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The erosion of the channel wall in Hall effect thrsters (HETS) limits the maximum HET
operating life time. HET channel wall materials areoften binary composites of boron nitride
and silica. The heterogeneity of the material drive the development of complex surface
features and roughness during the erosion proces$o aid the understanding of the erosion
processes, a three dimensional model of the atonsputtering of a heterogeneous material is
developed. The model investigates, through a raydcing technique and empirical models
for the erosion rate of each phase, the interactiobetween ion beams and the underlying
grain-level microstructure. Simulated erosion histoies and surface profiles are compared
with empirical data collected from the eroded chanel wall of the AFRL/UM P5 HET.
Simulated surface features and expected surface rghnesses for moderate ion incidence
angles of 30° and 45° resemble those found througécanning electron microscopy and
optical profilometry of the P5 channel wall. Predited rms roughnesses for 30° incidence are
on the order of 7um, and rms roughnesses measured on the channel wafe 6+2.5um. The
composition of the channel wall surface is investaged via X-ray photoelectron spectroscopy
and is comparable to prior work, but the reductionin the presence of BN with erosion is not
adequately captured by this model.

Nomenclature
B; angle function fitting parameters
Ew threshold energy for sputtering (eV)
fo,(vi) = distribution function for single velocity compent

f, () = distribution function for ion velocity

gXx,gy = average slopeinxandy

k = sputtering rate scaling parameter

ky = boltzman’s constant

l = node surface normal vector

T = effective ion temperature

Veenter;, = component of the mean or bulk velocity of thaspha

Y = sputtering yield for a given incidence anghelampact energy (mffC)

I. Introduction

All effect thrusters (HETS) are attractive candigator many space propulsion applications includiatgllite

stationkeeping. HETSs typically operate at spedifipulses of around 1300 s at a higher thrust-togronatio
than gridded ion engines. Recent qualification tdeting of the BPT-4000 HET demonstrated operatibithe
thruster for 10,400 hour& One of the limits to HET lifetime is the erosiohthe discharge channel wall materials
by the plasma. Figure 1 shows a cross-sectiongtatia of a typical HET discharge channel, displayimgchannel
wall, magnet material, and region of interest foységon. The ceramic discharge channel wall of tiel Hbrotects
the magnetic circuit from the energetic plasma. ederated ions erode the discharge channel wall tiver
operational life of the thruster, eventually expagsthe magnetic circuit to the plasma. The erosibthe magnetic
circuit alters the magnetic field topology, whichanges the performance of the HET. After the fesrmagnet
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material begins to sputter, the ejection and sules@igredeposition of the metal onto the spacestatficture can
destroy electrical isolation and degrade the peréorce of other hardware.
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Flgure 1. Erosion process In HET alscliarge channel

In a HET, gas enters the discharge channel thrtheylnode gas-distributor. The neutral gas trawetsigh the
channel until it reaches the energetic cloud oftedes trapped by the radial magnetic field nearekit plane of the
channel. The gas is ionized by the electrons amd t@ccelerates across a narrow potential drep & few
millimeters wide) to a high velocity, at which & eéxhausted from the thruster. The erosion in tbehdrge channel
occurs primarily in the region immediately downatreof the accelerating potential drop.

A. Current Erosion Modeling

In order to predict design life, erosion modelsdubsn theoretically atomic sputtering mechanismeanployed.
The current state-of-the-art in the prediction lsdienel wall erosion involves the use of two-dimenal empirically
or numerically derived atomic sputtering models,vadl as axisymmetric two-dimensional simulatiorfstioe
plasma, to produce profiles of the average disehatmnnel wall radius as a function of axial positiSoftware
tools such as HPHall and 1dhydro can be used tompererosion analysis given a material modef However,
these erosion models have three inherent limitation

The first limitation of present erosion models hsitt the experimental data that they are derivenh fi® from
experiments conducted with little data below 256.6W the low discharge voltage modes of HET operation
energies of 100-300 eV are present. Thus, the raddwelaterial response to the lower energy portidrthe ion
energy distributions is not well supported by expental data.

