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Introduction

- Erosion measurement is critical to the
characterization of electric propulsion (EP)
systems.

— Quantify: absolute erosion rate, trends with
operation, trends with location on EP
system.

— Needed to understand and predict system
lifetime.

— Challenging because of low erosion rates.

— Sources of potential error must be well
understood for reliable data.

- Technology Demonstration Unit (TDU-3)
thruster operated at NASA GRC in VF-5
and VF-6.

- Non-contact confocal profilometer
scanning masked graphite components.
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Model of an ideal masked erosion

Before

a)

Masked Region Exposed Region

- Macroscopically flat

- Microstructurally smooth
- Locally homogeneous

- Mask does not interact

- Mask perfectly protects

b)

During

- Steady state
- Spatially uniform
- Directionally invariant

- No back sputter

~ time

time

After

- Uniform step
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Model of an ideal masked erosion

Before

Masked Region Exposed Region

- Macroscopically rough
- Microstructurally rough
- Locally inhomogeneous

- Mask may interact

During

- Transient

- Spatially varying

- Directionally varying
- Facility back sputter
- Mask back sputter

After

- Non-uniform step
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Methodology

- Classic approach of Figliola and y, £
Beasley, Abernethy et al., or
Moffat.
+U

— Design-stage, single-measurement

v
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. y /
- Propagate error of independent — T iy
: 7] ==
sources using a truncated Taylor J
. . X
Series expansion.

- Combine normalized error
sources using a root sum of
squares (RSS) type norm.
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Methodology (cont.)

- |SO 5436-1 Type Al depth a) 2W/3 wi3 | E w/3 2w/3
measurement standard used to guide | |
assessment regions.

W/3 W/3 W/3

— Exclusion zones around high angle features
are based on step width. b) Region 2, Masked

W/3 w/3 W/3

— Masked region width is used in erosion o~ ™ O o
measurements.

- Calculation of erosion rate is based on I
average step height and segment
time.

W/3 2W/3

—  Left/right steps may differ if erosion process

is asymmetric. Cl(t) — E(T) dt

— Measurements are considered for azimuthal Lo
asymmetry.
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Calibration uncertainty Ucal Ucal Calibration uncertainty, see table
€cal = 7 2

Component roughness, _ 1999,y Smasked Smasked Masked standard deviation,
masked region Cmasked = " Tomasked Noasked | Masked measurement count.
Component roughness, o _ Lo9gp,vSexposed Sexposed Exposed standard deviation,
exposed region exposed a W Nexposed Exposed measurement count.
Component waviness Uwavy Uwavy Deviation of surface from straight

Cwavy = T line background correction.
Segment time off-point _ Utime Usime Operating time spent at off

Ctime =~ 2 nominal wear point.
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Sources of Uncertainty

Source

Calibration uncertainty

Relative Uncertainty

Ucal

Ccal = —
ca a

Parameters Parameter Description

Ucal Calibration uncertainty, see table
2.

omponent rougnness,

L99%,v o masked Smasked

IViasked Sstandar eviation,

Cmasked — T
a\/ Nmasked

Nonasked Masked measurement count.

masked region

— 1 M 1 1 1

‘ o

Factor Factor Range Factor Description

Step Size 1-15 ym Physical distance between single measurement
locations.

Averaging 1-20 points Repeated measurement averaging performed
at a single location.

| Acquisition Rate 200-1000 Hz | Sampling frequency of the collection optics.

Brightness 25-100% Illumination brightness intensity of the optics.

Focus Height 744-2047 ym Nominal distance between optics and surface
feature.

Off-Nominal Tilt +59 Angle between optics and surface feature.
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Calibration uncertainty Ucal Ucal Calibration uncertainty, see table
Ceal = 7 2.

Component roughness, o _ 1999,y Smasked Smasked Masked standard deviation,

P ked — ~ _
masked region masiee N Nnasked Masked measurement count.
Component roughness, £999%,v Sexposed Sexposed Exposed standard deviation,

[ Cexposed = T Exposed measurement count
exposed region A\ Meorposed ey P :
Component waviness Upauy U Deviation of surface from straight

Seg meiI

~ /!

i
L /

0.01 0.02 0.03
Probability
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Sources of Uncertainty

SWANYIW

>
~

i
L L/

Height (;zm)

,,,,,,,,,,,,,,,,,,,,,,,,, ion
Cal ’ e table
Component roughness, o _ 1999,y Smasked Smasked Masked standard deviation,
masked region masked &M Noasked | Masked measurement count.
Component roughness, o _ 999,y Sexposed Sexposed Exposed standard deviation,

i exposed — ~ _
exposed region @\ Meposed Nexposed I_Exposed measurement count.
Component waviness Uwavy Uwavy Deviation of surface from straight

Cwavy = T4 line background correction.
Segment time off-point _ Utime Utime Operating time spent at off
Ctime =~ 2 nominal wear point.
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Sources of Uncertainty

