES IN HALL EFFECT THRUSTERS 

 
3.1 - ABSTRACT 

A 60 wt% boron nitride (BN) - 40 wt% silica (SiO2) hot-pressed composite, denoted as 

M26, was used as the insulating chamber wall for a xenon plasma Hall effect thruster operated 

for approximately 2000 hours at power levels between 1.5-5 kW. The chamber wall showed a 

range of erosion microstructures. In the heavily eroded regions, striations in the surface topology 

were evident with surface protrusions in the generic shape of conical tips consisting of stratified 

BN and silica phases. Micro-cracking along the long axis of the BN basal plane was prevalent. 

Through a two-dimensional finite element model, the micro-cracking has been determined to 

occur because of the anisotropic thermal expansion of BN in the amorphous silica matrix. 

Exfoliation accompanied the micro-cracking in BN and resulted in the preferential loss of BN as 

compared to silica in these heavily eroded regions. 

3.2 - INTRODUCTION 

Hall effect thrusters (HETs) are attractive candidates for geosynchronous station-keeping 

and similar low-thrust space-based propulsion applications [1], [2]. They are capable of much 

greater ion current density than gridded ion thrusters because of the quasineutrality of the plasma 

used as the propulsion source [3]. They also operate in a lower specific impulse regime of 

approximately 1500 seconds at constant power, which yields a greater thrust-to-power ratio [4]. 

Recent qualification life testing of the Aerojet 4.5-kW BPT-4000 HET has shown that HETs can 
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achieve operational lifetimes comparable to the lifespan of ion engines such as the NASA 

NSTAR engine [5], [6]. 

One of the limiting factors for HET service life and propulsion performance is the ability 

of the chamber wall to withstand plasma driven erosion in the discharge channels [4], [6], [7]. 

With the erosion of the chamber walls, the surface topology is altered. The formation of ledges, 

kinks and other similar microstructural features are sites which can concentrate electric fields 

thereby locally influencing the secondary electron emission (SEE) [8]; consequently, the plasma 

equilibrium boundary conditions change [4], [9]. Additionally, Gascaon et al. [9] noted that the 

discharge current is a function of material type. If the wall is a composite microstructure, with 

each phase eroding at a different rate, the relative surface emission behavior will vary depending 

on the surface composition as well as the surface morphology. Moreover, after the walls are fully 

eroded, the plasma itself can affect the magnetic field geometry by sputtering the magnetic 

material that was previously behind the protective wall material. Understanding the erosion 

mechanisms and their effect on the microstructure of the chamber wall will shed light on the 

physical processes that govern erosion. Based on the erosion features of the BPT-4000, observed 

during its 10400 hour life test, it is clear that current erosion models do not capture the physics of 

the lifetime limiting mechanisms. Recent research by the Jet Propulsion Laboratory has shown 

that there may be alternatives to avoiding these erosion mechanisms [10]. 

There have been many studies on ion-based erosion in ceramic materials [5]–[7], [9]–

[17].  The mechanisms of erosion include sputtering by the plasma ions bombarding the surface, 

thermal stresses, and ion implantations into the substrate. These processes can initiate crack 

failures in the materials from localized strain from implanted species and possibly weaken 

intergranular bonding by the segregation of these implanted ions diffusing to the grain 
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boundaries. Specific to HETs, a detailed microstructural characterization of the surface can 

reveal the dominate mechanisms of erosion which lead to failure. By identifying these features, 

means to engineer the material for improved sustainability or performance can then be developed 

[18]. To date, quasi-empirical models are used to predict HET service lifetimes and performance 

[11], [13]–[15] with little information on the dominating mechanisms that contribute to erosion. 

Some features of the erosion which are not reproduced by present models include the 

microstructure driven surface features which are produced during erosion, variation in the 

composition of the surface [15], [19], and large-length scale features such as the anomalous saw 

tooth erosion ridges seen during the BPT-4000 qualification life test [5]. 

The AFRL/UM P5 HET uses a boron nitride (BN)-silica (SiO2) composite designated as 

grade M (40% BN, 60% SiO2 by weight) or M26 (60% BN, 40% SiO2 by weight) material for 

the chamber wall [20]. This composite material has a good combination of machinability for 

fabrication, secondary electron emission for HET operation, and ion erosion characteristic 

properties that enable sufficient HET lifetime [21]. In particular, the high secondary electron 

emission is desirable to help to reduce the electron temperature in a stationary plasma thruster 

[20]. The reduction in electron temperature has been shown to increase HET efficiency [9]. A 

consequence of a heterogeneous phase composite is that each phase has a different sputtering 

yield, thermal expansion, and mechanical properties. These differences could contribute to non-

uniform microstructural instabilities resulting from preferential erosion. This paper aims at 

quantifying how the composite phases within such a microstructure evolve along different 

regions within the HET chamber wall. 
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3.3 - EXPERIMENTAL SETUP 

A M26 grade Combat© 60 wt% boron nitride (BN) - 40 wt% silica (SiO2) hot-pressed 

composite, manufactured by  Saint Gobain Ceramic Materials Company, was used as the thruster 

channel wall material in the HET. The M26 material was part of a P5 HET operated for 

approximately 2000 hours at power levels between 1.5-5 kW in xenon plasma. Please consult 

reference [22] for details on the service performance of the thruster. Post-plasma operation, a 

piece of the annular M26 wall’s channel ring was mechanically removed, sectioned, and 

mounted onto appropriate fixture for microstructural characterization, as shown in Figure 3.1. 

The phase identification of the sub-sectioned ring was determined by X-ray diffraction 

(XRD) using a Bruker Discovery D8 diffractometer operated with cobalt k radiation at 45 keV 

and 20 mA. Scanning electron microscopy (SEM) imaging of the surface was performed using a 

JEOL 7000F operated at 10 keV. Since the composite material is known to have low electrical 

conductivity [23], the samples were either gold coated or carbon coated to reduce surface 

charging which leads to image degradation. Most of the micrographs were images of the direct, 

eroded surface; when polishing was required, the sample was auto-mechanically polished using a 

9 and 3 µm diamond suspensions with a final vibromet polish with a 0.05 µm silica slurry 

suspension. The chemical signature from the surface was quantified by X-ray photoelectron 

spectroscopy (XPS) in a Kratos Axis 165 operating at 12 KeV and 12 mA with a monochrome 

Al source, scanning from 0 to 1000 eV binding energy. Transmission electron microscopy 

(TEM) was done in a FEI Tecnai F20 Supertwin (Scanning) TEM operated at 200 keV. The 

(S)TEM foils were prepared by a focus ion beam in-situ lift out procedure, the details of which 

can be found in reference [24]. Particular care was taken in the final focused ion beam (FIB) 
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milling steps to reduce potential Ga+ ion implantation artifacts through low keV ion polishing 

[25]. 

3.4 - RESULTS 

The sectioned M26 thruster revealed three distinct regions relative to their position in the 

HET. These have been designated as (i) low erosion (LE) (ii) moderate erosion (ME) and (iii) 

high erosion (HE) regions, shown in Figure 3.1. The distinction of these regions was determined 

by the discoloration, shown in Figure 3.1(b), and eroded microstructures, Figure 3.1(c)-(e). The 

dark discoloration on the chamber wall, Figure 3.1(b), is caused by carbon re-deposition from the 

downstream graphite beam dump in the vacuum facility. XRD in Figure 3.2 revealed amorphous 

silica, evident by the broad hump between 20 and 30 degrees 2Θ, and the narrow, intense 

crystalline peaks identified as the crystalline hexagonal close packed (hcp) BN phase (hBN).  No 

crystallographic phase transformations for the BN or silica phases were noted between each of 

the three erosion regions.  
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Figure 3.1 - (a) Schematic of the HET thruster and categorized regions of erosion. The different 
shades of grey at the top of the image represent the ionization regions of the plasma with the 
dashed arrows representing the discharge of the plasma out of the HET. (b) Optical image of 
sub-sectioned M26 composite HET wall. The bottom bar scale is in inches. The darker 
discoloration is from carbon re-deposition onto the wall material from the vacuum facility 
graphite beam dump located downstream of the HET. (c) SEM micrograph of the highly eroded 
region (d) SEM micrograph in the moderately eroded region. (e) SEM micrograph of the low or 
non-eroded region.  

 

Figure 3.2 - XRD spectra for the three eroded regions in the M26 composite. The broad peak at 
approximately 25o 2Θ is from the amorphous silica phase; the remaining, sharp peaks in the 
diffractogram are indexed to BN.  
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The SEM micrographs of Figure 3.1(c)-(e) revealed a significantly altered surface 

structure between the LE, ME, and HE regions, as previously reported by Pellerin et al. [11]. The 

LE region, Figure 3.1(e), revealed a granular microstructure commonly observed in hot pressed 

powder mixtures. The ME region, Figure 3.1(d), revealed a polished-like surface appearance 

with striations of the grains and micro-cracking within the material. The HE region revealed 

three distinct surface features, shown in the magnified image in Figure 3.3(a). There were 

regions where it appeared that the BN phase exfoliated or flaked off from the matrix leaving a 

smooth, silica surface (denoted as “i” in Figure 3.3(a) and magnified in Figure 3.3(b)). In other 

regions, the surface was modified into jagged, surface protrusions (denoted as “ii” in Figure 

3.3(a)). These striated and jagged surface protrusions consisted of a stratified morphology of BN 

and silica evident from the contrast in the SEM backscattered image of Figure 3.3(c). As 

previously observed in the ME region, micro-cracking, denoted as “iii” in Figure 3.3(a), was also 

evident in the HE region. The backscattered SEM micrograph, Figure 3(d), of a polished surface 

from within the HE region revealed that the micro-cracks were predominantly in the BN phases 

with some smaller cracks in the silica matrix. 
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Figure 3.3 - (a) SEM secondary electron micrograph showing three distinct regions of erosion: 
“i” being a smooth, planar surface of silica, “ii” surface protrusions, and “iii” micro-cracking. (b) 
High magnification SEM micrograph revealing the planar surface of silica. (c) Backscattered 
SEM micrograph revealing a stratified morphology, see region in dashed circle, of BN and silica 
within the surface protrusions. (d) Polished surface showing significant micro-cracking in the 
BN phase (darker region) with some minor cracking in the silica (lighter region), denoted with 
the arrows. 

The inset electron diffraction patterns in Figure 4 confirmed the crystalline hcp phase of 

BN and the amorphous structure of the silica. Similar to the backscattered SEM images, the high 

angle annular dark field micrograph of Figure 4 provides semi-quantitative atomic phase imaging 

with brighter contrast indicative of the higher atomic number containing species [26]. This 

micrograph reveals that the micro-cracks are prevalent in the BN phase, with splitting widths that 

are a few nanometers and several cracks present in the same fiber. These cracks did not appear to 

bifurcate but ran parallel along the basal plane of BN, as determined by the edge-on zone axis 

diffraction pattern in the inset image of Figure 3.4. 
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Figure 3.4 - Scanning TEM micrograph of a foil extracted from the moderate erosion region. 
Electron Diffraction image insets confirm the crystallography of the phases. BN zone axis 
[02̅20]. The bright contrast at the bottom of foil is re-deposited material from the thinning 
process. 

XPS revealed a relative compositional change, shown in the histogram of Figure 3.5, 

between each of the elements in the three eroded regions. The relative carbon content increased 

into the HE region which attributed to the discoloration on the sample shown in Figure 3.1(b). As 

the wall material became more eroded, an increase in the relative amounts of silicon and oxygen 

signals and a corresponding decrease in the boron and nitrogen signals were noted. 
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Figure 3.5 - X-ray photoelectron spectroscopy (XPS) data of each constituent element from each 
of the three regions. 
 

3.5 - DISCUSSION 

After 2000 operational hours, specific regions of the chamber wall surface topology 

showed evidence of significant variation in erosion characteristics. The variation in erosion 

characteristics along the axial direction of the discharge chamber material is attributed to the 

spatial variation in the energy of ions that impact the discharge chamber wall. Between the anode 

exit plane and the ionization region, Figure 3.1(a), the HE portion of the wall is exposed to 

neutral gas temperatures of approximately 850 to 1000 K [27]. Once the plasma ionizes and 

accelerates across this region, a sharp potential drop near the exit plane of the thruster occurs and 

the ion impact energies of the ions, within the plasma, rise from <10 eV to between 100 and 300 

eV. In addition to the plasma potential profile in the axial direction, the electron temperature 

peak near the exit plane also causes large sheath potentials which can drive large additional 

changes in bombarding ion energy [28]. The increase in impact energy in this region is distinct 

and has a marked impact on the surface topology evident in the upstream chamber wall’s 

microstructure shown between the micrographs in Figure 3.1(c)-(e). 
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The preferential retention of silica as compared to BN in the highly eroded region, Figure 

3.5, roughens the surface topology by the variation in removal rates between the two phases. 