The second limitation of present erosion modethas they treat the material as a homogenous isiotemlid?
Consequently, these models do not adequately aaperbehavior of the material surface roughnesserplain
features that can develop during thruster operstifemg., the saw-tooth erosion ridges observednduthe
qualification life testing of the BPT-4000 thrusgrown in Figure 2) Current erosion models can only capture an
average of the erosion depth, not the full geomattithie erosion grooves or surface composition.

The third limitation of present models is that grenetric and 2D models cannot capture the inheresiil
nature of the surface roughness. 2D models treasarface that results from erosion as a body tatian, losing
any data about azimuthal structure.
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Figure 2. BP1-4000 channel wall erosion arer IU,MiISZ

B. P5 Channel Wall Erosion Study

In order to develop a better understanding of tmgsjzs and important processes of channel walli@ipshe
channel wall of the AFRL/UM P5 HET was investigatading scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) composition messents, and optical profilometry. The P5 was operdor
more than 1500 hrs at the University of Michiganwhs operated at power levels of 1.6, 3, and 5uter a
variety of discharge voltages and flow conditioas,described in the thesis work of Haas, Gulczjreshd Smith.
Table 1 presents a summary of the operating comgitt*2*3

Table 1. Summary of AFRL/UM P5 operating conditions™***°

Gulczinski

Run Condition Discharge Voltage (V) Discharge Cnti@) Total Flow Rate (sccm)
Condition 1 300 5.3 64

Condition 2 500 5.3 64

Condition 3 500 10 111

Haas

Run Condition Discharge Voltage (V) Discharge Cotr@) Total Flow Rate (sccm)
Condition 1 300 5.3 63

Condition 2 300 10 63

Smith

Condition 1 300 5.3 61

Condition 2 300 10.4 114

Haas and Gulczinski measured the plasma numbeitglgmsfiles and ion energy distributions under gshe
operating conditions. At the 1.6-kW run conditionalyzed by Haas, xenon ion number densities wevengi
between 2x1H and 6x1&" m? and at the 3-kW condition, the ion number deesitivere between 6x¥0and
1x10"® m*.** Gulczinski also measured numerous ion energyibligion functions within and around the channel; at
the 1.6-kW run condition the ion energy distribatifunction centers around 250 eV with roughly aes0full-
width at half-maximunt? In order to simulate conditions relevant to theiemment to which the channel wall has
been exposed, the experimental data described afrevesed to define the plasma properties in theenical
model described in Section II.

The channel wall of the P5 HET is composed of Cdnwi26-grade BN-Si@ Common materials used for HET
discharge channel walls are boron nitride andasiticmposites (e.g., Combat M and M26) becauseeaf shiperior
machinability and ease of forming over pure BN gsallke A and HBC. The composite is not an isottapaterial;
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in grade M26 (60% BN and 40% silica by mass) highiggular BN grains are on the order of tens ofnaorneters
wide by hundreds of nhanometers thick. These graiasnterspersed in a silica matrix, which hasdatgmains of
relatively pure silica about 20m across. Such microstructures are visible in SEiddes of the channel wall, as
shown in Figure 3.
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Surface profiles of the channel wall surface wateh with an Olympus-LEXT 3D confocal microscopbarée
regions of interest were investigated, differingthg degree to which the surface was eroded byacomtith the
plasma. The regions were termed the non-erodekilyigroded, and highly-eroded regions. XPS spsctpy
yielded information about the surface compositioithie three regions. Excerpts from these data@rpared with
the heterogeneous numerical model in Section IV.

Il. Model Overview

A. Heterogeneous Model

To simulate the erosion of the channel wall maténigreater detail, a three-dimensional modehef $puttering
of a binary material has been developed. This 3Dleheeproduces some important features of the cairfa
structures that were found in measurements of ribeeel P5 channel wall, and the model provides msigo how
a heterogeneous material drives the formation o@ifface roughness and geometry.