Source Parameter Description
Calibration uncertainty libration uncertainty, see table
a; + + 4 S
Component roughness, ﬁ--——;_——f—-;_—#’——‘#—* ————————— asked standard deviation,
masked region asked measurement count.
Component roughness, —— I(posed standard deviation,
exposed region T - ™ —dn0Sed measurement count.
Component waviness Uwavy Uwavy Deviation of surface from straight
Cwavy a line background correction.
_ Ytime Utime Operating time spent at 0
Ctime 5 nominal wear point.
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Sources of Uncertainty

|-,
Sod £

Calibration ur

kr Description

ertainty, see table

Component r d deviation,
masked regioq [ement count.
Component r . rd deviation,
exposed regio time time firement count.
Component WevTITESS — Owavy Uwavy irface from straight

Cwavy = & line ha;.kgmlmrl carraction
Segment time off-point _ Utime Utime Operating time spent at off

Ctime = nominal wear point.
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Combination of Sources

~ ~ ~ ~ 2 ~
Aemasked T A€exposed +\/(aecal)2 + (aewavy) +(detime)*

At

UE:

3
g
D
D
~—
™
N

Height (zm)

-38 . . .
0 0.01 0.02 0.03
P

Factor H
,,,__Jr_;__&__#,ﬂif__i_ 1-15 um
¥
1-20 poin
Distance from step - time B time
Acquisition Rate 200-1000l re——r— :
Brightness 25-100% Illumination brightness intensity of the optics.
Focus Height 744-2047 ym Nominal distance between optics and surface
feature.
Off-Nominal Tilt +59 Angle between optics and surface feature.
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- Graphite inner front pole
cover eroded for 1015
hours.

- At beginning of segment
cover was polished to
uniform finish.

- Erosion steps were

measured at several 60 =
radial locations across A0F Sy 5 |
two masked g2 & <
components. 5° 3 & g
£-20 g &
- One example trace is 40} 2
. — ux.l
presented for clarity. 60 - - - -
0 0.2 0.4 0.6 0.8 1

Normalized Position
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- Graphite inner front pole
cover eroded for 1015

hours. , . .
0-
- At beg |“"”‘
covery _-or Reglon 2

3

1 =
uniforr = 20|

2

] : Region 1 Region 3
- Erosio] = _ |
meas
radial 40T | | | | |
two m 0 0.1 0.2 0.3 0.4 0.5 0.6
Normalized Position
comp . - - -
£-20 g %
- One example trace is ! 3
. — u><_,
presented for clarity. 60 . . . ,
0 0.2 0.4 0.6 0.8 1

Normalized Position
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Summary of Assumed Values

Parameter Term Value
Average step a 30.82 um
Calibration uncertainty U.al 0.54 um
Component roughness, 999,y Smask
masked region . 0.08 pm
Component roughneSS, t99%,vsexposed
ex d ; 0.10 um

posed region Meoxposed

Component waviness (L —— 2.26 um
Segment time off-point Utime 0.63 um
Erosion rate E Hwm
30.36 —
khr

Total rate uncertainty Ug pm
2.54 —

khr
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Calibration uncertainty Ul 0.54 pm

Conpnanent raughnegg Lo00io Suacy
mas T T T T m
Con or W
exp m
-10F Region 2 -
Co E m
Seg 2 20 m
Erof & _ Region 3 m
% Region 1 n
r
Tot =01 m
hr
B 40+
0 0.1 0.2 0.3 0.4 0.5 0.6
Normalized Position
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Summary of Assumed Values

Parameter

Term Value

Calibration uncertainty

amnonent rolighness
Step Size  Averaging Rate  Brightness Tilt Deviation
(nm) (Count)  (H2) (%) (Deg) (nm)
1 16 200 100 0 -0.521
5 16 200 100 0 -0.505
10 16 200 100 0 -0.481
15 16 200 100 0 -0.768
1 4 200 100 0 -0.528
1 8 200 100 0 -0.648
1 12 200 100 0 -0.556
1 20 200 100 0 -0.496
1 16 400 100 0 -0.504
1 16 1000 100 0 -0.584
1 16 200 25 0 -0.550
1 16 200 50 0 -0.627
1 16 200 75 0 -0.655
1 16 200 100 -5 -0.127
1 16 200 100 -4 -0.409
1 16 200 100 -3 -0.097
1 16 200 100 -2 0.167
1 16 200 100 -1 0.348
1 16 200 100 1 -0.106
1 16 200 100 2 -0.442
1 16 200 100 3 -0.291
1 16 200 100 4 -0.149
1 16 200 100 5 -0.378

Deviation (xm)

Repeated for:
10um and 50um Standards
3mm and 20mm Optics
Final Result is 20

2.5
+ Parallel
2r © Perpendicular| A
15} ¢
1 *
*
@] o
0.5 - o *@
; o ®*QO*
0 Tt
o]
@®
-0.5 A d . . :
-15 -10 -5 0 5 10 15

Angle (Degrees)
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Summary of Assumed Values

