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The research effort aims to determthe fundamental transport properties (mass, charge, and energy) within the
plasma sheath, and determine the relationship between plasma properties and wall surface modification as a
function of wall material. Investigators from the Georgia Institute of Tedobgy (GT), University of Alabama
(UA), and George Washington University (GWU) hawgbn a comprehensive, integrated, multidisciplirandy
on the nature and transport properties of theaetern between plasma and a confining wall material

The hypothesisof this research effort is that standard plasnsam@agtions break down in the plasma sheath and are
greatly affected by the microstructural propertiéshe wall. The approach uses measurements, ticaranalysis,

and modeling of the plasma properties inside tlasmph sheath, as well as measurements and modélihg o
material response to the plasma to understandalsenp-wall interaction.

Collaborative Research Approach

The research is organized into two major researehsa (1) interrogation and theoretical modelifighe plasma
up to the wall boundary, and (2) interrogation amatleling ofthe wall up to the plasma boundary. During Year 1,
UA used Microscopy (SEM), Atomic Force Microscopgd-M), and Transmission Electron Microscopy (TEM) to
characterize virgin and exposed insulator matefiae surface mechanical properties were measuiaed t&no-
Indentation (NI). UA has developed the capabitidycharacterize the microstructure and phase drboitride
(BN) wall material samples, and has performed a®aywsing X-Ray Diffraction (XRD), In addition, Usork with
GT to identify unique erosion mechanisms to asgitht material model development. GTRI worked witid @
calibrate the ion-assisted deposition plasma so{iAd®) for use as a controlled plasma exposure remvhent for
BN samples. GTRI has exposed and characterizedaéBiples to aid to guide material model developm&wu
has developed a plasma simulation methodologyabedunts for the multiple length scales. GWU hafopmed
and published simulations studying the interactgdnthe near-wall plasma sheath with a magnetia fieind
modeled the plasma sheath of the GT thick-shedtBnfm) plasma cell. Figure 1shows the collaboratégearch
team functional relationship between models andegmgental data for both the plasma and wall sideshe
investigation.
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Figure 1 — Collaborative Research Strategy

1 Materials Characterization (Thompson)

During the course of year 1, a M26 grade Combat@®® boron nitride (BN) - 40 wt% silica (S¥phot-pressed
composite, manufactured by Saint Gobain CeramiceNws Company, was characterized. This materisd wa
machined as part of the chamber wall used in a @&hTHall Effect Thruster (HET), shown in figure A.
subsection of this wall material was removed t@stigate erosion patterns. The wall material wameead to a Xe
based plasma operated between 1.5-5 kW for oved B00rs. Three distinct erosion regions were ifiedt low
erosion (LE), mild erosion (ME), and high erosiddE], Figure 2(b)-(c). The non-uniform erosion asrdbe
material is contributed to the variation in potahtirop the chamber wall experiences. Between be@exit plane
and the ionization region, figure 2(a), the HE fortof the wall is exposed to neutral gas tempeestuf
approximately 850 and 1000K.Once the plasma ionées accelerates across this region, a sharp aitenbp
near the exit plane of the thruster occurs anddhg’, within the plasma, impact energies rise digantly from
<10 eV to between 100 and 300 eV. Erosion in théekeration region is distinct and is much greatanagnitude
than upstream of this zone. This difference in iotaergies contributes to the rate of sputterienosetween the
microstructures.
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Figure 2 — (a) Schematic of a HET and the regiond aharacterization (b) Optial micrograph of the eded
M26 composite (c) SEM micrographs of the three digict eroded regions.

The distinction of these regions was determinedh@ydiscoloration, figure 2(b), and later by theston defects
evident on the sample surface, figure 2(c). Thealra had the darkest discoloration, which has bestributed to
free carbon deposited on the surface from the gepHectrode used in the thruster design. XRD icovd

hexagonal close packed (hcp) BN and amorphousagil@ses present in each region. BN and silickraven to

have polymorphs but evidence of multiple phaseswoasletected. The lack of polymorphs of eithersehiadicates
that the base material is stable in the plasmaemwvient.