In the present approach, ray-tracing techniquesised to determine the regions of the materiabserthat are
exposed to ion bombardment, or shadowed. In theepteapproach, each material phase has its ownicatom
sputtering model, which returns the sputteringdjiaé a function of impact angle and energy. Both 8\ SiQ
exposed surfaces have a separate angle and eregrggdince to their yield functions and erosionsrai@ée ion
impact angles are calculated based on the locald@nce angle of each velocity component of therpasFigure 4
shows the ray tracing approach.
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Igure 4. Ray-tracing approach to differential sputering

A continuum model of erosion is justified, due be tscale of the atomic sputtering events and tteeatawhich
ion impacts occur. The scale of atomic sputteringnés is on the order of 1 to 10 nm, with yieldscobic
nanometers or less per impact, according to théesaaf atomic sputtering observed in experimehitsand
theoretical tools such as Stopping Range of lorigatter (SRIMY®. The grid spacing chosen during simulation is
on the order of tenths @im for the small-scale domain model, andni for the large scale domain model, with the
impact rate on the order of 3idnpactsim?sec.

B. Flow of Execution

The sputtering model consists of a model of thengerial domain, a model of either an ion beam threamal
distribution of velocities in a thermal plasma, aadnodel of the two-dimensional surface geometnyriiyy the
modeling of erosion, a volumetric region of mateitidormation is generated, and the surface meshitislized at
the top of the simulation domain. For each timesthp material type at each point on the surfaceaisulated,
along with the local surface normals. Then, thalshéng is calculated to determine whether or nasioan impact
each point on the surface. Next, the local erosita is calculated as a function of the materfed,ibn energy and
direction, and the local surface normal. Finalhg surface mesh geometry is updated. Figure 5 stitewsequence
of execution for the model.
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recalculate exposed material

Fligure 5. Spufferlng moael ow chart

C. Discretization Scheme

The surface is discretized as a two-dimensionallagggrid. For each point on the surface, the logamal is
calculated in terms of the height of the four adjgmodes. The local surface area exposed for readh is the cell
area divided by the cosine of the local surfacenabiangle with the vertical.
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Figure 6. Surface mesnh.BIUe circles are neignboring
nodes for local normal calculations, grey are nodes
chosen to test for shadowing of the target nodeeforh
ion beam direction

The local surface normals are calculated as follows

1z~ 2z 1(z;;—2i_4;
I =s\T———|t5|\—7—
2\Xip1,j — X)) 2\Xij — Xiqj
Yz —ziy\ 1z~ 2
9y = o\y. . — +§ voo—v .
Yij+1 — Vij YVij — Vi,j-1

[-9x —gy 1]

Jgx?z+gy?+1 (1)

During each timestep, for each ion beam directigmether or not a given node is in shadow is catedl®ased
on whether or not the ion beam vector intersecystigangle formed by a trio of the nodes alonglthe of sight of
the ion beam vector. To reduce the required contipnt time, only those nodes along the line ofhsigre
compared when calculating the shadowing.

=

D. Plasma Model

In a HET, the ions are accelerated to a high vBlagia given direction, but also have a Maxwell@istribution
of speeds due to thermal motion, which can be neadefth an effective ion temperature. The simutasoftware
is capable of modeling either single monoenergetidbeams or a plasma with a center velocity astridution of
ion energies and directions. Single ion beams seel fior moderate incidence angles, where the 5prefad in the
ion angle due to thermal motion is not significaltie full plasma case is used to model a plasmeltiag parallel
to the wall, with thermal motion causing drift irttee wall.

The model captures the variation in ion energiabstae variation in the angle at which the ions ingg on the
surface by dividing a Maxwellian velocity distrilian into velocity classes. A plasma mean veloci#tyassumed,
related to the net velocity of the ions after pagsicross the acceleration potential drop in teetdirge channel. An
effective temperature for the ion energy is alssuaged, chosen based on the ion energy distributiessurements
in the works of Gulczinski and Haas? produces a Gaussian distribution of velocitiesuad the center velocity.
For each dimension of velocity space, the distiisuts then partitioned into velocity classes. Traetion of the
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total ion number density is binned for each of éheslocity classes, and this fraction is normaligedhat the total
fraction for all bins sums to one. An ion beam stiute is created for each velocity class, with émergy and
direction calculated from the center velocity ot tkielocity class bin. Equation 2 shows the expoes$or a
Maxwellian velocity distribution offset by a rele¢i mean velocity.

m -m 2
fvi(vi) = 2k, T €Xp <m (Ui - 1Jcenter,i) )

e e e e e

@ =] [
@

The simulation calculates shadowing and erosioesrdr each ion beam. The erosion rates are surfonedtotal
erosion rate, and the velocities are then updated.