With longer exposures, this roughening is enhanced as the modulated surface topology would 

cause shadowing effects for line-of-sight ion implantation [29]. This would facilitate surface 

striations as seen the eroded microstructures [6]. In addition, the difference in sputtering rate 

between the two materials would cause shaping of the features. This is evident in the needle-like 

surface protrusions that formed. Upon closer evaluations, the backscattered SEM micrograph of 

Figure 3.3(c) revealed a stratified silica-BN structure within these protrusions. The combined 

effects of line-of-site impingement and subsequent sputtering behavior intrinsic to each phase 

contributed to the surface protrusion development. 

The retention of silica, evident by the XPS measurement, is surprising considering that 

silica’s binding energy is approximately one-half of that of BN [30] and could be expected to be 

more resistant to sputtering. The relative change in matrix phase composition observed in this 

work is in agreement with the previous report by Garnier et al. [15], [16] and Pellerin et al. [11], 

but is in contradiction to Zidar and Rovey [19], who reported the retention of BN. Upon closer 

inspection of the backscattered images in the HE region, some sections appear to have a smooth 

silica surfaces. The prevalent micro-cracking in the BN is suggestive of structural instability 

within this phase caused by mechanical stress around the grain. Consequently, the smooth 

features represent regions where the BN fibers exfoliated from the matrix and are no longer 

contained in the material. The detachment of the BN phase leaves the remnant interphase 

boundary between the silica and BN exposed. This suggests that the interface bonding between 

the species is structurally insufficient to withstand the plasma eroding environment. The lack of 

significant roughening on this planar region is indicative that either (a) the detachment occurred 
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after the plasma was turned off and the ions did not impact the surface to roughen it, and/or (b) 

the surrounding, higher surface features provided shielding from the majority of line-of-site ion 

bombardment from the plasma. For the former, the thermal cycling of the chamber walls 

between operational and non-operational periods would result in thermal expansion and 

contraction differences between the phases which could lead to detachment of certain surface 

phases, as will be discussed below. 

The presence of the micro-cracks within the BN fiber is a result of localized stress. The 

sources of this stress could be from ion implantation and sputtering of the phase and/or 

anisotropic thermal expansion coefficients within the phases. The hcp BN phase is then strained 

by the impingement and implantation of the xenon ions within its close packed matrix. In HETs, 

accelerated ions have a range of energies between about 100 and 300 eV for a discharge voltage 

of 300 V [31].  In this work we assume average ion impact energy of 110 eV to account for the 

fact that only the radial component of the ion velocity vector is perpendicular to the material 

surface.  Furthermore, the plume plasma potential and the cathode coupling voltage reduce the 

effective potential drop experienced by the ions for acceleration for a given HET discharge 

voltage.  Based on the Monte Carlo simulation “Stopping Range of Ions in Materials (SRIM)” 

[32], the average implantation depth at 110 eV into BN at normal incidence is approximately 2.0 

nm with a straggle distance of 1.4 nm. In contrast, silica, being amorphous, would not have any 

crystallographic sputtering dependent behavior and would also have more free volume because 

of its amorphous structure. This open structure could more easily accommodate localized strain 

created by the implantation of the ions. SRIM calculations show that the average implantation 

depth is 3.0 nm with a straggle distance of 2.2 nm for 110 eV xenon ions at normal incidence in 

silica. In either case, the implantation is a very near surface effect. 



50 
 

Though sputtering and implantation effects are possible mechanisms of creating cracks, 

the dominant mechanism is believed to be the anisotropic thermal expansion, , of BN within 

the silica matrix. Because it is amorphous, silica will not have any anisotropic crystallographic 

thermal expansion behavior. Table 3.1 contains the elastic constants and Table 3.2 the thermal 

expansion coefficients for hBN. The thermal expansion coefficients were obtained from 

experiments conducted by Pease [33], which are in agreement with other values found in the 

literature [34], [35].  Since the thermal expansion coefficient in the close-packed basal plane 

direction is not constant, a mean value was used in the models.  That is 𝛼𝛼2 =

�∫ 𝛼𝛼2
𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) 𝑑𝑑𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

0 � /𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ,  where 𝛼𝛼2
𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)  is the temperature-dependent thermal expansion 

coefficient, and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is the final temperature of the model, which in this case is 800K.  This 

guarantees the correct thermal expansion at 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. 

Table 3.1 - Elastic constants for BN [33]. For the indices, direction 1 corresponds to the 
direction perpendicular to the basal plane, whereas directions 2 and 3 are within the basal plane. 

Elastic Constants [GPa] 

C3333 900 
C2233 200 
C2323 700 
C1133 2 
C1111 27 
C1313 5 

 
Table 3.2 - Thermal expansion coefficients for BN [36]. Direction 1 corresponds to the direction 
perpendicular to the basal plane. Values in basal plane (directions 2 and 3) are mean values over 
the range of temperatures. 

Thermal Expansion [10-6/K] 
α1 40.5 
α2 -1.43 
α3 -1.43 
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The silica phase was assumed to be isotropic with elastic constant E = 70 GPa [33] and 

thermal expansion coefficient α = 0.75 x 10-6/K [36]. Using these values, the thermo-mechanical 

response within material was computed through a direct numerical simulation of the 

microstructure. The geometry of the microstructure was reconstructed using a finite element 

mesh created from a representative micrograph of the material, Figure 3.6(a)-(b). More 

specifically, the boundaries between the dark (BN) and light (SiO2) phases were drawn on top of 

the micrograph as shown in Figure 3.6(a). Subsequently, a seed mesh size of 0.13 micrometers 

was specified along those boundaries. The entire region was then meshed using the prescribed 

boundary and seed constraints. The resulting mesh for the entire analysis domain is depicted in 

Figure 3.6(b). For the thermal expansion notation, the subscript for direction 1 denotes the 

normal to the basal plane whereas directions 2 and 3 are within the basal plane and mutually 

orthogonal. From the previous TEM micrograph, Figure 3.4, the basal plane was found to run 

parallel to the long axis of the hBN’s fiber morphology. This crystallography-morphology 

relationship was used to estimate the approximate orientation of the hBN phase with this 

microstructure. 
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Figure 3.6 - (a) SEM micrograph of BN-silica composite microstructure. The red arrows 
represent vectors normal to the basal plane, the yellow arrows represent vectors within the basal 
plane. (b) Finite element simulated microstructure based on (a). (c) Stress component map 
perpendicular to the basal plane.  (d) Stress component map perpendicular to the basal plane 
from the boxed region in (b). (e) Stress component map parallel to the basal plane from the 
boxed region in (b). Color coordinated stress values in Pascals. 

A uniform change in temperature of 500 K was applied and the thermal stresses 

determined for the free thermal expansion of the sample under plane strain conditions. The BN 

anisotropy leads to high stresses within the microstructure evident by the stress gradients seen in 

Figure 3.6(c)-(d). Figure 3.6(d) shows the detail for a specific grain, taken from the box in Figure 

3.6(b), in which the stress component perpendicular to the basal plane is purely tensile with 

values reaching 200 MPa. For the same grain, Figure 3.6(e), compressive stresses are present in 

the in-plane direction. This particular stress state, i.e. tensile perpendicular to the basal plane and 

compressive within the plane, could initiate micro-cracking. hBN has been previously shown to 

prevalently crack along the basal plane [37], which was also shown in this work. The thermal 

cycling values and conditions are significant and could lead to delamination cracking during the 

thermal loading. This cracking is evidence of the reaction of the material to anisotropic stress 
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states while fixed within the microstructure. The detachment of surface BN grains is in response 

to these states upon thermal unloading, when the overall homogenized compressive stress is 

relieved. This is believed to be a dominant mechanism for the exfoliation of the hBN in the post-

analyzed HE region. 

In summary, we believe that the observed level of thermal stresses could lead to the 

formation of the observed microcracks. The formation of microcracks could favor a grain 

detachment process leading to ejection of hBN grains on the surface of the material. This process 

would, in turn, expose large silica areas to the sputtering effects of the plasma. Since silica has a 

higher sputtering rate than hBN, this mechanism could imply higher overall erosion rates for the 

compound, thus limiting the lifetime of HETs. 

3.6 - CONCLUSIONS 

 A HET wall, subjected to a xenon plasma at power levels of 1.5-5 kW for approximately 

2000 hours, was characterized to determine the major features of erosion. Depending upon 

location in the chamber wall, the following three distinct regions were identified: (i) low erosion, 

LE (ii) moderate erosion, ME and (iii) high erosion, HE. The LE region did not show any distinct 

erosion features. The ME region showed the onset of surface roughening in the form of surface 

striations and protrusions from line-of-sight sputter erosion. The onset of micro-cracking in the 

hBN was also observed. The HE region exhibited significant surface roughening, exfoliation of 

hBN from the surface and micro-cracking within the hBN. In addition, a darker discoloration 

was present on the surface of the HE region and believed to be the result of carbon re-deposition 

from the vacuum facility downstream graphite beam dump onto the HET. The major source of 

mechanical stress that contributed to the micro-cracking is the anisotropic thermal expansion of 

hBN in the silica matrix. As hBN thermally expanded in the more rigid silica matrix, in response 
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to the high temperature plasma, stress concentrations develop resulting in micro-cracking parallel 

to the basal plane. In some instances, the surface hBN was liberated from the matrix material to 

accommodate this expansion revealing a smooth silica surface. The prevalent micro-cracking in 

hBN is suggestive of weak structural integrity during plasma exposure for this particular 

heterogeneous ceramic composite. This work highlights the need for understanding how 

microstructure affects thermal stresses, micro-cracking and sputtering, and how these factors 

may interact with each other to increase or decrease the effective erosion rate of a given material. 

Further knowledge in this area could prove useful for the selection of discharge channel 

materials in future HETs. 
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CHAPTER 4 

INFLUENCE OF SURFACE ROUGHNESS ON ELECTRON EMISSION FROM  
GRAPHITE AND A GRAPHITE-COATED HALL EFFECT  

THRUSTER CHAMBER WALL 
 

4.1 - ABSTRACT 

Destabilization of the near wall plasma sheath caused by secondary electron emission 

(SEE) from material surfaces is a key factor in determining the lifetimes of plasma-based 

devices. In this study, we address how surface roughness alters SEE using graphite and a 

graphite coated Hall effect thruster (HET) chamber wall that was eroded in a plasma 

environment as case studies.  The graphite provided a reasonably high electrical conductivity 

surface from which secondary electron yield (SEY) measurements could be taken from as a 

function of various roughened surfaces produced by metallographic polishing.  As expected, the 

smoothest surface (root mean square roughness 0.110 ± 0.022 μm) produced the highest SEY; 

however, a moderate rough surface (0.990 ± 0.019 μm) had a lower yield than a rougher (7.10 ± 

1.23 μm) surface.  This trend was also observed in the eroded chamber wall where the roughest 

surface did not result in the lowest SEY. It was also noted that the reduction effect was more 

pronounced in these samples than the mechanically attrition graphite; however, the difference in 

emission as a function of roughness in the coated samples was larger than that observed in the 

graphite block sample. Altogether, these results suggested a characteristic roughness length scale 

associated with emission which has been rationalized by differences between large and small 

scale variations in the roughness found on the surface.  
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4.2 - INTRODUCTION 

Hall effect thrusters (HETs) have emerged as means for geo-synchronous station-keeping 

and similar space-based propulsion applications [1]–[4]. HET, and similar ion thrust based 

propulsion units, use quasi-neutral plasmas as a propulsion source [5]. One of the major lifetime 

limiting factors for these thrusters are the erosion of the ceramic chamber wall that protects the 

magnets, which provide fields that encase that plasma within the thruster [6]. If these walls 

become fully eroded, the plasma is exposed to the magnetic casings and causes failure of the 

propulsion device.  

These chamber walls tend to be ceramics because of their high resistance to erosion, low 

density, and high electrical resistivity which prevents electrical grounding. Examples of these 

materials include hexagonal boron nitride (hBN), silica (SiO2), and alumina (Al2O3) [7]. Though 

these materials are resistant to erosion, over extended time, the surface is modulated from the 

plasma exposure.  This type of erosion is created by a number of factors including sputtering and 

the loss of material from mechanical stress produced by anisotropic thermal expansion within the 

ceramic material [2].  For example, Burton et al. reported how various surface features in a M26 

(60wt.% hBN – 40wt.% amorphous-SiO2) wall yielded both needle-like protrusions, micro-

cracking, and smooth planar silica surfaces after extended plasma exposure [8].  

While the properties of the bulk plasma are determined primarily by the design of the 

HET, the properties of the plasma sheath are controlled, in part, by the surface features of the 

channel wall [9], [10]. These determine the wall’s response to the surface’s electrical fields or 

affect its ability to re-emit electrons that escape the plasma and impact the wall surface. Hence, 

the variation of surface features dramatically changes the electron emission characteristics from 

the chamber wall with the plasma sheath and how the plasma sheath would then erode the 
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chamber wall.  These re-emitted secondary electrons (SE) and back scattered electrons (BSE) 

have a destabilizing effect on the plasma sheath, reducing the overall energy of the sheath, 

though the mechanisms are not fully identified and the subject of ongoing research [11], [12]. 