The LE region, figure 2(c), revealed a granularrostructure commonly observed in hot pressed powdeiures.
The ME region, figure 2(c), revealed a polish-lggface appearance with macro-cracking within tla¢enial. The
HE region revealed three distinct surface featuassioted in figure 2(c). There were regions witeappeared that
a particular phase of the material dislodged framratrix leaving a smooth surface (denoted as #igure 3(a)).
In other regions, the surface was modified intoggdy surface protrusions (denoted as #2 in Fig(ag).3The
jagged surface protrusions consisted of a laminategphology of BN and silica indicative of the aiengontrast
between the phases seen in the backscatteredoeleunicrograph (solid arrow) in Figure 3(b). Finallpacro-
cracking was evident as previously observed inMiEeregion (denoted as #3 in Figure 3(a)). The beattered
SEM micrograph revealed that the micro-cracks veeeglominantly in the BN phases (dashed arrowsyrEig(b).
TEM from a HE region confirmed that the micro-cremtkwas numerous and along the basal plane of the B
Figure 3(c).



“ﬂ 1" f & : : ” : . “irm

Figure 3 — (a) Secondary electron SEM micrograph neealing smooth silica surface (#1), jagged protrusns
(#2) and micro-cracking (#3) (b) Backscattered SEMnicrograph revealing protrusions are laminated silca
and BN and the micro-cracks are within the BN phase(c) STEM-High angle annular dark field micrograph
showing prevalent micro-cracking along the basal @ine of the BN phase.

The chemical signature from the surface was quadtiby X-ray Photoelectron Spectroscopy (XPS) ikratos

Axis 165. XPS revealed a relative compositionalngeabetween each of the elements in three erodgdns

plotted as a histogram in Figure 4. As the sampteabse more eroded, an increase in the relativershof silicon

and oxygen species and a corresponding decreabe inoron and nitrogen signals were noted. In aagithe

carbon signal increased between the LE and HE msgaad corresponds to the dark discoloration pusiyonoted

in Figure 1Figure 2. The relative increase of ailimd decreasing BN indicates that the latter naisreroding at a
faster rate than the former. This is surprisingsidering that the binding energy of BN is largearitsilica. This
erosion rate chemical dependence is believed toresult of a larger fraction of the BN detachiogni the surface
of the composite, as evident in the remaining simsiica surface in Figure 3(a). The fragmentatibthe BN from

the matrix would indicate a weak interphase-intsfhond. The evidence of the degradation of BNvérhatrix is

its prevalent cracking which would weaken the malterstructural integrity. As shown in the preiiary work of

the controlled ion erosion instrumentation at GTtRg team will explore this detachment in a morgeayic means
in year 2.

The prevalent microcracking appears to be a majotributor the failure mechanisms of this composita plasma
based environment. This cracking could be contethuto ion

implantation effects and/or thermal induced stresse S50 g T

Using the Stopping Range in Matter (SRIM) Monte IGa 8 hirogen
program, and estimated acceleration voltages ofX€hen ions 40| B onoe |
in the plasma into the chamber wall, the mean patieh depth ———

of xenon in BN and silica is just a few nanometefbe

implantation of the ions could generate a locahistiwithin

each of the phases. Since silica is amorphouspiildvhave
more free volume as compared to the close packedtste of
BN and may explain the lack of significant crackimihin this

phase. In contrast, BN would either become locdi$prdered
by the impacted ion into the surface which woulddh& create
more free volume with its accompanying strain. Taktive

weaker out-of-plane basal bonds of BN could faill é&ad to
the microcracks that run parallel to the basal @la8ince 0
xenon's chemical signature from the surface wasletcted, it

is believed that ion implantation was likely notettmajor

30

20

Atomic %

10

Low Mild High
contributor to microcracking and detachment. Erosion  Erosion  Erosion

Figure 4 — Histogram of chemical signatures
from the three identified regions. Note the
drop of B-N from the low to high regions.