E. Material Domain Model

Two different material domain geometry models aseduto capture features and behavior at differeales.
Each model uses a different grain geometry andprats the remaining material as a matrix. On ssdles, long
thin triangular BN grains are embedded in a sifiGtrix. At larger scales, large regions of purieaibre embedded
in BN-rich regions.

A small-scale model, an example of which is showrFigure 7, with mesh sizes on the order of tens of
micrometers on a side, is intended to capture iddal BN grains. The BN grains are modeled as ¢yigar flakes
interspersed in a silica matrix. The BN grains hawmiformly distributed randomized width and ldngtale based
on minimum and maximum specified lengths and théslses. Lengths and thicknesses are chosen to produc
material cross sections similar to those imageceexgentally. The grains are placed with a randomentation
within the simulation domain until a certain voluffinaction is achieved.

red: BN
blue: Si0O,

8 10 12 14 16 18
X, jm
Figure 7. small-scale material model cross secuon
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The large scale model, with mesh sizes on the afdeundreds of micrometers, is intended to captuedarger
scale surface roughness and the large silica grAmexample is shown in Figure 8. These silicargranodeled as
ellipsoidal regions, are placed randomly throughttiet domain until a certain volume fraction is &sfeid. The
interstitial area is assumed to be dominated bygedins, although no attempt is made to resolveirttvidual
grains.
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igure 8. Large scale material model cross section

F. Component Atomic Sputtering Models

A homogenous isotropic sputtering model for M26 BB, is provided by Gamero-Castano, who fit his curve
to experimental data collected by Garfief. Curve fits of a similar form were created, foe tpurposes of
comparison, from experimental data collected byirvahd used as the material model for each phaspectively.
The models were fitted to the experimental sputtedata collected by Yaliet al. for grade HBC, an almost pure
BN material, and for quart4silica). The curve fit expressions have the failtg form: Y is the sputtering yield in
mm°/C incident ion current is the impact energy in eV, is the sputtering threshold energy, anig the incident
angle in degrees. The sputtering yield is the velwhmaterial ejected for a given incident curressumed to be
singly ionized, in Coulombs.

2.5

E
Y(E,@) = Yz(E)Y,(a) = k(B + Bya* + Bya? + B;a®)WE | 1— %’1
3
Table 2 shows the coefficients for each model. Gaenero-Castano model is an example of a sputtenodel
used in the literature. Yalin's HBC and Quartz ni®@ee used for the boron nitride and silica phasgiéisin the
present model.

Table 2. Material model coefficients

Gamero-Castano Yalin Yalin
M26 HBC Quartz
Material  (60% BN, 40% Si@™  (99% BNY (Silica)’
En (eV) 58.6 18.3 18.3
Bo 9.90E-03 1.18E+00 9.14E-01
B, 0.00E+00 1.94E-02 5.34E-02
B, 6.04E-06 1.22E-04 -6.98E-04
Bs -4.75E-08 -2.22E-06 3.33E-06
K 1.00E+00 2.28E-03 3.50E-03

Figure 9 shows the curve fits and presents therewpatal sputtering data at 45 degrees incidenggeahe
curve fits are based on data at several energegaitdence angles. This one was chosen becaudatalkets have
some data at this angle. At low ion energies < @30BN-SiG; is expected to have a lower sputtering yield than
silica. However, according to the data collected@arnier and Yaliret al, the BN-SiQ material is modeled as
eroding faster than the silica at high impact emstgThis is not likely to be physically realisaad may be due to
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differences in measurement methods for the yieddyalin measured erosion in an angle-resolved nrawmita
deposition on a quartz crystal microbalance whe@asier measured erosion with a net mass lossafteriod of
exposure.

Purple: GC: M26
0.25 |Orange: Yalin: S10,
Black: Yalin: BN y

Sputtering Yield, mm?3/C
o o
S O

c <

o o
< wn
friga
\
e
“
Al

0 250 500 750 1000
Impact Energy, eV

igure 9. Curve fits to sputtering data, 45 deg
incidence

G. Analysis of Simulation Convergence

A convergence study is conducted at both smalksaad large-scale domain sizes to confirm the migale
stability of the simulation. Numerical instabilignd divergence of the results were found to ocouldrge time
steps, originating in areas of large curvature. ifiséabilities took the form of ripples which prazde from these
areas. If the ripples are large enough, they iotesgnificantly with the shadowing, and instalyiliesults. This
effect is exacerbated at shallow incidence angleshallow incidence angles were used as the tighitase for the
convergence study. Table 3 shows the run conditétise convergence study.