Thus understanding the ways in which surface topological variations modify electron emission 

will allow for a more comprehensive understanding of the plasma sheath and thus the factors that 

cause erosion as well as plasma stability in HETs.  

Though several studies have been conducted in the measurement of Secondary Electron 

Emission (SEE) from various material types [7], [13], to date, there has been little work in 

quantifying how surface topology of such materials influences electron emission relative to the 

erosion features seen in HET chamber wall systems. Langendorf and Walker [14] have recently 

reported how the plasma sheath potential became altered between a ‘rough’ and ‘smooth’ hBN 

surface, though the extent of the topology change was not reported.  Regardless, this result 

provides experimental indications that surface topology will influence the SEE that stabilizes the 

plasma sheath.  Such emission alterations would be paramount in controlling the stability of the 

plasma and how the plasma interacts with the surface in terms of erosion mechanisms.  The 

dynamical interaction of an eroding wall, which forms various surface features, and the plasma 

sheath that facilitates the erosion of the surface is an area rich for research investigation.  

One of the major challenges to electron emission measurements from HET materials is 

their low electrical conductivity. In a typical electron emission study, a primary electron beam is 

focused onto to the surface whereupon the emitted surface electrons are captured [15]. If the 

sample is a dielectric, the surface will charge and repel the primary electron beam and such 

measurements cannot be acquired. Means to overcome this challenge have included pulsing of 

the primary electron beam to allow the surface to dissipate the charge build up [7].  Depending 
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on the experimental set up, this can be an arduous experiment to ensure all the surface charge is 

dissipated prior to the next beam exposure. In contrast, a high electrical conductive sample does 

not suffer from these issues and can readily provide emission data. 

In this paper, we use graphite as an analog test case system to the commonly used hBN 

chamber wall [7], [16]–[18] to study how surface topology structures on the micron length scale 

affect emission behavior. The general emission trends between graphite and hBN as a function of 

increasing primary electron energy are similar, with hBN having a higher values [13], [18]. One 

of the key advantages of graphite for these topology studies, where the primary electron energy 

used for the measurements cannot be pulsed, is its high electrical conductivity, 15.5 μΩ-m-1 [19]. 

This mitigates the prior charging issues discussed above in SEE measurements for hBN, which 

has an electrical conductivity of  >1014 μΩ-m-1 [20], albeit at the expense of not providing the 

intrinsic SEY values of hBN.   

Graphite provides this analogous test material to hBN because both materials have the 

primitive hexagonal based structure (P63/mmc) with strong in-plane basal bonds and weak out-

of-plane van der Waal bonds. This weak out-of-plane bonding leads to anisotropic cracking 

between the basal planes for both materials indicative of their comparable deformation under a 

load. Hexagonal boron nitride is often referred to as ‘white graphite’ because of its similar 

flaking and lubricating properties for which graphite is known [21]. The crystallography, elastic 

constants, and related physical constants of graphite and BN are tabulated in Table 4.1. 
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Table 4.1 – Selected physical constants of hexagonal BN and the composite M26 ceramic 
material as indicated from the manufacturer’s technical documentation [20], along with the 
related properties of isostatic graphite [22]. Elastic constants of hBN [23] and graphite [24] are 
also provided. 

Typical 
Property Units             

Grade Name   AX05 M26 Isostatic Graphite 

Constituents   Boron Nitride(BN) 60wt.% 
BN 40wt.% SiO2 Graphite 

Phase   Hexagonal Hexagonal Amorphous Hexagonal 
Unit Cell 
Volume Å3 35.9     35.3 

Lattice 
Parameters Å a = 2.50 c = 6.64     a = 2.46 c = 6.71 

Elastic 
Constants GPa       

C11  750   920 
C12  150   33 
C33  33.5   30 
C44  3   2.3 

Property 
Directionality   Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular 

Flexural 
Strength MPa 22 21 62 34 38 33 

Thermal 
Conductivity W/mK 78 130 11 29 160 

Coeff. of 
Thermal 
Expansion 

              

@25-400°C'   -2.3 -0.7 3 0.4 3.2 - 5.7 
@400-800°C'   -2.5 1.1 2.5 0.1     
@800-1200°C'   1.6 0.4 3 0.1     
RT Resistivity Ωcm >1013 >1014 >1013 >1014 3*10-5 
 

Though graphite is not a typical HET chamber wall material, like hBN, it has been used 

to understand the basic behavior of electron emission [25]. For example, graphite has been the 

used in other plasma field studies where the electron temperatures are similar to HETs (10-50 

eV) [3], [4] but the plasma densities being much higher, e.g. travelling wave tubes [26]–[28] and 

fusion reaction plasmas [29]–[31]. Graphite has also been considered as part of a magnetic 



63 
 

containment system for a HET plasma, and if developed, would potentially bypass the chamber 

wall erosion [32]. In these examples, the focus of the research has been on erosion rates under a 

variety of radiation and plasma conditions [29], [33]–[35] with not specific attention to the 

electron emission as a function of its roughened topology created by the erosion. In this research 

we aim to add to these studies by specifically addressing topology-electron emission links using 

a systemically attrition graphite sample as well as a graphite coated HET whose surface has been 

explicitly roughened by plasma bombardment.   

Since HET plasma based erosion can take thousands to tens of thousands of hours of 

exposure [2], the simulated modulated surface topologies through mechanical attribution (using 

various grades of metallographic grinding and polishing pads) enables us to be able to provide a 

range of roughness conditions in a reasonable period of time. From these roughness values, the 

general trends between roughness and electron emission can then be obtained.  We will then 

compare these trends to the roughened surfaces of a plasma exposed hBN-based composite. 

These features will be coated with graphite to reduce, if not eliminate, the charging issues 

mentioned above. Though coating the surface will again give the emission characteristics of 

graphite, it provides a coverage of the topology allowing us to reasonably provide a conducting 

surface that mimics the underlying roughness of the chamber wall that was created from plasma 

exposure. By eliminating the charging issue under direct primary electron beam exposure, one 

can deduce how the relative electron emission changes based on the various roughness features 

created by the plasma-eroded chamber wall.  
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4.3 - EXPERIMENTAL SETUP 

EC-17 grade, ultra-fine grain Electro Discharge Machining (EDM) graphite was chosen 

as the case study material. This was done to ensure that the graphite was as similar to the hBN 

material as possible that is used in HET.  This graphite was acquired from Tokai Carbon where it 

was isostatically pressed and sintered with a resulting average grain size of approximately 2 µm 

with a density of 99+/-0.5 %. The hBN used in the plasma chamber wall was composed of 60 

wt.% hBN- 40 wt.% amorphous silica, denoted as M26 Combat© manufactured by Saint-

Gobain.  The silica was used as a binder to help improve the structural strength of the composite. 

The hBN grains were of similar size to the graphite. The M26 HET chamber wall was sectioned 

from a P5 Xenon plasma thruster that was operated at 1.5-5.0 kW for approximately 2000 hrs 

[6]. Two different regions of erosion – denoted as high and mild erosion – were secured. The 

details of the characterization of the erosion patterns in this wall material can be found in 

reference [8]. Both sets of samples – graphite and M26 - were sectioned into approximately 1cm 

x 1cm squares with thicknesses of approximately 5 mm.  

All of the samples were mounted into 3.175 cm cold mount pucks using a Buehler 

SamplKwik acrylic cold mounting system which were then cut out of the mount post grinding or 

polishing. For the samples denoted as polished, they were all polished to 0.05 µm using an 

alumina-based solution. The two roughened graphite samples had their surfaces mechanically 

attrition with either a 120 grit (~125 µm particulate diameter) or 1200 grit (~15.3 µm particulate 

diameter) SiC metallographic grade paper. Post grinding/polishing, all of the samples were 

cleaned of any surface contaminates by ultrasonic vibration in acetone followed by rinsing in 

isopropanol and deionized water and finally dried under compressed air. X-ray Photo-

spectroscopy (XPS) performed in a Kratos Axis 165 XPS/Auger confirmed the removal of any 
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polishing containments prior to SEY measurements. The M26 chamber wall materials exposed to 

the plasma were not mounted and polished in any manner but left in their as-eroded condition. 

To prevent surface charging, they were mounted onto a 15 mm x 15 mm piece of tantalum foil 

with carbon tape on the backside of the sample after which an approximately 10 nm to 15 nm 

graphite coating, measured using a quartz crystal balance, was applied over the surface using a 

Cressington 208C Turbo Carbon Coater evaporator.  Though the roughness of these features 

would likely prevent complete conformal coverage over all the surface because shadowing 

created by the roughness itself for line-of-sight sputtering, the coating was found to be sufficient 

to eliminate charging.  

The samples surfaces were imaged by scanning electron microscopy (SEM) using a 

JEOL 7000 at 1000 x magnification at a working distance of 10.0 mm and acceleration voltage 

of 10 keV while imaging in secondary electron (SE) mode. Optical profilometry, to quantify the 

roughness, was performed by Evan’s Analytical Group using a Bruker Contour GT-X8 with a 

50X optical lens. Three 1.3 mm x 0.95 mm areas were scanned from each sample where each 

scan had a vertical resolution of 6 nm and a lateral resolution of 6 μm. Roughness statistics were 

then collected across the entire scanned surfaces with root mean square (RMS) roughness (𝑆𝑆𝑞𝑞), 

given below, as the primary statistic considered: 

𝑆𝑆𝑞𝑞 = �∑�𝑍𝑍𝑖𝑖−𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎�
2

𝑁𝑁
      (Eq. 4.1) 

where 𝑍𝑍𝑖𝑖 is the height of the feature, 𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎 is the average 𝑍𝑍 value within the scanned image, and 

𝑁𝑁 is the number of points in the image. For comparison to other roughness analytical methods, 

the geometric mean or average surface roughness (𝑆𝑆𝑎𝑎) has also been calculated and is given as 

𝑆𝑆𝑎𝑎 = ∑𝑍𝑍𝑖𝑖
𝑁𝑁

       (Eq. 4.2) 
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The secondary electron emission coefficient was collected in a custom constructed 

stainless steel vacuum chamber at a base pressure of approximately 3x10-10 Torr pumped by 

mechanical and turbomolecular pumps, with the electron current being measured using a 

Keithley 6517A electrometer.  A primary electron beam was rastered across each sample at 

accelerating voltages between 50 eV to 100 eV and then 100 eV to 400eV at 100 eV step sizes. 

The electron current was first measured while the samples were under only primary electron 

beam irradiation. Then each measurement was repeated while the sample was charged to +100 

volts, to recollect all escaping secondary and backscattered electrons. The net current of re-

collected electrons (𝑖𝑖𝑛𝑛) and the current from the primary electron beam (𝑖𝑖𝑝𝑝) are then used to 

calculate the SEY coefficient (𝛿𝛿) from: 

𝛿𝛿 = 1 −  �𝑖𝑖𝑝𝑝
𝑖𝑖𝑛𝑛
�     (Eq. 4.3)  

The value for (𝑖𝑖𝑛𝑛), (𝑖𝑖𝑝𝑝), and 𝛿𝛿 was collected once every 5 s for 600 s, and the value for 𝛿𝛿, 

at the particular accelerating voltage, was the average of the last twenty values. The error for this 

energy level was also calculated from this same set of values. 

4.4 – RESULTS AND DISCUSSION 

4.4.1 - GRAPHITE SAMPLES AND TOPOLOGY DRIVEN REDUCTION IN 
EMISSION 
 
The SEM micrographs and optical profilometry height maps of the graphite samples can 

be seen in Figure 4.1. From these images, one can easily discern the ever increasing level of 

surface roughness. At the highest roughness, the clear and coarse polishing lines are evident 

within the surface. At all levels of polishing, the graphite revealed jagged features which has 

been termed flaking. The RMS roughness (𝑆𝑆𝑞𝑞) and the average roughness (𝑆𝑆𝑎𝑎) for the polished 

graphite was 0.110 ± 0.022 μm and 0.070 ± 0.004 μm, for the 1200 grit graphite was 0.990 ± 
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0.019 μm and 0.780 ± 0.022 μm, and for the 120 grit graphite was 7.10 ± 1.23 μm and 5.60  ± 

0.842 μm respectively. 

 

Figure 4.1 - (a) JEOL 7000 secondary electron micrograph of the 0.050 μm silica spheres used 
to polish the smooth graphite surface, (b) secondary electron micrograph of the polished graphite 
surface, and the (c) optical profilometry plan view and (d) 3D map of the polished graphite 
surface (Sq = 0.110 μm). (e) Secondary electron micrograph of the 1200 grit SiC polishing pad 
and (f) micrograph of the 1200 grit graphite surface, and optical profilometry (g) plan view and 
(h) 3D map of the 1200 grit graphite surface (Sq = 0.990 μm). (i) Secondary electron micrograph 
of the 120 grit SiC polishing pad and (j) micrograph of the 120 grit graphite surface, and Optical 
profilometry (k) plan view and (l) 3D Map of the 120 grit graphite surface (Sq = 7.10 μm). 
 