As will be described in the micro-modeling work ds| the
large thermal gradients on the surface and congibio



sufficient thermally driven expansion. BN has atrigpic thermal expansion coefficients between thearal c-axis
which could cause this phase to expand differerduants relative to its orientation and within thersunding silica
interior. The confinement of the BN fibers withihet silica causes the fiber to buckle and microicr@ong the
basal plane. The details of which are describedviel

2 Micro-modeling (Rimoli)

During year one, the erosion modeling effort hasnbocused on identifying main erosion mechanism8N

compounds under the effect of plasma. Towardsehts GT and UA have held several teleconferencdsfiah

(on-site) work days to better coordinate charazétion and modeling efforts. Based on the obseexédience, the

effects of two main erosion mechanisms are modétdidience of thermal loads on micro-cracking of BPNase,
and differential sputtering effect.

2.1  Thermal load effects

The response of BN compounds under thermal loadsndsleled by direct numerical simulation of the
microstructure obtained form micrographs providgdUA. Anisotropic thermal expansion coefficient aeldstic
properties are assigned to each boron nitride gegisuming that the basal planes are aligned Wwittpteferential
(longest) grain direction, see micrograph in Figbird he silica phase is assumed to be isotropieniform change
of temperature of 500 K is applied to the specimiile allowing it to freely expand. Thermal stresgesulting
from this loading are summarized in Figure 5. Itviarth noting that several grains are found to eepee tensile
stresses on the order of hundreds of MPa in thectiiin perpendicular to the basal plane (el in feidy) while
experiencing similar compressive stresses on tiiwgonal direction (e2 in Figure 5). Clearly, thisess state could
easily lead to the kind of micro-cracks reportegiiavious sections.
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Figure 5 — Thermal stresses on BN compound



2.2 Preliminary erosion-based modeling

Preliminary runs of the sputter-erosion based meudel believed to successfully recover the erosioiatisins
observed in the eroded samples. The model perh@tintestigation of the sputtering of a heterogesenaterial,
combining an erosion rate model for each matemaived from Yalin's experimental sputtering dataléBC BN
and quartz with 3D ray tracing techniques that anotdor shadowing effects. Runs were conducted 80Gx200

surface grid, 10x10x10 um domain.
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Figure 6 — Sputter-based erosion model (b, c) recery of observed erosion striations (a)

3 Boron Nitride, Controlled Plasma Exposure (GTRI)

The role of the Georgia Tech Research Institutehéncollaboration is to expose wall material sarspte known
plasma conditions and to study those samples, dsaw@rovide samples to UA and GT Prof. Rimoli. #king
towards this role, GTRI has adapted and charaeti@an lon-Assisted Deposition (IAD) tool for useaasontrolled
plasma exposure environment for generating eroddtmaterial samples and provided initial sample&JA. In
addition, GTRI has performed contact profilometBDX, and SEM measurements of samples and provided
equipment and assistance to Professor Rimoli’ssityations into the molecular dynamics of the emegirocess.

3.1 IAD Characterization

Two electrostatic probes were used in initial cheazation of the IAD plasma environment, a Langnpuobe and
a Retarding Potential Analyzer (RPA). The Langnmuobe could be considered the seminal plasma d&tignand
a large amount of literature exists on the integiien of the I-V traces. The interpretation methmbed on the
orbital motion limited theory is reputable and sed in these measurements. The plasma potentiaunesaent
obtained from the Langmuir probe was used in pingsmeasurements taken with the RPA to charaetehie
energy distribution of the ions that BN sampled b exposed to. The RPA consists of a seriesasfedl grids that
collectively act as a high-pass filter that onljoals ions with energy higher than the ion repulsgid to pass
through to the collector. Increasing the voltagdlmion retarding grid repels ions with equaless energy and as
a result the collected current drops. It is showoperation in Figure 8. This characterization sbdwhat the 1AD
plasma was capable of stable operation for longtéhmr sample exposure, and that it was able toigeaon beam
energies of 40-160 eV.

3.2 Sample Erosion and Exposure (GTRP> UA)

Several pieces and samples of a HET outer disctadrgenel wall from GA Tech (the AFRL/UM P5 Hall et
thruster) were sectioned and provided to UA forcpss development with BN. Additionally preliminasgmples
eroded in the IAD tool were provided to UA. Thesenples were exposed for 8 hours while operatingAlie at
40A discharge current, 60 V and 120 V ion energg, 0 sccm argon gas flow.

