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COMPARISION OF EROSION RATES OF
CARBON-CARBON AND MOLYBDENUM ION OPTICS

J. S. Meserole* and D. E. Hedges**
Boeing Defense & Space Group
Seattle, WA 98124

Abstract
Erosion of the accelerator grids on ion thrusters by impact of charge-exchange ions is the principal life-
time consideration in the design of ion propulsion systems. With thruster grids made of molybdenum,
achieving the requisite lifetimes of 5,000 to 10,000 hr is now believed to require substantial derating, or
throttling, of the thruster to reduce the erosion rate. Empirical data on the sputter yields of carbon and
molybdenum suggest that grids made of carbon may erode one-seventh as rapidly as molybdenum ones.
Graphite grids are commonly used on ion beam sources for terrestrial applications, but graphite is too
flexible and fragile for spacecraft thrusters. We have fabricated a pair of 10-cm grids made of carbon-
carbon composite and have demonstrated that their functional performance is comparable to that of simi-
lar molybdenum grids. This paper reports on a subsequent pair of 150-hr erosion tests. We found that the
carbon-carbon accelerator grid eroded one-third as much as the molybdenum accelerator grid. The
greater than expected erosion of the carbon-carbon grid was due, we believe, to the combined effects of a
higher background pressure than in the molybdenum test, of insufficient graphitization of the carbon ma-
trix in the grid material, of carbon oxidation, and of a slight grid misalignment that produced asymmetric
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erosion.

Introduction

Ion propulsion offers substantial benefits in reduced
spacecraft mass for many planetary exploration missions
and Earth orbit applications. A key requirement ion
propulsion systems must meet, however, is that they
have a demonstrated lifetime of 5,000 to 10,000 hr or
more. For most missions of current interest, the princi-
pal life-limiting element in an ion propulsion system is
the thruster ion optics; that is, the grids that accelerate
the ions to produce thrust.!2 In a two-grid optics set,
specifically, the accelerator grid is steadily eroded by the
impact of charge exchange ions produced just down-
stream of the grid and drawn back to it by its negative
potential.3-6 In thruster life tests conducted in vacuum
chambers, moreover, erosion is accelerated because the
xenon background pressure is higher than is experienced
in space, which results in greater production of charge
exchange ions.” :

Ion thruster grids are usually made of molybdenum,
which among the refractory metals has the best combina-
tion of mechanical properties and low sputter yield.
Tests have demonstrated, however, that to operate
molybdenum grids for more than a few thousand hours
without the structural integrity of the accelerator grid
being severely compromised requires that the thruster be
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throttled far below the maximum beam current density—
or thrust density—that the thruster would otherwise be
physically capable of. To alleviate this constraint on
thruster performance, we have been developing and test-
ing grids made of carbon-carbon composite. Data re-
ported by Wehner® show that the sputter yield of carbon
under bombardment by 500-eV xenon ions is one-fifth as
much as that of molybdenum under the same conditions.
In a previous paper,® we discussed in detail the expected
benefits of carbon-carbon grids and reported on
comparative tests of similar carbon-carbon and molybde-
num grid sets which demonstrated that thruster operation
with carbon-carbon grids is comparable to that with
molybdenum grids. This paper reports on a subsequent
comparative erosion test of these carbon-carbon and
molybdenum grids.

The first investigation of carbon ion thruster grids
was in 1963 when flat graphite grids were tested as a
possible solution to the problem of grid warpage from
thermal distortion.!® The performance was similar to
that of molybdenum grids, but the flexibility and relative
fragility of the graphite were serious drawbacks. Today,
graphite grids are used in commercial ion beam sources
for industrial applications where requirements for perfor-
mance and tolerance to vibration are not so demanding
as they are for spacecraft. Recently, Monheiser and
Wilbur!! conducted comparative S0-hr erosion tests of
small graphite and molybdenum grids. Depth measure-
ments of the eroded areas indicated that the molybdenum
eroded several times faster than the graphite, but the
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amount of erosion of the graphite was too little to
provide a more definitive determination of the relative
erosion rates. Garner and Brophy!? fabricated carbon-
carbon panels for use in making thruster grids and
subjected carbon-carbon and molybdenum badges to
erosion tests within an ion thruster discharge chamber.
In that environment, the carbon-carbon eroded only 25%
less than the molybdenum.

Ion Optics Description -

Carbon-Carbon Grids

The carbon-carbon grids we tested were fabricated
from 14-cm-square flat panels 0.9-mm thick made of
three plies of S-harness satin weave fabric laid up in a
[0,45,0] orientation. The fiber in the fabric was a pitch-
based fiber with a modulus of 7.2 x 10!! Pa and a dia-
meter of 10 microns. The matrix was pure carbon suf-
fused into the fabric by chemical vapor infiltration. The
coefficient of thermal expansion of these panels ranged
from -2.0 x 10/K at 295 K to about +1.0 x 106K at
675 K.

With a 1.5-kW CO, laser, the panels were machined
into circular grids with a 9.6-cm-diameter array of circu-
lar apertures. Subsequent to the performance tests re-
ported in the previous paper, we sanded the screen grid
to a thickness of 0.36 mm—to match the dimensions of
our molybdenum screen grid—and the accelerator grid to
a thickness of 0.51 mm. Table 1 describes in detail the
geometry of these grids. Our intent was to make them as
similar as possible to our molybdenum grids, except for
the dishing of the molybdenum grids. (An advantage of
the near-zero coefficient of thermal expansion of the car-
bon-carbon material is that carbon-carbon grids need not
be dished to accommodate differences in thermal expan-
sion between the center and periphery of the grids.)