The SEY coefficient as a function of primary electron beam energy and surface 

roughness is plotted in Figure 4.2(a).  As to be expected, the polished graphite surface (Sq = 

0.110 μm) had the highest SEY coefficient, with a maximum value near 300 eV.  The smooth 

and planar surface provided the conditions where the vast majority of electrons were able to emit 

from the surface and contribute to the measurement.  The two roughened surfaces exhibited a 

decrease in emission from the smooth surface with equivalent emission values at primary beam 

energies greater than 300 eV.  However, upon decreasing the primary beam energy, a deviation 
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in emission was noted, with the roughest surface – graphite 120 grit (Sq = 7.10 μm) – having a 

slightly higher emission then the graphite 1200 grit (Sq = 0.990 μm) sample. In Figure 4.2(b), the 

standard deviation error at the 200 eV primary beam energy are shown confirming that this 

difference is statistically significant. As all the graphite material used here was from the same 

source and tested in the same unit, with the only difference being the surface preparation, the 

variance in emission is inked to the character of the surface features.  

 
Figure 4.2 – A plot of the measured secondary electron yield coefficient for the graphite samples 
at each energy level. Note that the roughest sample, 120 grit, does not correspond to the lowest 
emission response. The insert shows the low level of error found in the measurement technique. 
 

From these scans, it appears that a critical length scale influences the SEY coefficient 

when the primary beam energy is low.  One could assume that the rougher the surface, the lower 

the SEY as more of the surface could obstruct emission. However, this is not the case. The 

graphite 120 grit roughest surface (Sq = 7.10 μm) has a SEY coefficient value that is lower than 

the graphite 1200 grit surface (Sq = 0.990 μm) when the primary electron energy is lower than 

300 eV.  At the lowest energies, SEE would be the most sensitive because the electrons would 

need sufficient energy to escape.  Langendorf [37] reported a ray trace model for electron 
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trapping as a function of modulated topologies to investigate this type of behavior. In his model, 

as the depth of a groove increased, the probability of an emitted electron to escape the groove 

decreased because it had a greater opportunity to collide and be absorbed by the side walls within 

the groove. Similarly, if the spacing between grooves decreased, then the emission would 

decrease, for a fixed groove depth, because less surface area above the groove would be present. 

This is in agreement with Ye et al.’s finding that a reduction of SEY will occur for an increasing 

aspect ratio, as shown in their experimental and modeling of silver and copper surfaces arranged 

as cylindrical wells [38].  

To illustrate the effect of roughness as a function of length scale, the average roughness 

values have been re-plotted as a function of partition area in Figure 4.3 with the error being the 

deviation of such averages. Hence for the largest partitioned area, this is taken as the entire 

surface roughness, with the subsequent partitioning of that area in ever reducing half-values of 

the preceding size. By reducing the scanned area and reporting the average and standard 

deviation of the roughness between different areas, one can glean how at smaller viewed length 

scales, the measured roughness changes and various between ever smaller and smaller areas. 
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Figure 4.3 - The roughness as a function of reduced binned area for the analyzed graphite 

samples.  
As can be seen in Figure 4.3, for the smoothest surface, as the sampling area or 

partitioned size decreased, there was very little change in roughness indicating that at both small 

and larger fields of view, the surface is relatively uniform in its roughness. In contrast, for the 

120 and 1200 grit samples, as one reduced the partitioned size, the mean roughness dramatically 

decreased meaning that at a finer feature size, the mean surface is less rough. However, the large 

error bars within each partitioned size does indicate dramatic variations from sampled region to 

sampled region. By considering the mean value for each partitioned size, the onset for notable 

reduction in mean roughness occurred at approximately 103 μm2 and 104 μm2 for the 1200 and 

120 grit conditions respectively. At partitioned sizes of 102 μm2, the RMS roughness between the 

two surfaces is statistically equivalent and may explain why, at higher primary beam energies, 

the two surfaces exhibit equivalent emission coefficients.  

Considering the extremes in partitioned size, the mean values at 10 μm2 and 106 μm2 are 

outside each other’s standard deviation error indicating that the roughness of the surface does 
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statistically decrease as one views an ever decreasing field of view.  This change is most notable 

in the graphite 120 grit – or the largest macroscopic roughness. At the finest partition size, it was 

equivalent to the majority of values quantified for the 1200 grit graphite.  Hence, at the finest 

length scales, the differences in roughness are not as large between each of the surfaces. The 

inability for these values to converge to the values of the smooth surface for smallest sampling 

sizes is contributed to the resolution limitations of the optical imaging device.  

From Figure 4.3, the influence of the macroscale roughness became less and less 

pronounced. Hence a surface may have an overall coarser macroscopic roughness but at a finer 

length scale, the roughness differences are less pronounced and their effect on the trapping 

electrons less effective. Such an effect can be inferred from the optical profilometry scan of the 

120 grit surface in Figure 4.1(i). Large scale scratch lines can be seen in this image. These 

features are formed from the larger particulates used in the 120 grit paper, shown in Figure 

4.1(g).  Though these particulates are larger, and yield a rougher surface or one with deeper 

grooves, their size does leave a smoother surface if the field of view is limited. Moreover, the 

larger particulates will also produce a surface with the spacing between each polishing line to be 

further apart. For the 1200 grit paper, the particulates, Figure 4.1 (d), are finer than the 120 grit 

creating a reduced overall roughness (a less deep groove) as well as a finer spaced variation of 

topology as the polishing lines are closer. Though the overall surface for the 1200 grit is 

smoother than the 120 grit, if the surface modulations are sufficiently modulated at a finer scale 

it can reduce the emission. However, if these finer scale modulations eventually become 

sufficiently smoothed –i.e. the polished graphite – electron emission can be recovered and 

increased.  
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Though the roughness of the 120 grit is still larger than the 1200 grit, which refers to the 

groove depths, the limited lateral spatial resolution of the optical profilometer prevented the 

necessary resolution to quantify the roughness between the polished lines. Based on the SEM 

micrographs of Figure 4.1, one can infer that the spacing between the polished lines created by 

the particulates from the polishing paper surface would be further apart for the 120 grit sample as 

compared to the 1200 grit sample.  Between such polished lines, the material surfaces would be 

smooth (no deep grooving) and yield high emission regions. Hence, one must consider both 

groove depth and spacing for the trapping of electrons as reported by Langendorf [37] and Ye et 

al. [38]  Thus how the roughness is imparted or creates the surface topology is equally important.  

Comparing our results to a previous study, our SEY values are smaller overall [18]. 

Unfortunately, in this study, the roughness of the graphite as well as its grade was not provided, 

and may explain the discrepancy between our results and these results. In addition Balcon et al. 

used a kelvin probe for more careful measurement of the incident and secondary electron 

populations from graphite, but also did not report the grade nor surface roughness of the 

graphite. Thus, not only does the feature scale (groove depth and spacing) need to be specified 

but also the grade and roughness may also need to be considered between studies.  

4.4.2 - ANALYSIS OF GRAPHITE COATED HET WALL SAMPLES 

To determine if a roughness dependence of SEY existed in the M26 chamber wall, a 

material whose topology evolved under a plasma erosion environment, the SEY coefficient from 

the mild and high eroded surfaces topologies was measured (via a graphite surface coating). 

Figure 4.4 is the SEM micrographs and optical profilometry of each of the relevant HET 

surfaces. The RMS roughness (Sq) and average roughness (Sa) of the mild erosion HET wall was 

4.00 ± 0.950 μm and 3.00 ± 0.880 μm, respectively, and highly eroded HET wall was 5.80 ± 
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0.750 μm and 4.70 ± 0.670 μm, respectively. As seen in Figure 4.5, the highly eroded (Sq = 4.00 

μm) surface exhibited a higher emission than the mild eroded (Sq = 5.80 μm) surface at primary 

beam energies lower than 300 eV. As with the graphite, the higher roughness surface does not 

necessarily result in the lowest emission. At 400 eV the mild eroded surface peaks in emission 

and slightly exceeds that of the higher eroded surface.  Upon further increases in the primary 

beam energy, the emission for both surfaces decreases.  

 
Figure 4.4 – (a) JEOL 7000 secondary electron micrograph and optical profilometry (b) profile 
view and (c) 3D map of the mild erosion HET surface. (d) The secondary electron micrograph 
and optical profilometry (e) profile view and (f) 3D map of the high erosion HET surface.  

 
Figure 4.5 - The secondary electron coefficient measured at certain primary electron energy 
levels of the graphite coated HET chamber wall samples. 
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While the roughness of the mild and high erosion surfaces are similar, the emission 

statistics reveal a substantially larger emission differences (~18%) at the lowest primary electron 

energy studied. In comparison, the graphite 120 and 1200 grit prepared surfaces were almost an 

order of magnitude different in roughness but revealed much smaller emission differences 

(~8%). This difference in emission is believed to be a result of the topological differences in 

roughness. Though the RMS values provide a quantitative measure of roughness, it does not 

necessarily capture the morphology of that surface roughness. Viewing Fig 4.1 and 4.3, it is 

readily apparent that the topologies themselves are very different.  These feature specific 

topologies could be used to explain the differences in emission with the roughness, i.e. groove 

and depth. Deciphering a quantifiable means of capturing the types of topological differences is 

the subject of future work. Regardless of the roughness differences between the graphite and 

graphite coated chamber wall, both samples reported that the roughest surface does not 

necessarily result in the lowest SEY at lower primary electron beam energies, or energies more 

associated with higher secondary emission.  

Finally, we note that the differences in the absolute emission coefficient values for the 

graphite and graphite coated wall materials which shared similar RMS values.  This difference is 

contributed to the HET not providing a complete conformal film coverage over the surface 

because of line of sight deposition. This could leave original wall surfaces available to emit.  

Such differences may also explain why the emissions as a function of the extent of roughness 

varied between the two studies. As was discussed earlier, the complexity of this compound 

surface of graphite and M26 makes quantitative comparison impossible. Clearly the use of 

graphite and mechanical attrition provided a much more controlled experiment for 

measurements. 
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4.5 – CONCLUSIONS 
 This study investigated how surface roughness influenced the SEE behavior in both 

graphite and in a graphite coated HET chamber wall that had a modulated surface roughness.  

Graphite provided an ideal case study in that it was electrically conductive for ease SEY 

measurements and shares common crystallography with hBN, a common HET chamber wall.  It 

was found that the smoothest surface yielded the highest SEY. This was expected because such a 

surface would have very limited obstructions for electron emission. However, the roughest 

surface did not have the lowest SEY. Rather a surface with moderate roughness yielded the 

lowest emission. At sufficiently high electron beam energies (> 300 eV), the emission between 

these two roughened graphite samples became equivalent.  The difference in emission for lower 

energies for the two roughened surfaces was explained in terms of a reduction of the roughness 

as a function of a finer field of view. Though a surface may have an overall coarse roughness, 

emission comes from a local surface which, in of itself, could be smoother. How surface 

roughness is reduced at a finer length scale must also be considered. For the roughest graphite 

surface (120 grit), a noticeable change in the mean roughness value occurred at a portioned size 

that was an order of magnitude larger in area than that of the moderate roughness surface (1200 

grit). Thus, the roughest surface does not necessary mean the lowest emission.  Similarly, a 

graphite coated plasma eroded chamber wall, which had a coarser and moderate eroded regions 

showed similar behavior, with the moderate roughness having lower emission at lower primarily 

electron beam energies. Collectively, this suggest that a critical length scale in terms of 

roughness existed for the SEY from these materials.  
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CHAPTER 5 

EFFECT OF DEBYE-SCALE SURFACE FEATURES ON SPACE 
CHARGE SATURATION OF PLASMA SHEATHS 

 

5.1 - ABSTRACT 

 Previous experimentation into Hall effect thruster discovered millimeter length scale 

erosion channels evolving in the ceramic chamber wall near the end of the thruster lifetime. A 

series of grooved hexagonal boron nitride (hBN) surfaces with different aspect ratios, designed to 

mimic simplified versions of the erosion channels, were exposed to an argon plasma. The change 

in the plasma sheath characteristics, particularly the ‘collapse voltage’ which occurs when the 

discharge voltage is sufficient to produce enough secondary electrons to collapse the sheath, was 

44% and 89% higher for a 1 mm and 5 mm grooved depth, respectively as compared to a planar 

surface. A ray-trace optical model for secondary electron emission reduction with a one-

dimensional kinetic model for the plasma was used to simulate the responses. With increased 

groove depth, this simple model was inadequate to capture the correct collapse voltage, which is 

attributed to a variation of electron and ion charge densities near the groove entrance. These results 

provide insights into how larger length scale surface topology features, on the order of the Debye 

length, influence the dynamic interactions between a surface and plasma sheath. 
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5.2 - INTRODUCTION 

Hall effect thrusters (HETs) are plasma-based electric propulsion devices used in low 

thrust, high impulse applications such as those for geosynchronous satellite station keeping [1]. In 

the HET design, a magnetic field is used to trap electrons in a closed azimuthal drift that 

concentrates the electric field of a direct current (DC) discharge to accelerate propellant ions. The 

ions accelerate through a quasi-neutral plasma region that contains both ions and electrons. Thus, 

the thrust density is not influenced by the space charge limit. A representative diagram and in-

service photo of a HET is shown in Figure 5.1.  