\

Figure 7 — Sample holder and M26 samples for Figure 8 — RPA in plasma in IAD tool
exposure in IAD tool



In order to generate samples for exposure in th2, igrade M26 BN rods were acquired from Precisi@maghics
USA. The rods were initially 200 mm in length ar@&mm in diameter. In order to analyze the samyjille atom
probe tomography at University of Alabama, samplese cut to 6.35 mm thickness cylinders. Thesendglis
were then cut into quarters. Samples were theedaith order to remove severe roughness imparted fine cutting
blade. Lathed samples were cleaned with a solwese rfollowed by DI water rinse and gentle heathd00 °C in
vacuum furnace in order to prevent unwanted o>adati

The ends of each as-received BN rod which wereerpbsed to the cutting blade or the lathe wereepvesl in
order to analyze chemical or physical differencégctv may have occurred as a result of cutting. &hialysis was
performed using EDX and SEM. Surface roughneskettit BN samples was analyzed using a Dektek abtact
profilometer.

Figure 9 — (A-D) SampIeEM |mas of received Figure 10 — (A-D) Sample SEM |mes of CutB
BN: x1.50k - x20.0k x1.50k - x20.0k

N:

EDX was performed using a NORAN Six 300 EDX detettoqualitatively characterize the BN in both aseived
and cut condition, which revealed that the cut danffas not been negatively impacted and that traive
chemical composition of the sample remains intact @andisturbed by the cutting process, and thaimpurities
were imparted into the sample via cutting and dleganAdditionally, Scanning Electron Microscopy (8Ewas
performed using a Hitachi S-4700 scanning electnicroscope to note any physical differences betwbenas-
received and cut BN samples. No noteworthy diffees were noticed between the as-received (Figuaa® cut
samples (Figure 10).

In order to further characterize and study the Magples, surface roughness of the cut BN samplesanalyzed
using a Dektek 150 contact profilometer. Measurdmesre taken over a length of 1000 um with a styadius of
2.5 um, achieving a vertical resolution of 0.056. Awerage roughness over 10 samples was found $H405 um
+1.699 pm.

4 Measurement of Plasma Sheath Properties (Georgia Tl — Walker)

In order to achieve the program objective of meaguthe rates of mass, charge, and energy transpitin the
plasma sheath, a low-density gas discharge plasthavas designed, built and tested at GT HPEPLuRe$rom
Langmuir probe and emissive probe measurementseobtlk plasma and sheath are provided to GWU, limgab
them to tune a multiscale model of the plasma-riaterteraction. Design has also been completea wiultidipole
plasma cell, which will employ permanent magnetsdnfine thermionically emitted primary electromslaachieve
a 9 f volume of uniform low-density plasma. This celllveinable the investigation of highly collisionlessma-
wall interactions occurring over ~10 cm distandesbrication of the multidipole cell is currentlyderway. GT
HPEPL has also assisted with the development ofviliematerial sample controlled plasma exposurgrenment
at GTRI.

4.1 Gas Discharge Plasma Cell
In order to generate a large sheath plasma indkedggcharge cell, two parallel plate stainlesststectrodes are
positioned 12 inches apart inside HPEPL’s Vacuurst Facility 2 (VTF-2). These electrodes createasipla via



the application of DC bias between the two platashieving a Paschen breakdown of the low pressure
(order 1 x 10 Torr) argon gas fed into the vacuum chamber. Tikincludes a 6-inch square sample test bed
beneath the electrodes such that materials plgoed itiwill be immersed in a uniform region of thkasma column
and give rise to a uniform sheath.