Table 3. Convergence study run conditions
Small Domain Study Large Domain Study

Downloaded by GEORGIA INST OF TECHNOLOGY on September 23, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-4127

Domain Size 30x16 200 x 100 pum
Mesh 400x200 200x100

Material: BN Flakes Ellipsoidal Silica Grains
Min length scale 3 0.1 pum
Max length scale 10 10 um
Min radius scale 0.1 5 um
Max radius scale 0.4 20 pum
BN volume

fraction 0.6 0.6

lon Beam:

lon energy 245.6 245.6 eV
Incidence Angle 15° 5°

Number Density ~ 3E+17 3E+17 “n

For the small domain study, the average erosittnaame to within 5% of the asymptotic value atreestep of
2 seconds, and the rms roughness of the produadileprconverged. For the large domain study, therage
erosion rate approached 0.5% of the asymptoticevatia timestep of 2 seconds. Figure 10 showsaheetgence
of the average erosion rates. These timestepsugeckin subsequent simulations at these relatish siees.
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H. Verification of Implementation

In order to confirm that the behavior of the modelphysically reasonable, and related to the masch
component models for each phase, several large-guatlerial domain models are generated. Each rabtiinain
model has a different silica volume fraction, ramggfrom 0% (no silica grains) to 100% silica. Theidence angle
of the ion beam is set at 30 degrees. It is expdbt the behavior of the model is identical tattbf the component
models when only that material is present. No serfaatures should form, as the erosion rate istaohacross the
entire surface.

In addition, the average rate of erosion should lsenooth function of the fraction of the surfacenposed of
each material. The surface features may modifywiitis the angles with which the ion beams strike biumps, but
it should be a smooth function on average. Figdrstiows the average erosion rates produced by didelm. In
the limiting case where the boron nitride fractisnL00%, no surface roughness or features are peade. the
simulation produces a flat surface for each tinpgsted the recession rate agrees exactly withdhgonent model
for BN.
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Figure I1. Average and one standard deviaton of
erosion rate with BN fraction: Comparison with
component models

The trend of the series of simulated average enosites is bracketed by the component models,varids
smoothly from 0 to 1. The reproduction of the comgt model behavior in the limits of compositiondawvell
behaved solutions in between are taken as veidicaf our implementation of the two-phase model.

One aspect of the behavior of the compositioneseis that the average erosion rate deviates frdimear
relationship between the erosion rates of the turejsubstance models. A linear relationship woddkpected of
a simple rule of mixture for the exposed materighis extra behavior is an effect of the developsgface
structures, and highlights the need for explicidels that capture heterogeneous features.

lll.  Numerical Results
The small-scale material domain model producedilpso$imilar to the tenth-micrometer erosion sioias seen
in close-up SEM imagery of the P5 channel wall atefas seen in Figure 12. lon flow at shallow e angles
produces long thin streak-lines. Cases where thw f& locally parallel to the larger scale struetappear to
produce these.
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a) SEM image of highly eroded P5 channel wall, impi scale simulation, 20° incidence, 750 s.'16°,
showing similar streak-like patterns

The large-scale material domain models providedntbst features for comparison with our experimedtih
from the channel wall. Single ion beam models wesed at several angles of attack to the simulatatenal
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domain. A thermal distribution of ion beams foruil plasma was used to model a 0° incidence cask38° for
comparison with the single ion beam case. Tabistg the conditions for the large domain simulation

Table 4. Run conditions, large-scale simulations

Domain 400x20Q@m

Mesh 400x200

Material Ellipsoidal Silica Grains
Min length 0.1um

Max length 1Qum

Min radius 5um

Max radius 2Qum

BN volume 0.6

lon Beam Properties

lon Energy 250 eV

Angles [5°, 10°, 15°, 20°, 30°, 45°, 90°]
Number Density 3.00E+177n

Plasma Properties

lon Temperature 8000 K

lon Center Velocity 19000 m/s

Angles 0, 30°

Number Density 6E+17 th

It was found that the distribution of the ion beaahsenter energies and spread similar to thosedtet! in the
Gulczinski thesis, 250-eV run condition does néfiedisignificantly from the single ion beam case@at. The effect
of the thermal distribution is most pronouncedtetli®w incidence angles.