 

Figure 5.1 - Schematic and photos of Hall Effect Thrusters 
 

In the development of HETs, plasma–wall interactions have been found to play a key role 

in the thruster operation and performance [2]–[4]. With ion and electron movement in the plasma 

region, their impact into the thruster wall and electrodes creates heat, material erosion, and a loss 

of thruster efficiency. In addition, space charge saturation of the plasma sheath can form along the 

discharge channel wall and contribute to electric field oscillations and anomalously high levels of 

electron transport to the thruster anode [5]. Since these impacts are continuous and related to the 

plasma density, the surface wall morphology will evolve during service creating a dynamic 
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plasma-wall interaction. Burton et al. have reported on sub- and near sub-micron erosion patterns 

in a hexagonal boron nitride (hBN) - amorphous silica (SiO2) HET wall material exposed to a 

krypton plasma [6]. A variety of jagged protrusions were noted as well as smooth planar surfaces 

created from the exfoliation of entire grains from stress created by the anisotropic thermal 

expansion of hBN. Such surface features, and their accompanying surface area, will modify the 

secondary electron emission (SEE) yield from the wall and thus influence the plasma sheath 

stability. 

SEE from the discharge channel wall has been found to have a significant effect on power 

efficiency and bulk plasma electron temperatures in HETs [7]–[9]. It has been reported that 

significant levels of SEE from the HET channel walls can lead to dramatic drops in the magnitude 

of the sheath potential as these emitted electrons neutralize the ion-rich sheath. This situation is 

sometimes referred to as a “space-charge-saturation” of the sheath [10],[11]. These differences are 

suspected to depend upon the length scale of the surface structure. Langendorf and Walker [7], 

using different metallographically-polished hBN surface finishes, noted these changes in the 

plasma sheath potential if the surface was smooth or rough. The length scale of these 

metallographically-polished surface topologies was on the order of tens of microns dependent on 

the polishing grit paper. For a HET that has a high plasma density and a thin plasma sheath on the 

order of tens of microns, even a ‘smooth’ wall can appear ‘rough’ creating dissimilarities in the 

near surface plasma characteristics [7]. If the chamber wall is exposed to the discharge plasma for 

an extensive time, radially-symmetric surface modulations, at a larger characteristic length scale 

than the plasma sheath thickness, have been observed and are shown in Figure 5.1(c) [12]. In the 

effort here, we have extended the prior work of Langendorf and Walker [7] to address plasma-

material interactions that are at larger length scale modulations (orders of millimeters) on the 
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material surface. Though such large length scale surface topologies in HET thruster walls can take 

thousands of hours of operation to form (Figure 5.1(c)), quantifying their effect on the plasma 

sheath is essential for predicting HET efficiency and long term behavior [7],[13],[14]. 

One of the challenges in investigating plasma-wall interactions and discharge channel 

plasma sheaths is the need to make measurements in situ. For a thruster, this poses a significant 

challenge because of its high plasma density and tens of microns sheath spacing. However, due to 

the scalability and dimensionless formulation of sheath theories [15]–[17], it is feasible to examine 

the physics in a nominal plasma environment with a lower plasma density. By creating surface 

features at the Debye length of lower density plasma, on the millimeter length scale, we can use a 

Langmuir probe to measure the sheath behavior between the different topologies. Effects of 

surface features smaller-than-Debye length scales on SEE were previously investigated [13],[18] 

and found to be consistent with a trapping of the secondary electrons near the wall surface. How 

such behavior may be altered at the more macroscopic length scale created by a coarser topology 

is the subject of this work. By quantifying this length scale behavior, we will be able to elucidate 

how the plasma sheath behaves near these coarser variations in the discharge channel wall and 

how current theories are able to capture the physics of this interaction. 

5.3 - EXPERIMENTAL SETUP 

5.3.1 - PLASMA DEVICE 

The plasma used in this study was non-Maxwellian with a significant fraction of energetic 

primary electrons that intentionally stimulated SEE from our modified surfaces. By varying the 

energy of the primary electrons, we were able to determine the critical energy at which the emitted 

electron density is sufficient to neutralize and/or saturate the sheath, creating the collapse voltage 

transition. This plasma was generated in a low-density multi-dipole plasma cell lined with 
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permanent magnets that created confining cusp fields, as shown in the diagram of Figure 5.2. These 

cusp magnetic fields decay rapidly away from the permanent magnet dipoles around the boundary, 

so the main plasma volume of the device is not magnetized. The cell was cylindrical in shape and 

had a radius of 30.5 cm and a height of 91 cm with the cell walls being aluminum and grounded. 

Typical plasma densities used were approximately 1013 m-3 at an electron temperature of 3 eV with 

a 1-10% energetic electron population. 

 

Figure 5.2 - Diagram of plasma cell and diagnostics. Not to scale. 
 

The plasma was generated by collisional ionization of ultra-high purity (UHP) 99.999% 

argon gas with energetic electrons emitted from thoriated-tungsten filaments positioned inside the 

cell. The electrons are accelerated into the sample by application of the discharge voltage (between 

-60 V to -175 V) between the filaments and the device frame. The Debye length for the plasma 

under these conditions was calculated from probe measurements to be between 3 mm and 5 mm 

for the lower discharge voltages and higher discharge voltages respectively. The plasma cell is 

housed in a large vacuum chamber which achieved a base pressure of ~1 x 10-8 Torr [19]. During 

operation, 500 standard cubic centimeter (sccm) of UHP argon was flowed into the chamber using 

a MKS 1179A01352CS1BV mass flow controller to achieve the experimental pressure of ~1 x 10-

4 Torr. 
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5.3.2 - WALL MATERIAL SAMPLES 

Disks were made from the dielectric materials of hBN that measured 7.6 cm in diameter 

and 0.64 cm in thickness. This material has a large SEE coefficient due to the electron 

bombardment which increases with the energy of incident electrons. It is also a commonly used 

ceramic chamber wall material in HETs. The purity grade of the hBN was AX05 (99.9%). Five 

(5) mm wide grooves were machined into the surface of the disks, Fig. 3(a)-(b), which were spaced 

10 mm apart with uniform depths of either 1 mm or 5 mm, Fig. 3(c). A control disk with no grooves 

was also used for comparison. Prior to insertion into the plasma chamber, the disks were cleaned 

with acetone, deionized water then air dried. The hBN disks were mounted to a box holder made 

of stainless steel. 

 
Figure 5.3 - hBN disks with machined grooves of geometries shown in the diagram 

 
5.3.3 - DIAGNOSTICS 

The sheath potential over the wall material samples was measured using an emissive probe 

constructed of telescoping alumina tubing and a hairpin 0.127 mm diameter thoriated tungsten 

filament tip. The emissive probe is biased with a Keithley 2410 Sourcemeter. Bulk plasma 
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parameters were measured using a planar Langmuir probe positioned in the center of the plasma 

device. The probe was cleaned by ion bombardment at 500 V bias for a period of 15 min before 

data collection; the probe was re-cleaned at 500 V for 30 s after the collection of each trace. The 

Langmuir probe body was constructed of alumina tubing. The tip was made from 0.5-mm thick 

tungsten foil cut into a 7.70 mm diameter circle. Five linear stair sweeps from -200 to 0 V were 

collected with an average dwell time of 20 ms at each voltage at a step interval of 0.2 V. The probe 

characteristics were corrected for singly-charged argon ion- and electron-induced SEE using data 

for tungsten from reference [20]. 

5.3.4 - COMPUTATIONAL METHODS 

Since the grooves will provide a modulated surface topology for SEE, which will impact 

the plasma sheath, modeling these electron trajectories from such features were undertaken and 

forward fed to plasma models to simulate the sheath behavior. These simulations were then 

compared to the experimental characterization of the sheath to gain insights into the potential 

mechanisms that govern plasma characteristics over such macroscopic topological features.  

5.3.5 - OPTICAL MODEL FOR SECONDARY ELECTRON TRAPPING 

The optical obstruction model is based on a defined geometry which can result in electron 

trapping. This model assumed electrons are diffusely emitted from the surface and followed an 

unperturbed ray trajectory. If these electrons intersect a surface feature, they are unable to ‘emit’ 

from the material and are considered trapped. Hence this model is independent of material type 

but dependent on surface topology. The groove height (h) divided by the groove width (w) is 

referred to as the aspect ratio (AR). The view factor expressions are then defined in terms of AR as 

the following:  

𝐹𝐹𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

=  �(1 + 𝐴𝐴𝐴𝐴2) − 𝐴𝐴𝐴𝐴     (Eq. 5.1) 
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𝐹𝐹𝐸𝐸𝐸𝐸 = 1+𝐴𝐴𝐴𝐴−�(1+𝐴𝐴𝐴𝐴2)
2

     (Eq. 5.2) 

where FES/SE, is the view factor expression for an infinite strip adjoining another strip at a 90o angle 

and where FEB is the view factor expression for two strips separated by a given width, these form 

the geometric construction of the grooves as shown schematically in Figure 5.4(a) 

The overall reduction in SEE, which is denoted as the ratio of emission, γ, normalized by 

the nominal emission from a smooth or non-grooved surface, γo, was constructed from the view 

factor equations above and given as:  

𝛾𝛾𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝛾𝛾0

= 𝐹𝐹𝐸𝐸𝐸𝐸2 + 2𝐹𝐹𝐸𝐸𝐸𝐸 × 𝐹𝐹𝐸𝐸𝐸𝐸     (Eq. 5.3) 

where FEB is the contribution from the bottom of the groove, Eq. (5.2), and FES and FSE are the 

emission contributions from the two side walls in the groove, Eq. (5.1). The nominal emission, γ0, 

was referenced from a smooth surface (no grooves) and assumed to be a constant. Note that Eq. 

(5.3) only accounts for the aspect ratio and does not account for the groove ratio. To incorporate 

the groove ratio (GR), which is the groove spacing (s in Figure 5.4(a)), divided by the groove 

width, the SEE emission ratio becomes  

𝛾𝛾
𝛾𝛾0

= 𝐺𝐺𝐴𝐴 �𝛾𝛾𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝛾𝛾0

� + (1 − 𝐺𝐺𝐴𝐴)    (Eq. 5.4) 

The resulting effective SEE yield (γ/γo) curves for a set of grooved ratios are plotted as a 

function of the aspect ratio in Figure 5.4(b). Using this plot we note that at high aspect ratios (deep 

grooves), very few straight-line paths are available for the electrons to escape the groove. 

However, at high groove ratios (bottom curve in Figure 5.4(b)), the density of grooves to trap 

electrons greatly increases. While at an equal aspect ratio, the effective SEE yield decreased by 

nearly 70% as compared to a smooth surface, i.e. an aspect ratio of zero. With a decreasing groove 
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ratio, which means either the groove width increased or the groove spatial wavelength decreased, 

the effective SEE yield will increase. 

 

 

Figure 5.4 - (a) Geometric grooves variables and results of the optical trapping model 

The experimental geometries studied are indicated by the diamond markers on Figure 

5.4(b). For the h = 1 mm groove sample with an aspect ratio = 0.2 and a spacing ratio = 0.5, a SEE 

reduction factor of ~0.87 is expected. While the h = 5 mm groove sample with an aspect ratio = 

1.0 and groove ratio = 0.5 will result in a SEE reduction factor of ~0.67. Having obtained an 

estimate of SEE reduction because of surface topology, i.e. the grooved topology, the γ/γ0 values 

from Eq. 5.4 were incorporated into an analytical one dimensional plasma kinetic sheath model to 

obtain predicted SEE which was compared to the experimental results, Figure 5.5(b) described in 

the results section.  
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5.3.6 - KINETIC MODEL FOR APPROXIMATION OF REDUCED SEE  

In our kinetic models, the plasma was described by the system of equations that included 

the Boltzmann equations for electron and ion distribution functions, Poisson’s equation for 

electrical potential and the currents balance equation for the floating potential of emissive plate. 