Initial characterization of the plasma cell wasfpened using single Langmuir probes, traversed iniach space
grid pattern using a 2D linear positioning systeithve spatial resolution of 1 mm. Results of |-\4de analysis
showed significant local fluctuations around theemgping point due to pressure fluctuations and equent
discharge fluctuations during the probe traverssmdmuir probe measurements were taken along theergkrline
and distributed throughout the bulk plasma in a.grEmissive probe measurements were taken witt@rsheath
region. The cell was operated at Argon pressui@200- 0.20 Torr, discharge currents 1-50 mA, etslgrpotential
differences 300-1000 V, giving rises to sheathssiak1-20 mm. The sheath over an insulating ceramsterial
((AlO),SiOs) has been tested as well as a negatively biasatests steel which is used as the plasma boundary
TAL thrusters. Operation at increased dischargereotirand plasma density should prove a represeetati
environment for investigation of HET channel phgsigvhile in order to investigate more collisionlesseath
regimes a multidipole plasma cell is being consdc

4.2  Multidipole Plasma Cell

Multidipole plasma devices employ distributed pemerat magnets to create cusp-shaped magnetic fighitsh
confine primary electrons and generate a largeoregf quiescent plasma. The plasma region is larfrek of
magnetic field, as the influence of the exteriompenent magnets drops off in a matter of inchestdrically, these
devices have been enclosed vacuum chambers wittnaélgeets around the outside — GT will innovate bingl a
magnetic cage inside VTF-2 to generate plasmdaaga range of low pressures {19 10* Torr) and low densities
(10" — 10" m®). This addition to the gas discharge cell’s par@nspace will enable an exhaustive investigaiion
plasma sheath behavior around different wall mal®of interest.

4.3 GT-GWU Simulation

The gas discharge plasma cell developed at GT HPEP&imulated using the multi-scale simulation code
developed at GWUFigure 11shows the simulation setup and the potential ibigion assuming constant
background ion density of ¥om® and T = 10 eV. This is a vertical slice through the petuhe two electrodes are
on left and right and the wall is on the bottomeTalculated Debye length is about 1 mm and thatkhhickness

is several times this value (depending on whereub on the wall, and about 7 on the anode) —dbisonstrates
agreement with HPEPL emissive probe sheath meagatepas shown iRigure 11
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Figure 11 — Comparison between HPEPL experimentallyneasured potential distribution in the plasma
sheath and model potential distribution in GWU muliscale plasma simulation.

5 Plasma-Wall Multiscale Modeling (George Washingtoruniversity)

GWU has developed a multiscale model of the HEBmkdischarge in which a kinetic treatment is usedodel
electron transport along magnetic field lines wral€D macroscopic model is employed for the gldhalister
discharge. This multiscale formulation offers theméfit of self-consistently calculating electronbilities, while at



the same time retaining the reduced computatioeglirements of a hybrid model. Initial coupling tfe
microscopic and macroscopic model is performedavial electric field, electron fluxes to the walidaelectron
cross-field transport.

5.1 Multiscale Plasma Simulation

Although a fully-kinetic approach, in which all spes including electrons are treated kineticallyuld resolve
electron and wall effects directly, such an appinadamot cost effective. Fully kinetic models aretgbitively slow
and resource intensive, since details on the dpsatide of electrons must be resolved. Recenthygmass has been
made on tackling these computational difficultigs donsidering a multiscale approach to modeling sIEWe
decompose the HET analysis into three spatial scekch concentrating on a different subset ofiphy# single
magnetic field line serves as the first spatiallescas shown in Figure 12a). On this spatial scdy@amics are
dominated by the microscopic cyclotron motion efatfons and their interaction with heavy partidesl thruster
walls; heavy particle densities and cross-fieldperties can be assumed to remain frozen. The diimulaelf-
consistently calculates electron transport and ciglaistribution evolution. Since the simulatios limited to a
single magnetic field line, the computation is fastl hundreds of electron orbits can be computédamatter of
minutes. Utilizing multiple core architecture, mplé magnetic field lines can be analyzed in patall

A 2D axial hybrid code forms the second domain um multiscale model. It is illustrated in Figurek2lon and
neutral density is obtained by simulating kinetarticles. In our approach, the spatial variationmobility is
calculated self-consistently by the kinetic codee Thicroscopic and macroscopic models describedeatlepend
on each other. In order to obtain a truly self-éstesit solution, the two codes are iterated umtivergence. Once a
converged solution has been reached, ion partiel@gng the thruster can be sampled to obtain aretized
velocity distribution function for the thruster phe, which represents the third spatial scale ofhtbdel illustrated
in Figure 12c).