Parameter Term Value
Average step a 30.82 um
q,. ", .I I1CE V Uﬁal 054 LI

Component roughness, 999%,v Smask i
P c m
masked region m K
omponeniLouanne 9904 vsemﬁﬁd_
exposed re( 0.10 pm
Componen Polished Region 2, BKG Correct to Region 2 226 um
Segment tif ' ' | 0.63 pm
Erosion raf 20,36 MM
" khr
Total rate | um
2.54 —
khr

0 0.02 0.04 0.06
Probability
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Summary of Assumed Values

Parameter Term Value
Average step a 30.82 um
Calibration uncertainty U 0.54 um
Component roughness, 999%,v Smask
masked region n 0.08 pm
Component roughness, 9996,y Sexposed
exposed region Meoxposed

omponent waviness {— 2.26 um
Segment tin 0.63 um
Erosion rate Exposed Region 3, BKG Correct to Region 2 pum
. : : 30.36 —
khr

Total rate u um
2.54 —

khr

Height (;zm)

0 0.01 0.02 0.03
Probability
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Summary of Assumed Values

Parameter Term Value
Average step a 30.82 um
Calibration uncertainty U 0.54 um
Component roughness, 999,y Smask i
: .08 pm
masked region -
Component roughness, 9996,y Sexposed
exposed region N 0.10 um
| Component waviness (L —— 2.26 um I
egment time off-point Uimne 0.63 um
kociaocato L WEEE
\ -
a) 305} AA . Left Step b) s} - Right Step
E: ‘ 5-29 r
§ o1 g
a 2 -31.5¢ 2
o o -31r
= =
a; + 4+
a ”-—+—;—=+--+7*4—+--————— -32t 32}
+ " i i : ; i
8 10 12 14 16 10 15 20
Distance from siop Distance from step (mm) Distance from step (mm)
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Summary of Assumed Values

Parameter Term Value
Average step a 30.82 um
Calibration uncertainty U 0.54 um
Component roughness, £999%,v Smask s

: .08 um
masked region -
Component roughness, 9996,y Sexposed 0.10
- . l'lm
exposed region /—nexpose p
: 9 U"m 2 72A LM
Segment time off-point Utime 0.63 um I
rosion rate E um
30.36 —
la
a Thruster Estimated Erosion Time Accumulated
Condition Rate (um/khr) (hr) Uncertainty (pm)
1 60 | 4.3 0.17
2 60 5.3 0.20
3 40 | 6.1 0.12
4 30 6.1 0.05
u _ , 5, Nominal 21 ~ 1015.0 0.00
time time 6 40 46 009
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Summary of Assumed Values

Parameter Term Value
m
da(t) Aa; n
AT At
10l
Trnp( U — demasked + deexposed + \/(decal)z + (&ewavy)2 + (&etime)2 N
exposef “E At n
CompdTTeTTt WavITess Uwavy yAVAS) ufr
Segment time nff-pninf - 0.A3 um
Erosion rate E o e um
" khr
Total rate uncertainty Ug pm
2.54 hr
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Practical Case Study

- 1015 hour segment of the previous case study is long for research.
- A more practical research segment is on the order of 100s of hours.

- Case below demonstrates uncertainty calculated for a 250 hour run.

Different operating conditions than the previous case.

Parameter Term Value
Average step a 12.61 pm
Calibration uncertainty Ucai 0.54 um
Component roughness, 8999, v Smask
masked region Mmoo 0.12 pm
Component roughness, 8999,y Sexposed
ex d . 0.15 pum

posed region Fexpose P
Component waviness L 1.73 um
Component waviness Uwavy 3.34 um
Segment time off-point Utime 0.63 um
i m
Erosion rate E 50.43 Hm
khr
Total rate uncertaint U m
y E 14.85 22

khr
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Results Summary

- Many of the sources of uncertainty are independent of
segment run time or absolute step height.

In general larger erosion steps, longer segment operating
times, and higher erosion rates are easier to determine
with small relative uncertainty.

1015 hour case has 30.36 ym/khr = 2.54 ym/khr

— Represents 8.4% measurement uncertainty
250 hour case has 50.43 ym/khr = 14.85 pm/khr

— Represents 29.4% measurement uncertainty

Uncertainty estimation is intended to be conservative.

— Target confidence level is 95%, but some sources are not
statistically based.

— Some sources are estimated based on experience.
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Alternative Approach

- Many alternative approaches exist:

— Direct physical measurements, surface layer activation methods,
non-contact measurements, destructive examination of
components, actual life testing...

— Many approaches are limited by schedule and funding for research
applications.

- Mass loss of components was tracked for the 250 hour
case study presented above.
— Pole cover lost 0.25% of its mass during the erosion segment.

— Assuming an average step height of 12.5um, nominal geometry,
uniform density, negligible moisture uptake differences...

» The profilometry predicted mass loss is 0.31%.

— Mass loss provides a simple means of assessing erosion,
specifically for design decisions.
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Conclusions

- Uncertainty of non-contact profilometry based
erosion measurements has been investigated.

« A number of sources have been identified and
guantified.

- Two case studies provide some insight into
magnitudes of expected uncertainty.

- Analysis Is intended to be conservative and
should be used to help guide test planning.

— Can be used to help determine minimum segment
operating times.
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Questions?
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