These generic equations can be found in reference [13],[21]. In the first model, referred to as the 

‘collapse voltage model,’ a simplified 1D construction of the plasma sheath was undertaken for a 

truncated geometry which  was based on the classical model by Hobbs and Wesson [10] with the 

inclusion of the kinetic considerations as developed by Sheehan [22]. This allowed for the analysis 

of the sheath collapse at a wide variety of groove geometries and primary electron energy levels 

without significant computational expense. However, we only considered the 1D directional flow 

of plasma ions and electrons into the sheath and their impact on the wall as well as secondary 

electrons emitted from the wall returning back to the plasma. The distribution functions for the 

bulk plasma electrons (Maxwellian at sheath entrance), secondary electrons (half Maxwellian 

emitted from wall), and energetic primary electrons emitted from the discharge filament (isotropic 

mono-energetic at the sheath entrance) were computed. The energy levels of the electrons and ions 

for this simulation were Te = 3 eV and Ti = 0 eV, respectively. The floating wall potential was 

solved to enforce the current balance condition and the electric field and potential in the sheath 

which was determined to be self-consistent from the spatial densities of the charged-particle 

populations. The SEE yield of the wall was calculated from a user-specified curve of total SEE 

yield versus incident electron energy. This energy-dependent SEE yield was integrated across the 

incident electron distributions at the wall and was multiplied by the γ/γ0 value (given above in 

section III.A) approximating the influence of the grooves on SEE. This enabled the study of the 

sheath collapse phenomena of interest. . A more detailed description of the 1D sheath model is 
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given in reference [7] with further information concerning the derivations of the optical and kinetic 

models found in reference [21]. 

The second model is a full simulation of the plasma where the sheath is allowed to form 

simply because of the near surface boundary conditions. From this simulation, distributions of 

charge and potential changes can be created albeit at the expanse for one set of geometries and 

primary electron energy level. To model these surface interactions, a Particle-In-Cell (PIC) Monte 

Carlo Collisions (MCC) method was employed. The PIC model was two-dimensional in space 

(2D) and three-dimensional in terms of electron and ion velocity (3V). The distribution functions 

for the electrons and ions were found from the Boltzmann equations given as   

 

(Eq. 5.5) 

 

          (Eq. 5.6) 

where ve, vi, ne, ni, m, and M are the electron and ion velocities, concentrations, and masses, 

respectively; Je and Ji are the collisional integrals for electrons and ions with background atoms. 

Knowing the distribution functions for these electrons and ions, the mean energy of charged 

species was calculated along with their concentrations, and elastic and non-elastic collisional rates 

and assumed a zero-current balance into the surface of the floating emissive plate. The floating 

potential of the emissive plate was calculated to be self-consistent from the condition of a zero 

total current into the hBN plate surface using Poisson’s equation describing the electric potential 

distribution. 

Since the discharge operated in argon, the kinetics of electrons included elastic scattering 

of electrons on background atoms, excitation of metastable states, and ionization. For ions we took 
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into account the elastic and resonant charge exchange collisions. The SEE coefficient is calculated 

by accounting for the energy distribution functions of the electrons approaching the plate surface. 

Since we are most interested in the grooved feature, the PIC simulations for the plasma was only 

near these features with a calculated domain size of 7 cm x 5 cm with the plate having a diameter 

of 55 mm with four 5 x 5 mm grooves on its surface. 

The grooved boundary conditions were referred to a domain embedded in unlimited quasi-

neutral plasma with Maxwellian electrons and ions at the temperatures Te = 3 eV and Ti = 0.026 

eV, respectively for PIC. Additionally, a mono-energetic electron beam entered the calculation 

domain from the bottom boundary so that the electron component of the plasma consisted of a 

Maxwellian part and beam electrons. The electron and ion fluxes at the boundaries were constant 

with the electrical potential being that of a quasi-neutral plasma. The floating potential was 

calculated separately inside of the groove for the side walls and the bottom taking into account 

both the fluxes of electrons and ions from the plasma and the secondary electrons. All of the 

equations were then self-consistently solved using the PlasmaNov code for the PIC described in 

full detail in reference [13] for a primary electron beam energy of 70 eV and a plasma density in 

the quasi-neutral region of 2 x 108 cm−3. 

5.4 - RESULTS AND DISCUSSION 

From the data shown in Figure 5.5(a), the discharge voltage at which the plasma sheath 

above the sample collapsed is denoted by the arrows and will be referred to as the ‘collapse 

voltage’ for the remainder of the paper. The hBN samples revealed some reduction in the effective 

SEE from the wall for both types of grooved surfaces. This can be seen by the increase in the 

collapsed voltage which resulted in the decrease in the SEE as compared to the planar surface. 

Specifically, the collapse voltage increased by 44% and 89% for the 1 mm and 5 mm grooved 
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samples, respectively. The sheath collapses when there is a sufficient number of secondary 

electrons to neutralize the potential barrier of the wall [10]. From these experimental results, it is 

clear that macroscopic grooving, on the same size scale or larger than the Debye length of the 

plasma, will reduce SEE requiring increased plasma energies or temperatures to collapse the 

sheath. 

The γ /γο ratio in Figure 5.5(b) represents the SEE reduction caused by the different 

grooved features, with γ /γο = 1 being the planar surface, γ /γο = 0.87 being the 1-mm groove and 

γ /γο = 0.67 being the 5-mm groove, as calculated from Eqs. (5.1 - 5.4).  

 

Figure 5.5 - Plots of the floating wall potential vs. discharge voltage 

Figure 5.5(b) is a plot of the experimental data from Figure 5.5(a) overlaid with the 

predicted curves based on both geometry and one dimensional plasma kinetics. The control surface 

showed relatively good agreement with the simple kinetic model’s ideal planar surface (γ/γ0 = 1.0) 

as both the prediction and experimental values followed a similar sheath potential curve and had 

approximately similar collapse voltages near 80 V. The postponement of the increased collapse 

voltage for the h = 5 mm sample was ~ 175 V with the prediction at ~ 150 V. For the h = 1 mm 
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sample, an even higher discrepancy between the experimental collapse voltage of ~150 V was 

found as compared to the predicted ~ 100 V. In addition, for the h = 1 mm grooves, the 

experimental data suggested a more gradual transition between a stable and unstable sheath 

condition. This is noted by the relatively smooth increase in the experimentally-measured sheath 

potential versus discharge potential. Upon grooving the samples, the simple one-dimensional 

kinetic model appeared to be insufficient in capturing the physics of the experimentally measured 

response. 

For the planar surface, the assumptions of linear electron trajectories and constant electron 

temperature and electron and ion densities appear sufficient to explain the collapse voltage 

conditions. Similarly, the general trend for collapse voltage increasing with a deeper grove was 

predicted. This can be rationalized that for a deeply-grooved sample, where one could assume that 

the electron density will be lower deeper into the groove. For example, electron emission that is 

not normal to the surface will likely collide and be absorbed by the side walls. This would result 

in a lower number of emitted electrons from regions deeper in the grooves and hence a higher 

discharge voltage as shown. For the electrons that do emit from the groove, they are likely to be 

more normal to the surface as they have had to navigate through a high aspect ratio feature to reach 

the free surface. This may explain why the deeper groove (similar to the planar surface) showed 

similar sheath potential curve behavior. In contrast, a shallower groove would be able to have more 

electrons escape and emit at a distribution of angles from the groove, which could have created 

the conditions for a gradual collapse. 

To quantify the dependence of electron density with grooved feature, Figure 5.6(a) is the 

electron density distribution over the emissive grooved surface for the h = 5 mm or deep groove 

geometry. The numbers 1, 2, 3, and 4 in Figure 5.6(a) represent separated areas for the floating 
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potential calculation. From this distribution map, it is seen that an accumulation of secondary 

electrons exists near the groove entrance, whereas the electron density is much lower within the 

sheath. The electrons appear to preferentially concentrate at the groove entrance because of the 

electrostatic forces from the nearby floating walls and their overlapping semi-sheaths. This 

concentration of electrons, as it related to groove geometry, likely contributes to the deviations 

from the predicted one-dimensional model noted above. The distribution of potential, measured in 

volts, over the same grooved hBN surface, Figure 5.6(b), clearly shows that as the groove 

deepened, a substantially lower potential formed as compared to anywhere else on the surface of 

the sample. 

By drawing electrons into the lower potential grooves, the surrounding sheath potential 

reduced. Hence, from these findings, it is possible that at geometries that are a specific fraction of 

the Debye length, large changes in the electron densities will be found. If similar electron densities 

develop in Debye-scale surface depressions in HET channels, they could focus ions into the 

depressions and thus contribute to the growth of the anomalous large-scale erosion ridges observed 

in some HET lifetime tests, though further work is needed to concretely confirm this effect or its 

contribution to deep groove erosion patterning [14]. 
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Figure 5.6 - The distributions resulting from the PIC-MCC modeling 
 

5.5 - CONCLUSIONS 

In this work we have compared experimental results with a models of electron trapping 

from hBN surface grooves that were similar to the Debye length of a plasma. The results confirmed 

that the space-charge saturation of the plasma sheath over a grooved surface was dependent on the 

size of these geometric grooves. Using a one-dimensional optical model for electron trapping with 

a plasma kinetic model, reasonably agreement in the prediction of the collapse voltage for a planar 

surface was found between the experiment and model. When the surface was grooved, some 

discrepancies between the model predictions and the experimental findings, particularly for the 

shallowest grooves (h = 1 mm), were noted. This breakdown in the one-dimensional model is 

believed to be a result of the complex interactions of electron densities near the grooved entrances, 

which was quantified through a PIC-MCC simulation. These findings confirm that changes in 
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plasma sheath stability will occur for surfaces whose features sizes evolve at these Debye length 

scales. These results suggest that larger scale features may also need to be considered in HET 

plasma models where similar surface structures are noted to develop from plasma induced erosion. 
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CHAPTER 6 

INFLUENCE OF BORON ADDITIONS TO LAB6’S WORK FUNCTION AND 
MICROSTRUCTURE IN VACUUM PLASMA SPRAYED COATINGS 

 
6.1 - ABSTRACT 

A series of LaB6 powder mixtures with excess boron additions of either 0, 5 or 10 vol.% 

were vacuum plasma sprayed (VPS) as coatings.  Typical to VPS, a splat-like microstructure was 

found in the deposit with the densification significantly enhanced with the 5 and 10 vol.% B 

additions. All deposited LaB6 adopted the cubic structure. The improved densification is 

explained in terms of the excess boron reacting with background contaminates. Though the 

coating was able to be deposited onto the stainless steel substrate under the first pass, subsequent 

layering of the LaB6 proved difficult indicating potential self-adhesion issues under the 

processing conditions studied.  The work function of the coatings were measured and found to 

range 4.20 eV to 4.45 eV, with the lowest work function for the denser coatings.   

6.2 - INTRODUCTION 

Vacuum plasma spraying (VPS) is a thermal spraying technique wherein a base material 

powder is fed into a plasma flow. This melts the powder and imparts a large force which drives 

the material droplets onto a substrate [1]. These molten droplets then solidify on the substrate’s 

surface from which continued application allows for coatings and/or monolithic parts to be built. 

The use of the plasma arc enables VPS to deposit high melting temperature materials, such as 

tungsten [2], tantalum carbides [3], and other types of complex ceramic compositions. Another 

benefit of VPS is the low-pressure environment which can reduce deleterious interactions of the 

molten spray with such species like oxygen, nitrogen, or carbon. In addition, VPS is an additive 
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form of fabrication enabling complex and near net shape features to be constructed which may 

not be possible through traditional casting or subtractive (machining) methods.  

Lanthanum hexaboride (LaB6) is best known as a thermionic emission material that is 

capable of producing a large, stable current of electrons when heated to high temperatures. In 

addition, the material exhibits excellent vacuum stability, resistant to poisoning in a variety of 

atmospheres, as well as resistance to oxidation and corrosion in acidic environments, exhibits a 

high hardness with reasonable thermal and electrical conductivity properties [4], [5]. 

Consequently, it has found diverse applications as an electron cathode for plasma sources, 

optical coaters, arc melters, ion platers, ion sources, refining additions for intermetallics [6], and 

electron sources for microscopes [7]–[10]. Of these applications, LaB6 is most commonly used 

as an electron emission source (which is a surface dominated effect [11]). Consequently, 

technologies that pursue LaB6 as a film or coating are ideal [12].  

Prior reports have shown that LaB6 can be deposited as a film or coating through various 

physical vapor deposition (PVD) methods [13]. Yet, to the authors’ knowledge, there has not 

been a comparative growth of this ceramic by VPS, even though boron carbide and metal boride 

coatings have been successfully deposited [14]–[18]. VPS can be advantageous in comparison to 

other PVD methods in that it can provide much more rapid growth rates on the order of microns 

per pass of the plasma torch. Nevertheless, the deposited VPS microstructure, often referred to as 

a splat structure, can compose of recrystallized grains, chemical partitioning from the 

decomposition of the powder constituents during spraying, and varied porosity and grain sizes 

[16], all of which can affect the properties of the coating. 

In this effort, we aim to determine if LaB6 can be successfully deposited by VPS as 

another alternative to other PVD methods. And if successfully deposited as a coating, to what 
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extent does the as-deposited microstructure influence the work function of LaB6. As part of this 

study, various boron amounts were added to the initial LaB6 powder mixture prior to spraying. 