Figure 12 — Schematic of multiscale approach. Kingt model of the microscopic electron motion about
magnetic field lines (a) is used to self-consistdyptcalculate electron mobility. This mobility is then used in a
hybrid 2D axial code for thruster discharge (b). Upn reaching steady state, ions exiting the thrusteare

sampled to obtain a source model for plume analys(g).

5.1.1 Near-wall sheath formation

The plasma-wall transition region in the HET chdrdetermines the particle and energy fluxes frompglasma to
the wall. For self-consistency, the boundary patanseat the sheath edge (ion velocity and elefigid) have to be
obtained from a multi-dimensional (in our case, -tumensional) plasma bulk particle model. Havingtipke
density, ion velocity distribution and electricliecalculated from the bulk plasma particle motle, potential drop
across the sheath can be calculated for givenmatiérials (specifically, secondary electron emissioefficients.)
The relationship between the ion velocity and eledteld at the plasma-sheath interface is showifrigure 13.
Including the sheath acceleration of the ions inidfease the ability to predict wall erosion rates.

5.1.2 Secondary Electron Emission and Importance of Elecdbn Thermalization
Based on the steady state sheath condition we alanlate the potential drop across the sheath.elresults are
shown in Figure 14, where electron thermalizatioafficient was used as a parameter. One can stththhigher



thermalization coefficient leads to reduced shemitential drop and increased electron losses tomdle A low
thermalization coefficient restores the strong #ihess in the case without SEE.
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normalized by TdLp (Lp is the Debye length) and Figure 14 - Dependence of the sheath
velocity is normalized by the Bohm speed. potentail drop on wall material SEE yield.
An additional effect of electron thermalizationda the global 70-
discharge characteristics such as the bulk eled¢enrperature. =05
To illustrate this effect a 2D quasi-neutral plastoav domain 60- 07
was considered that has lateral boundaries neglecttic wall. T
The electron energy equation and electron transgod 50 09
considered along the centerline. The electron teatpe is < /_'
calculated along the centerline as a balance betwkmile £ 40 _—"
heating, ionizaton and wall losses. Partial etsctr - /:/-/'/'
thermalization is taken into account parametricalty it has a § 30+ —
very strong effect on global discharge characiesstAs an o /
example it is shown in Figure 15 that this effelcarges peak 201
electron temperature. It can be seen that highectreh
thermalization leads to saturation of &t higher discharge 104

yoltage while Iqw el_ectron thermal|zat|or_1 producmsar_ linear 0 100 200 300 400 500 600

increase of Twith discharge voltage. This is a very importa !

effect, particularly when high-power and high-vgkaplasma Discharge Voltage (V)

discharges a Figure 15 — Effect of the partial SEE electron
thermalization on electron temperature.a=1
corresponds to complete thermalization.
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Introduction and Motivation

The sheath drives the energy
flux onto materials, which

Wall ;> causes erosion and topology
/ alterations. To understand the
/ sheath, we must study the
Conductive Heat Loss plasma and the wall transition.

Flow direction of particles and radiative
energy to and from the wall.

 Fundamental Science questions:

1. How doinsulator topology and composition alterations caused by erosion
effect sheath formation (path to equilibrium) and plasma dynamics?

2. How does the plasma contribute to insulator erosion mechanisms?

* |deal outcome is a set of relations and models which predict the four

transport processes — enables plasma device design that use plasma-wall
interaction to enhance performance
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Keidar (GWU) Rimoli (GT)
Plasma modeling Microstructure modeling

sSurface erosion rate
sSurface morphology !