The surface profiles of the simulated regions shimavfollowing in terms of erosion rate as a funetaf angle:
The average erosion rate quickly approaches aytatk value which persists through the entirdwtiom of the
surface profile, with only minor variations, as smoin Figure 13.

3.5e-02

3.0e-02 .45

T
[

2.5¢-02 I N
20e-02f> = ~ _ -

1.5e-02

Downloaded by GEORGIA INST OF TECHNOLOGY on September 23, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-4127

Erosion Rate, pm/sec

1.0e-02F e

5.0e-03 F i

0.0e+00 g :
0 3000 6000 9000

Time, sec

igure 13. Average erosion rate vs. time, by Incigee
angle, large scale
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The surface profiles of the large scale angle sesi® not uniform, and develop over time. Evenyyalie
qualitative nature of the surface appears to remaghanged after erosion depths of ~200 um. Mdseridh lower
sputtering yields protrude from the surface at aasiplaces, and erode away, but the relative magmiof the
features appears stable. The rms roughness ofitfecs continues to increase throughout the siradltime span,
albeit with an apparent logarithmic or asymptotamglown as time advances, corresponding to the maaturfaces.
The magnitude of the rms roughness profile thatlbgs, along with the nature of the surface featusea strong
function of the incidence angle of the ion beams.

For example, each of the angle series simulaticas nwn for 18000 s of simulated time. The 5° cabéeaed a
shallower depth at the end of the simulated petfaglire 14 shows the rms roughness achieved at threbeam
incidence angles as a function of erosion depth.
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Flgure 4. Rms rougliness as a runction of erosion

depth, large-scale

A 24000 s simulation with a coarser grid and largemain is run at 30° incidence to investigate the
boundedness of rms roughness for long erosion tistesvn below in Figure 15. At 470 um erosion detith rms
roughness is still below 9 um and is comparablenagnitude to the results from the finer large-saafaulation
(Figure 14). The peak-to-valley roughness has eotrgached a limit at 470 um, pointing to the depeient of
larger scale structures as the simulation advances.
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large-scale simulation

The relative presence of BN relative to gi®©quantified in terms of the proportion of upwdiading area on the
simulated domain as a function of time. The evolutdf the BN/SiQratio is shown below in Figure 16. The ratio
appears to increase from 60% to around 70% ofxtpesed area. The surface BN/gi@tio remains within 10% of
the starting value, the average volume fractiothin material, with no coherent trend up or downthesmaterial

erodes.
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igure 16. BN/(BN-SIQ) surface area ratio vs. erosion
depth, large-scale

V. Discussion

The P5 channel wall experimental surface charaettoin provides us with experimental data on sedac
eroded by HET plasma. The data is from a singlatgaitime, but features of interest can be comgpaviéh the
behavior of the model. Measurements of the surfaoéile, surface roughness, and surface compositenm be
compared with from the results of this model.
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The first observation from the model behavior iattlsurface structures are only generated due tmiato
sputtering when there is heterogeneity to the rredtén Figure 11 the pure BN and pure silica medaioduce flat
surfaces which erode at a rate exactly mirrorireg tf the pure component sputtering models. In kited cases
where the erosion is allowed to proceed past tfiaetbmaterial domain, into a region of pure materny surface
structure which is produced begins to decay battkarflat surface.

The average erosion rate of the surface is bettvestrof the two component atomic sputtering modsdsshown
in Figure 11 and Figure 17 . However, the variatdrihe average sputtering rate with mixture fiaetis not the
linear law-of-mixtures that is expected from a ffaatureless surface. This demonstrates the effesurface
structures in perturbing the average erosion @2te to the shadowing effect, the average erositmisacloser to
that of the slower sputtering material than woudelxpected from a linear law of mixtures.