These additions were done to potentially offset any loss of boron in the LaB6 from the high 

temperature and low pressures of VPS conditions, as previously observed with carbon in 

carbides [19], [20], silicon in silicides [21], nitrogen in nitrides [22], and so forth. This is 

particularly important as the LaB6 stoichiometry has been shown to be very sensitive to the La:B 

content [11].  Another potential advantage of excess boron in the initial spray deposit is that it 

could serve as an internal reservoir within the coating to offset boron losses that occur over 

extended emission. D. Goeble et al. has reported that the stoichiometry of LaB6 does indeed 

deplete in boron with continuous, long term emission which consequently effects the stability of 

the material as a stable emission source for a variety of applications [9].  

6.3 - EXPERIMENTAL SETUP 

Three 304 stainless steel substrates were cut from bar stock into approximately 51 mm x 

51 mm x 6 mm plates with each plates’ edges beveled and the surface polished using 500 grit 

SiC.  The stainless steel was chosen for its chemical stability, ductility, and low magnetic 

permeability. Prior to deposition, the plates were cleaned with hot water and dish soap, followed 

by acetone rinse, with a final water rinse and then baked-out at 350 °C furnace for one hour. 

The LaB6 powder was acquired from Materion Corporation at 99.5% purity and a particle 

size between 5-10 µm [23]. The LaB6 powder was separated into three separate batches 

whereupon amorphous elemental boron powder, acquired from SB Boron at 95% purity [24], 

was added such that the batches contained the following added boron mixtures: 0% (no added 

boron), 5 vol.% added boron, and 10 vol.% added boron. The powders were then agglomerated 

using ethanol and polyvinyl butyral resin (PVB)[25] and subsequently sieved to 15 - 45  µm 
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using a 325 mesh screen.  These steps were done to enhance flow-ability of the powder trough 

the plasma gun’s plumbing during the VPS process. 

The VPS chamber was evacuated prior to spraying to a pressure of 10 Pa and backfilled 

with Ar to 26.6 kPa. The powder was then brought into the plasma gun using a 70-to-1 volume 

mixture of Ar:H2 as the carrier gas. The powder and carrier gas entered the VPS tungsten 

cathode plasma gun at an operating powder setting of 40 kW. The substrates were mounted with 

the 51 mm x 51 mm surface normal to the plasma arc which was directly pointed down at the 

substrate at a standoff distance of approximately 76 mm. The substrate was then rastered under 

the plasma arc at a speed of 1 m/min per pass. 

Post-deposition, the coating’s top and cross-sectional viewing directions were prepared 

for scanning electron microscopy (SEM) imaging in a JOEL 7000 that was operated at 30 keV at 

a probe current of 1.7x10-10 A. Though the top surface required no specimen preparation, the 

cross-section was prepared by cutting a smaller section off the substrate with a high-speed 

diamond blade saw, mounting it in cross-section in a conductive Bake-lite mount, and then 

polishing the sample down to 1200 grit SiC with a final 0.05 μm silica polish. After each 

polishing step, the samples were cleaned in an ultrasonic cleaner with acetone, followed by 

isopropanol and water rinse, and dried under pressurized air flow.  

The phase identification of the samples was determined using X-Ray Diffraction (XRD) 

using a Philips MPD operated at 45 kV and 35 mA with a Cu kα1 as the radiation source 

(1.541Å).   

The work function of each sample was measured using Ultraviolet Photoelectron 

Spectroscopy (UPS) from sectioned 10 mm x 10 mm x 1 mm plates taken from the original 

deposit substrate and coating.  The UPS chamber was evacuated to a base pressure of  10-8 Pa 
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whereon the samples were pre-heated to 1000 °C (measured by a pyrometer) using an e-beam 

heating stage to evaporate any residual surface oxides or binder material.  After which a helium 

photon lamp source (21.2 eV) scanned the surface up to a kinetic energy level of 30 eV. The 

value for the work function, Φ, was calculated from the difference in Fermi energy level, EF, and 

onset of secondary emission, ESE, with the photon energy of the lamp source, EL, removed using: 

Φ = 𝐸𝐸𝐿𝐿 − (𝐸𝐸𝑆𝑆𝑆𝑆 − 𝐸𝐸𝐹𝐹)      (Eq. 6.1)  

6.4 - RESULTS AND DISCUSSION 

 The LaB6 powder and its post-sprayed coating upon initial inspection had the distinctive 

purple/violet hue that is commonly observed for this boride [4]. Qualitatively, both the pre-

sprayed powder and post-sprayed coatings darkened towards an auburn hue with the addition of 

the boron. Figure 6.1 is the XRD results from the mixed agglomerated powder which included 

the LaB6, the PVB binder, and the added elemental boron. The XRD peaks all indexed to the 

cubic LaB6 phase (PDF#: 00-034-0427) with the PVB and boron powders’ reflections being 

absent from the scan. The lack of PVB or boron reflections is contributed to their amorphous-

based structure. From the micrographs of the powders in Figure 6.1, it can been seen that the 

sieving and mechanical mixing were effective, with a relatively even dispersion of the powder 

sizes that were less than 30 µm. The tabulation of the powder sizes, estimated from these 

micrographs, is found in Table 6.1. With the phase and starting powder morphology confirmed, 

the various LaB6 mixtures were then deposited. 
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Figure 6.1 - XRD scans and SEM micrographs of the mixed powers prior to VPS. Only the first 
four strongest cubic reflections are labeled. 
 

Table 6.1. Particle size distribution of the powder mixtures prior to vacuum plasma spraying. 

VPS - Powder Mean Particle 
Size (µm)  

Standard of 
Deviation (µm) 

0 Vol.% Added B 2.39 1.88 

5 Vol.% Added B 2.41 1.71 

10 Vol.% Added B 2.22 1.42 
 

In the post-sprayed XRD scans, Figure 6.2, all three coatings could be indexed as the 

cubic structure of the initial powders.  If boron had been lost in the deposited coating, this would 

have facilitated the precipitation of LaB4, which was not observed. If the excess boron was 

captured in the powder upon deposition, it would have resulted in potential multiple phase 

mixtures of LaB6, LaB9, and βB. These latter phases again were not indexed in the XRD scan.  

We also note that LaB9 exhibits a blue (not purple) hue [26], which was not qualitatively 

observed in the coating’s color. Collectively, this indicates that the LaB6 powders retained the 

same phase under the spray, even in the case with no excess boron added.  
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At higher 2Θ reflections (where peak shifts are more readily observed and less sensitive 

to diffraction alignment corrections [27]), the peak positions were compared to each other and no 

significant peak shifts were observed. This too indicates that the excess boron did not play a 

substantial role in retaining the targeted compositions or effect the final composition between 

each of the coatings. This lack of peak shifts with stoichiometry is attributed to LaB6 having a 

near line compound composition. Finally the added boron was not indexed in the XRD scan for 

the post-sprayed coatings.  This either confirms that it deposited as an amorphous phase within 

the coating or was lost during the spray.  

 
Figure 6.2 - X-Ray Diffraction scans and SEM micrographs of the VPS coatings after spraying. 

 
From the micrographs of Figure 6.2, the surface of the coatings were found to have a 

granular morphology. The size of the grains/particles on the surface of the coating were similar 

between each deposit, Table 6.2; however the average size of these surface particles were 

noticeably smaller than that of the initial powders tabulated in Table 6.1. Proper melting of the 

particles would have led to a less granular and more splat-like morphology. Clearly, these spray 

parameters were unable to achieve the necessary thermal energy to the deposit.  Adjustments in 

either a higher plasma arc energy, longer standoff distance to allow for more in flight heating 
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time of the powders, and/or a slower raster speed could help mitigate the granular type surface 

morphology.  Though one should note that such changes may require a different substrate than 

stainless steel used here that would be capable of a higher temperature exposure, such as graphite 

or alumina.  

Table 6.2. Particle size distribution of all the as-deposited coatings. 

VPS - Coating Mean Particle 
Size (µm) 

Standard of 
Deviation (µm) 

0 Vol.% Added B 0.79 0.63 

5 Vol.% Added B 0.59 0.40 

10 Vol.% Added B 0.93 0.71 
 

After the first few initial passes, where the LaB6 for all mixtures was able to adhere to the 

substrate, subsequent passes proved to be difficult in building up the coating.  This is suggestive 

that under these VPS processing conditions, the thermal and geometric spray settings require 

further development if the material is to be built up into a larger more monolithic structure [28]. 

It is interestingly to note that the subsequent passes would expose the deposited material to 

additional thermal treatments, but, as evident in the top-down view of the deposit in Figure 6.2, 

the coating retained a granular morphology and these latter passes likely had little to no effect in 

further sintering of the granular surface.  

Figure 6.3 are representative cross-sectional micrographs of the deposits where striking 

differences were observed. For the 0 vol.% sample, the coating is very granular and 

discontinuous.  This is in agreement with the topology noted in Figure 6.2 for the same coating. 

However, for the boron added samples, a more dense coating, particularly for the 5 and 10 vol.% 

boron additions, can be observed. These cross sections also revealed a microstructure more 
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consistent with a splat-like morphology with evident layering, albeit very thin and discontinuous.  

These discontinuous features also trended with a fairly porous coating that is not typical of VPS 

microstructures but those more akin to the layered structures formed from air or low pressure 

plasma spray.  

Though the top surfaces of all three samples revealed a granular morphology, the cross-

sections did indicate that the addition of boron does facilitate a degree of densification of the 

coating. All three powders were mixed with a low melting temperature and low evaporation 

temperature PVB binder, which was not annealed prior to flow into the chamber. Consequently, 

this binder would disassociate into carbon, oxygen, and hydrogen based compounds such as 

water and carbon dioxide [29] in the high temperature plasma based vacuum environment. The 

presence of such species could then react with the depositing particles changing the surface 

chemistry and adhesion properties. In contrast, when excess boron was added, it could readily 

react with the dissociated PVB binder compounds. In doing so, these deleterious species effects 

are mitigated from reacting with the lanthanum boride particles, or at least to a lesser extent, and 

the deposited material is able to become more cohesive between the particulates as evident in the 

micrographs of Figure 6.3. This would be analogous to a protective shield gas used to prevent 

oxidation and embrittlement of weld joints [30]. Previous reports in particle suspensions have 

shown that there is a strong reaction between PVB binders and free boron, which may help 

explain this behavior[31].  From the prior XRD findings in Figure 6.2, the excess boron was not 

necessary to retain the phase of the deposit leaving it free to react with other potential species 

during deposition.   
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Figure 6.3 - Cross-sectional SEM imagery of each VPS coating, comparing their thickness and 
morphology. Note that in each image the phenolic mounting powder, the coating, and the 
stainless steel can be seen and have been labeled. 
 
 Figure 6.4 is a plot of the UPS spectrums with the calculated work function for each 

tabulated in Table 6.3. As one could expect, the values are similar since all three coatings were 

found to have the same LaB6 phase. However, a small reduction of the work function is noted for 

the 5 vol.% and 10 vol.% B coatings. As noted above, these coatings were also found to be 

denser which was discussed in terms of the reacting with potential deleterious species during 

deposition. This could have resulted in a slightly more ideal deposition composition which would 

reduce the work function. Unfortunately all of the work functions are approximately twice as 

large as other reports for LaB6 [7], [13], [32]. Previous reports have confirmed that impurities 

within the LaB6 will increase the work function [11], [33]. Though VPS was able to produce a 

coating, it appears from the work function findings, the material is still plagued by contaminated 
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within the material itself. This increase in work function would require higher set temperatures 

necessary to achieve high thermionic emission.  

 

Figure 6.4 - UPS scans of each VPS coating, comparing their ability to emit electrons 
 

Table 6.3 - Values for the work function of each coating as measured using UPS 
Coating Work Function (Φ) 

0 Vol.% Added B 4.35 eV 

5 Vol.% Added B 4.20 eV 

10 Vol.% Added B 4.20 eV 
 

6.5 - CONCLUSIONS 

 In this work we have successfully vacuum plasma sprayed LaB6 with premixed 0%, 5%, 

and 10% boron additions with the LaB6 powders as a coating onto a stainless steel substrate. 