Bi-monthly telecoms + Quarterly face-to-face meetings




Erosion Microstructure under HET Xe Plasma

Schematic of HET
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Microstructure Erosion Patterns in Highly-Eroded Region

Smooth planar silica surface —
suggestive of micro-scale BN

. detachment and weak interphase
", bonding

y Micro-cracking prevalent in the BN phase

* Parallel and along the basal plane

* Believe to be from anisotropic thermal
expansion of BN in amorphous silica matrix

i | ' = * lon implantation in a hcp BN phase verses

| ' more ‘open volume’ amorphous silica
phase

10 keV secondary electron SEM micrograph /u

. . \ Amorphous
Jagged, surface protrusions — possible ' S0,

secondary electron emission sites?
Possible sputter erosion mechanism—->
modeling underdevelopment Hexagonal BN

500 nm

ExtraCtEd TEMfOI/ Confirming phase identlfication and i . ! ¢ /micro-cracks on

basal plane
micro-crack morphology in BN



Modeling Microstructure Erosion Patterns

Directional, erosion striations
possibly captured in sputter-based

erosion model

*Models sputtering of a heterogeneous
material

*200x200 surface grid, 10x10x10 pm domain
*Erosion rate model for each material derived
from Yalin’s experimental sputtering data on
HBC BN and quartz

*1E18 xe/m3, 150 eV ion beam at 78° to
surface normal

*50% volume fraction of cylindrical 0.1 pum x
10 um BN grains in a SiO, matrix

case3 mesh profile, t=100.1 sec (color is height)
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XPS:  preferential retention of
silica in highly eroded region.
Agreement with Garnier (1999),
but not Zidar and Rovey (2011).
(Binding energy of BN > silica).
Detachment of BN in highly
eroded region is believed to

contribute to this observation




Accelerated Erosion Studies to Quantify Mechanisms

Plasma Source

BN Sample Sample Holder

Plasma Characterization
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Langmuir Probe Measured
Current (A)

Typical 200  -100 0 100 200
Chemical Grade M26 Langmuir Probe Applied Voltage (V)
Analysis (BN-SiO,)
Boron 26.5-28.7%
Nitrogen 32.8-35% 3.0E-05
Oxygen - < 2.5E-05
Calcium .01% :E 2.0E-05 \
Silica (Si0,) 40% ® tos N\
Other Inorganic 0.05% :3, s \
Trace Metals 0.05% < 1.0E-05 \
TOTAL 100% & 5.0E-06
B,O, 0.20% 0.0E+00
-10 90 190
* 50mm X 300mm rod, RPA Voltage (V)
*Cut to 25mm x 25mm quarter
circles, ~6.35mm thick .
. Langmuir probe and RPA
sections dt Hify the bl
* Surfaces lathed to mimic thruster useato qf’fm ify the plasma
| sheath surfaces flux conditions

* No qualitative differences between
‘As-received’ and Prepared samples



Accelerated Plasma Erosion — Sample Exposure

Unexposed Boron Nitride
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Previous erosion microstructures (seen in HET) captured in controlled test!
Provided means to control, monitor, and characterize specific regions to specific plasma conditions
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Plasma Sheath

Experimental characterization (humber density and potential) of the argon

plasma sheath (Y10 mm) near insulators and conductors

Comparison with multiscale plasma model
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Continue to develop diagnostics in
near-wall region

Integrate surface probe




Accomplishments — Year 1

Material characterization of HET eroded microstructure initiated

Microcracking prevalent in BN along basal plane

Erosion into jagged protrusions occur — implication to secondary electron
emission unclear

Detachment of BN from silica yielding preferential retention of silica during
erosion

Controlled erosion chamber for accelerated studies set-up and functioning
Material Modeling

MD simulation of erosion
Effects of material mesostructural heterogeneity on the development of the
surface profile

Plasma

Multiscale model of bulk plasma and sheath
Experimental characterization of plasma properties in thick sheath near
insulators and conductors

Publications

Joint Publication: "Plasma induced microstructure erosion in BN-silica
composite" - In Progress

Keidar — L. Brieda and M. Keidar, Sheath formation in an oblique magnetic
field, J. Appl. Phys., vol. 111, 123302, 2012

Keidar — L. Brieda and M. Keidar, Multiscale simulation of Hall thrusters, AIAA
Joint Propulsion Conference, Atlanta GA, Aug., 2012.