0.040 ® Yalin, HBC
Curve Fit

2 i % Two-Phase

2 0.030 Stmulation

= Yahn Silica
=0.025 Curve Fit 7
] l'ls':ll:1\1crn1 /
§ 0.020 Castano Model P
5 0.015
£0.010
=
0.005 |
0000 I _ _
5 30 45

=

Incidence Angle, deg
Figure 17. Comparison of single phase models o two
phase behavior
The two-phase simulation erosion rates are brackdtg
the erosion rates of the constituent material medehd
compared to Gamero-Castano’s homogenous model for
M26. These rates are for a 250 eV ion beam, $*ho®
xenon

Figure 15 shows that the model produces surfacgsatle qualitatively mature after erosion deptlesaahieved
on the order of a few times the length of the latggain features. Local variations in mesh heayid feature size
appear to approach a steady state, as does theurfase roughness. Peak-to-valley roughness, whisénsitive to
the largest surface features generated continugxitease, even after long simulation times and di#0erosion
depths. This suggests that with larger domainslanger times, larger scale surface features mayltré®m the
continued operation of the model.

The second main observation from the model behasithrat surface structures observed in SEM imagirthe
eroded P5 channel wall are reproduced in the hggeeopus erosion model under certain beam and plasma
conditions. The nature of the features producethbyerosion model are highly dependent on the aatghéhich the
ion beam/ion beams impinge on the surface of thieiah

SEM imaging of the highly eroded surface showd-elifd-ridge structures on the order of 20 um widd 20-
40 um long. Contrast on the secondary electron samsshows higher BN concentrations near the fadrthese
structures. The large scale runs also produceasisiituctures, resulting from the boron nitridedsiveing the softer
silica grains behind them. The BN ridges shielddttiea cliffs from the bulk of the incoming ion§his is shown in
Figure 18.
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igure 18. Imulated erosion pro ire,
Image a) demonstrates the behavior of the two-phasterial model. This is for an incidence angIéBOf
3E17 n, 750 s simulation. Regions of high BN concentratibadow the softer silica material behind the
ridges, giving rise to features that appear similathe experimental surface profiles imaged vidiSEom
the P5 channel wall.

These cliff-and-valley structures are also complarab horizontal and vertical magnitude to thosensduring
profilometry of the eroded channel wall samples. @lympus LEXT 3D confocal microscope is used todpice
surface profiles of each of the three regions tdrzst on the samples. In the highly-eroded reglmmscales of the
eroded features in the profiles are similar to ¢heoduced by the 30° and 45° incidence angle sitiouls.

- 2

600
X, pm X, pm
igure 19. a) optucal profie o channel wall, p Simulaied proiile, mcidence, 750 s, SEL7 M
xenon
Image a) is an empirical profile of the highly eeadregion of the P5 thruster channel wall. A regifn
similar size to the simulated domain is outlineddomparison. Image b) demonstrates the similantihe
peak-to-valley depth and feature size developéldrsimulation.

The profilometry of the highly-eroded surface iraties an empirical rms roughness of around 6gh5This is
similar to where the rms roughness of the 30° sited case appears to asymptote (Figure 16). Thelated
roughness developed is a function of the largestrbgeneous surface features; in the case of tige-kcale
material domain model, the 20m silica grains govern the erosion.
Not all incidence angles produce surface featunesraughnesses comparable to what we see expediltyent
Normal incidence angles produce vertical shapeseve harder to sputter material protrudes froenstbfter silica

materials. At parallel incidence angles, the simadasurface is only very slowly eroded, and theeespatios of the

structures produced tend towards being semi-igfifiihis produces a very smooth, polished surface.
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In the plasma simulation cases when parallel ceveéocity is assumed, the thermal energies suggedsye
Gulczinski's ion energy distribution functions puecé distributions of ions which impact the wallless than 5°
incidence angle. Simulations including the fullgtea model do not produce erosion patterns thasignificantly
different from cases where a single ion beam &#lav incidence angle is used.

Haas's plasma potential contour measurements inPthedischarge channel suggest that the ions should
experience acceleration largely along the axia@ddion, with little acceleration in the radial diten as expected of
contemporary HET desighs However, note that Haas's measurements were taikeome distance from the wall
and do not account for the radial acceleratiorongidue to the plasma sheath at the boundary bettlveechannel
wall and plasma.