After the initial deposition subsequent building of the coating was found to be difficult which 

suggested poor adhesion of the spray deposit on itself under the processing parameters used.  In 

all three coatings, only the cubic LaB6 phase was found indicating that the excess boron does not 

appear to influence the final stoichiometry and phase content. However, the boron was found to 

help in the densification of the coating. The excess boron is suspected to react with the PVB 
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binder used to prevent agglomeration of the powder during the spraying process. In doing so, the 

boron is able to reduce deleterious reactions of the binder species – including carbon, oxygen, 

and hydrogen – with the LaB6 powder thereby potentially promoting better cohesive formations 

of the coating powders during deposition.  The work function was also shown to slightly 

decrease, but is within the uncertainty of the measurement, with the increase of boron starting 

powder mixtures. However, the work functions are still approximately twice as high (~4.2 eV) as 

compared to high purity LaB6 suggesting that impurity incorporation is still problematic in this 

form of processing of this material. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

This dissertation has studied the effect of erosion for a series of different types of ceramic 

based materials and systems. The results of which revealed underlying erosion mechanisms 

through the examination of surface features found on an eroded ceramic chamber wall of a Hall 

effect thruster. The effect that such surface features would have on the secondary electron 

emission properties, a behavior which is critical to understand near-wall plasma sheath stability, 

was analyzed using systematically controlled features that mimicked similar morphologies 

and/or topologies to those found in the eroded surface. Lastly, LaB6 as a vacuum plasma sprayed 

cathode coating was fabricated and characterized as a possible replacement for external pressed 

powder cathodes; the coatings were found to be sensitive to excess boron in its as-deposited 

densification.  Overall, these results have garnered new insights into how material 

microstructures regulates material-plasma sheath interactions.  The specific conclusions are 

given below.  

7.1 - EXTENDED PLASMA EROSION OF A M26 HET CHAMBER WALL 

A 60 wt% boron nitride (BN) - 40 wt% silica hot-pressed composite, denoted as M26, 

was used as the insulating chamber wall for a Xe plasma Hall effect thruster operated for 

approximately 2000 hours at power levels between 1.5-5 kW. The chamber wall showed a range 

of erosion microstructures. In the heavily eroded regions, striations in the surface topology were 

evident with surface protrusions in the generic shape of conical tips consisting of laminate BN 

and silica phases. Micro-cracking along the long axis of the BN basal plane was prevalent. 

Through a two-dimensional finite element model, the micro-cracking has been determined to 
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occur because of the anisotropic thermal expansion of BN in the amorphous silica matrix. 

Exfoliation accompanied the micro-cracking in BN and resulted in the preferential loss of BN as 

compared to silica in these heavily eroded regions. While thermal cycling was attempted in 

polished BN and M26 samples, additional testing with chamber wall samples of differing 

erosions would aid in understanding the magnitude of the thermal expansion problem. As well it 

would assist in understanding if this effect is enhanced by the other erosion processes. In 

addition, examining more plasma eroded surfaces to determine the similarities in their surface 

features would be advantageous to understanding plasma erosion as an overall process. 

7.2 - INFLUENCE OF ROUGHNESS ON SEY FROM GRAPHITE SURFACE 
TOPOLOGIES  
  

Based upon the varied surface topologies characterized in the plasma eroded surface, a 

case study material was mechanically attrition to simulate these features. The case material was 

graphite and was chosen because it has similar crystallography to BN but increased electrical 

conductivity which allowed a primary electron beam to be incident on the surface with no 

surface charging to impede electron emission. The smoothest surface (root mean square 

roughness 0.110 ± 0.022 μm) produced the highest SEY; however, a moderate rough surface 

(0.990 ± 0.019 μm) had a lower yield than a rougher (7.10 ± 1.23 μm) surface.  This trend was 

also observed in the eroded chamber wall where the roughest surface did not result in the lowest 

SEY.  This suggested a characteristic roughness length scale associated with emission which has 

been rationalized by differences between large and small scale variations in the roughness found 

on the surface. This length scale dependence was noted in the different erosion surface of a 

graphite coated M26 surface that was previously characterized.   

 Additional research using a greater range of sample roughness and with smaller step sizes 

between roughness levels would provide stronger validation of this characteristic length scale 



116 
 

and a more accurate picture of its specific dimensions. More chamber wall samples as well as 

comparisons against polished and roughened BN and M26 samples, roughened in the same 

manner as the graphite, would also further elucidate the accuracy of the comparisons. 

Additionally, comparing our results with those measured on higher sensitively tools and those 

with capable of pulsing the electron beam to skirt the issue of charging on resistive materials, 

would put our results in proper context. 

7.3 - INFLUENCE OF MILLIMETER SCALE GROOVES ON PLASMA SHEATH 
COLLAPSE VOLTAGE  
 

Prior research by others have also shown much coarser length scale topologies in 

extended eroded materials, like those of the saw tooth ridges seen in Figure 1.2. A series of 

grooved hexagonal BN disks with different groove aspect ratios, designed to mimic simplified 

versions of these erosion features, were then exposed to an argon plasma. The change in the 

plasma sheath characteristics, particularly the ‘collapse voltage’ which occurs when the 

discharge voltage is sufficient to produce enough secondary electrons to collapse the sheath, was 

44% and 89% higher for a 1 mm and 5 mm grooved depth, respectively, as compared to a planar 

surface. A ray-trace optical model for secondary electron emission reduction with a one-

dimensional kinetic model for the plasma was used to simulate the responses. With increased 

groove depth, this simple model was inadequate to capture the correct collapse voltage, which is 

attributed to a variation of electron and ion charge densities near the groove entrance. These 

results provide insights into how larger length scale surface topology features, on the order of the 

Debye length, influence the dynamic interactions between a surface and plasma sheath. Future 

work could be done with a greater range of groove dimensions to further explain the range of 

collapse voltage protection that is capable. Greater modelling efforts, either plasma or electron 

focused, would also improve the current descriptions of what exactly is occurring. In addition, 
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other material systems of interest can be used to compare if they differing levels of electron 

capture that is occurring as a result of the grooving. 

7.4 - CHARACTERIZATION OF VACUUM PLASMA SPRAYED LAB6 COATINGS 

Finally, the dissertation research focused on the fabrication of lanthanum hexaboride 

(LaB6) as a coating via vacuum plasma spraying (VPS).  LaB6 is a widely used electron cathode 

material because of its excellent thermionic emission properties, creating a high flux of electrons 

at high temperatures. The processing of a LaB6 coating through the use of VPS, which could 

enable the use of this thermionic material over more complex shapes and geometries.  The LaB6 

starting powders were mixed with either 0, 5, or 10 vol.% amorphous boron additions and it was 

found that the cubic LaB6 phase was present in all post-sprayed conditions with all deposits 

revealing the classical ‘splat’ microstructure. However, the densification of the coating was 

significantly enhanced with the 5 and 10 vol.% B additions, with these coatings having a work 

function of 4.20 eV, which was slightly lower than the other coatings. Though LaB6 was 

successfully coated, the work function was still approximately twice as large as other LaB6 

powder processing routes suggesting that impurity contamination is prevalent during the VPS 

process. Additional work is needed to continue refining the exact processing potential of this 

coating system, specifically refinement of the geometric and thermal constraints of the substrate. 

Using a graphite substrate and a higher arc energy have the potential to greatly improve the self-

adhesion of the coating. To potentially reduce the surface contamination, it is suggested to 

reduce the powder mixture prior to spraying as it will greatly reduce the presence of the binder 
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APPENDIX 

A series of other experiments were conducted through the course of the research. 

However, the results of these experiments were either inconclusive or unable to be incorporated 

into the research given.  This data is included here for completeness of the study and a data base 

for any future studies. 

A.1 - THERMAL CYCLING OF BORON NITRIDE AND M26 

 In Chapter 3, micro-cracking was noted and contributed to anisotropic thermal expansion 

in a composite microstructure. To further those studies, a series of M26 and BN samples were 

thermally cycled to determine the number density and crack length as a function temperature and 

cycles. The aim of which was to provide a data base for future cracking prorogation modeling. 

Samples examining the thermal cycling behavior of the microstructures in BN and M26 were 

developed in response to the preliminary results. 

 Four samples were prepared to test the variables: material type and thermal cycles. Each 

sample - BN and M26 - was sectioned into ~ 10 x 10 x 5 mm blocks and polished down to 0.05 

μm silica solution finish. The samples were then coated with 20-30 nm of graphitic carbon to 

allow the surface to be sufficiently conductive for electron imaging. Each sample was inserted 

into a tube furnace which is preheated to 500 °C. This is approximately two-thirds of the peak 

operational temperature of a HET discharge channel wall [4]. The set of samples were heated for 

one hour increments and allowed to cool to room temperature for fifteen minutes in-between. 

This was repeated one, three, and seven times. After each cycle, the samples were re-coated with 

the graphite and imaged for the number density and length of cracks formed. Imaging of the 

samples was done in the SEM using back-scattered electron (BSE) mode at 10 keV to ensure that 
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the surface level cracks are visible with the highest amount of detail and not obscured by surface 

irregularities, which can occur in secondary electron imaging mode. Ten images were taken near 

the midpoint of each sectioned sample to avoid edge effects. The cracks were manually traced 

using a Nikon Elements software package, shown in Figure A.1, and approximately 500 cracks 

were found over approximately 140 images collected. 

 
Figure A.1 - Back Scattered Electron micrograph with the red traced lines of measured cracks 
generated from thermal cycling. Arrows have been added to indicate locations of traced lines. 

 
 The histograms for the repeated one-hour thermal cycling experiments are shown in 

Figure A.2. The starting cracks are those formed either during the machining of the samples, 

from the vendor source, or polishing prior to heating and this provides a control for the material. 

For the pure BN sample, one thermal cycle increased the number of cracks but the general 

distribution of crack lengths remains centered on 0.7 ums. Upon further cycling, the mean crack 

length increases, with several cracks detected with length longer than 3 microns. This suggests 

that nucleation of cracks occurs during the first thermal cycle, then these cracks tend to grow 
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upon further cycling as the total crack length increases. This suggests that crack nucleation, 

rather than growth, appears dominant in the initial cycle, then it switches to growth once all 

feasible cracks have nucleated. However the behavior in M26 is very different, with a high 

starting number of cracks that slowly grow in length. The behavior of the 7 cycles data for M26 

however appears totally different as is likely an anomaly.  

 
Figure A.2 - Histograms of crack number and length as a function of thermal cycles at 500 oC 

for one hour. 

 Given extended time, for one crack, more micro-cracking was observed for the same 

length evident by the raise in the number of cracks. This behavior is linked to the type of 

microstructure as in M26 the rigid silica grains confine the BN phase. Hence upon initial heating 

and cooling, the BN’s anisotropic thermal expansion results in micro-cracking as the grain 
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attempts to accommodate itself with the silica matrix. Once these cracks have formed within the 

BN grain, they grow as these grains have already achieved a critical number of cracks within it. 

In contrast, it appears that the BN microstructure, without the rigid boundaries of another phase 

does not provide sufficient confinement to cause the BN to nucleate a new crack in response to 

the thermal stresses. Rather, the pre-existing cracks grow. This may suggest that BN, rather than 

M26, would erode at a slower rate in a plasma due to the absence of rigid phase boundaries 

where the BN exfoliates from the microstructure.  

A.2 - MATLAB PROGRAM FOR PARTITIONING OF OPTICAL PROFILOMETRY 

DATA 

In Chapter 4, the optical profilometry data was partitioned into increasingly smaller 

individual regions. This was done to test the hypothesis that the surface roughness was 

converging to a characteristic length scale. This is the MATLAB code that was used to separate 

an array of data [A], with dimensions of 640x480, into equally sized “bins”. The value for the 

RMS roughness, also known as the standard of deviation, was then calculated for each new bin 

and the process repeated till the smallest equally sized bin was reached. 

 
clc 
clear all 
A=[]; 
no_rows=640;  %% total no. of rows in matrix 
no_column=480; %% total no. of columns in matrix 
count_Arow=1;  %% counter for storing A as a column matrix A_row  
for i=1:no_rows 
    for j=1:no_column 
        A_row(count_Arow)=A(i,j); 
        count_Arow=count_Arow+1; 
    end 
end 
 
block_row=40; %% enter row(m) for mxn partition 
block_column=30; %% enter column(n) for mxn partition 
check=0; 
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v=0; % total no. of partitions counter 
 
check1=no_rows/block_row; %% checks if row partition entered is valid 
check2=no_column/block_column; %% checks if column partition entered is valid 
if(((rem(no_rows,block_row))==0)&&((rem(no_column,block_column))==0)) 
    check=1; 
end 
 
if(check==1) % enter loop if partition entered is valid 
    k=0; 
    while (k<=(no_rows*no_column)) %% checks if we reached the end of the matrix entered 
        l=k; 
        for i=1:block_column 
            Anew(1,i)=A_row(l+i);   %% 1st row of each partition extract 
        end 
        for m=2:block_row 
            for n=1:block_column 
                Anew(m,n)=A_row(l+n+no_column); %% other rows of partition 
            end 
            l=l+no_column; 
        end 
        v=v+1; 
        Anew; 
        counter=1; 
        for alpha=1:block_row 
            for beta=1:block_column 
                Arand(counter)=Anew(alpha,beta);  %% creates a column matrix for each partition 
                counter=counter+1; 
            end 
        end 
        std_dev(v,1)=std(Arand); %% calculates standard deviation between elements of each 
partition 
        k=k+block_column; 
        if(rem(k,no_column)==0) 
            k=l+block_column; 
        end 
    end 
end 
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