Cross sections of the P5 channel wall have a daupdary between the highly-eroded and non-eroegibm
shown in Figure 1, corresponding to the locatiothefacceleration zone of the plasma. The hightgled region is
inclined to the axis of the channel wall by about,lsuggesting that the plasma is initially impagtihe surface at a
moderate incidence angle. In summary, the secosdrestion is that we expect to see certain suffieaires only
when ions impact at a given angle.

The third main observation concerns the composiiotne eroded surface. XPS measurements are tikée
relative concentration of elements on the surfdddi® eroded channel wall samples. These measutenmeficate
that BN is depleted relative to silica in the higlkkoded region of the thruster. This surprisingulemirrors that
obtained by Garnier in his erosion experiments 63O, target discs However, Zidar took energy dispersive
spectroscopy (EDS) data from an eroded channeltiatlinstead indicated increased BN presencetheagroded
end of the channel wall, differing from our resudtsd those of Garniet. Further investigation of the difference
between our measurement results would be of iriteres

B 128 W [_east Eroded
QC; 80 Most Eroded
= 70
’ 60
QS 50
w40
Z 3
Z 20
“ o0

0

XPS Results  Garnier's  Zidar's EDS
XPS Data Data

igure 20. +SI0)) ratio (percen

XPS data from P-5 samples, Garnier's XPS data of BN
SiO, sampled Zidar's EDS data from a used M26 hall
thrustef.

The atomic sputtering model does not account fer dbhserved changes in surface composition. Atomic
sputtering alone would predict that BN would prdeurom the silica matrix, and persist relativetite softer to
sputter silica material. The model behavior is stidt the relative amount of exposed BN increatightly but
remains within 10% of the average material in tlarim, as shown in Figure 13.

In order to illustrate the difficulty with a purpw@tering approach capturing the change in surdaceposition, a
simple analytical model is presented. In the moaldlat surface plane propagates through a regidarain, shown
in Figure 21. As the surface plane is moved ineodbmain, the intersection of the surface withgrens produces
a similar but translated image to the initial istgtion image. According to this model, the expcm@é proportion
of the BN grains and silica matrix should remaiaetky the same. In a sputtering model, this maynbeified due
to exposure of the lower-yield grains, but sigrafit variation is not observed in the present mot8IN-SiO,.
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If the analytical model is modified so that wheBH grains which lose a critical amount of suppartthe
surrounding matrix are removed, it could accountcfranges in the silica. In this model, depictebblen Figure
22, the BN grains protrude from the matrix as ispgittered. When the BN has a small enough supgostirface
area in the silica, they are removed, leaving dl@liggroove behind. In this case, the upward facinga due to
silica increases after BN grains are removed.

2/ Detached grains \

BN

Si0,

X

1 1
igure 22. Composition changes due to ejection ofagns with small support

In order to explain the variation in surface comfos, another mechanism, such as the grain-ejectio
mechanism proposed above is needed. Atomic smgteilbes not predict the decrease in BN in the highbded
region. Grain ejection provides a plausible mecbrarthat explains this surprising observation.
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V. Conclusion

The modeling of atomic sputtering of a heterogeseuaterial is capable of reproducing some featolbsgrved
experimentally in an eroded channel wall. The ridgd cliff structure to the surface is explained&d, which has
a lower sputtering rate, shadowing the silica nialtdrehind it. The surface features produced byntoelel are a
strong function of the incidence angle of the iofke observed ridge and cliff structures are simitathose
produced by ions which impact at an angle of 3@peEmental rms roughnesses in the eroded chanalklane
similar to those produced by the model for incideangles of 30°. This suggests that the plasmamecting the
P5 channel wall at a moderate angle of incidencariation in the modeled material composition prauc
variations in the average erosion rate, as expektadever, the average erosion rate deviates frbat v8 expected
from a simple law-of-mixtures, which demonstratbe significance of the surface structure and shaupw
Average erosion rates are biased towards thoskeot@amponent with the lowest sputtering rate in rtregerial
mixture. The relative absence of BN in XPS measergmof the surface of a channel wall in the higéiyded
region remains unexplained, as this behavior iscaptured in a pure atomic sputtering model. Thexalereason to
believe that sputtering cannot explain this behaigipresented. The ejection of BN grains with sreapport in the
matrix is a plausible mechanism by which this sisipg experimental variation in composition caneplained.
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