Molybdenum Grids
The molybdenum grids each had a 9.6-cm-diameter

Table 1. Geometry of the Carbon-Carbon and Molybde-
num Grid Sets.

Carbon-car- | Molybdenum
bon

Beam diameter (cm) 9.6 9.6
Grid profile Flat Dished
Hole quantity 1615 1614
Hole spacing, center to center (mm) 2.29 2.29
Hole profile Tapered 6° | Dual cupped
Screen grid hole diameter (mm) 1.83 1.90
Accelerator grid hole diameter (mm) 1.09 1.14
Screen grid open area fraction 0.59 0.63
Accelerator grid open area fraction 0.21 0.23
Screen grid thickness (mm) 0.36 0.36
Accelerator grid thickness 0.51 0.38
Grid-to-grid gap (mm) 0.6 0.6

array of apertures similar to those in the carbon-carbon
grids, but made by chemical milling. They were dished
inwards (i.e., into the discharge chamber) and produced
a beam shaped like an hour glass. In tests prior to the
150-hr erosion test reported here, they accumulated
approximately 40 hr of operating time.

The grid mount used for both the carbon-carbon and
the molybdenum grids was a pair of molybdenum rings
designed specifically for the molybdenum grids. They
worked well at maintaining-good grid alignment with the
molybdenum grids, but thermal expansion of the rings
caused the carbon-carbon grids to become slightly mis-
aligned, as will be discussed later.

Apparatus and Test Facility

The ion source used for these tests was a commer-
cial 15-cm-diameter discharge chamber with water cool-
ing. An adapter masked the chamber exit down to 10 cm
and provided an attachment for the 10-cm molybdenum
grid mount. The cathode and neutralizer for this ion
source were tungsten filaments. To avoid tungsten
deposition on the downstream side of the accelerator
grid, the neutralizer was inoperative for the erosion tests.

A controllable AC power supply connected through
an isolation transformer powered the cathode. The dis-
charge supply floated at beam potential with its negative
terminal connected to the midpoint of the secondary
winding of the cathode isolation transformer.

The test facility used for these tests is the 5.5-m-
high and 2.4-m-diameter vacuum chamber shown in Fig-
ure 1. This chamber is pumped by three 1.2-m helium
cryopumps that can be individually valved off from the
vacuum chamber. With all three pumps operating, the
pumping speed is 79,000 /s for xenon. For the erosion
tests, we operated only one pump and had a large baffle
placed in front of it. This kept the background pressure
relatively high, above 1 x 103 Pa, to accelerate the grid
erosion. The mounting port for the thruster is at the top
of the chamber, and the thruster beam was directed verti-
cally downward at the bottom of the chamber. Analysis
of deposits on the thruster after the tests indicated that
the length of the chamber was sufficient to preclude
significant deposition of backscattered material from the
chamber bottom and walls.

The instrument used to measure the grid erosion was
a laser profilometer capable of producing contour plots
as well as the usual line plots. The profilometer optics
selected for these measurements gave a vertical resolu-
tion of 0.7 micron and had a vertical range of 300 mi-
crons. This instrument incorporated a vibration isolation
and damping system and was equipped with a precision
4-axis motion controller.

Experiment Procedure
Prior to the tests we measured the surface profiles at
several locations on both the carbon-carbon and the
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Figure 1. Vacuum chamber used for grid erosion tests.
Two of three helium cryopumps are visible.

molybdenum accelerator grids—the carbon-carbon grid
to verify that the sanding left the surface smooth and flat,
and the molybdenum grid to determine the amount of
pre-existing erosion. This provided baselines for the
posttest measurements. The first 150-hr test was with
the carbon-carbon grids, and the second was with the
molybdenum grids.

Table 2 lists the nominal operating conditions of the
thruster for the two tests. Periodic manual adjustments
of the cathode current were necessary during the initial
half of the first test to maintain the 80-mA setpoint for
the beam current. Subsequently, the experiment compu-
ter regulated the cathode power supply automatically.

Table 2. Nominal Thruster Operating Conditions for the
150-hr Erosion Tests.

Beam voltage 500 V
Accelerator grid voltage -300 V
Discharge voltage 35V
Xenon flowrate 0.29 mg/s
Beam current 80 mA
Chamber pressure (average)

Carbon-carbon test 1.5x10-3 Pa

Molybdenum test 1.0x 10-3 Pa
Accelerator grid current (average)

Carbon-carbon test 1.1 mA

Molybdenum test 1.2mA
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The beam-current setpoint for the second test was varied
to match the running average value of beam current
actually realized during the first test. The total ion flux
in the second test was thus made to equal that of the first
test.

We had intended that the chamber background
pressure be the same for both tests, but in between the
tests our program was interrupted for another use of the
chamber and the pump baffle was inadvertently altered
during reinstallation. - Consequently, the background
pressure during the molybdenum grid test was lower than
during the carbon-carbon grid test, which is believed to
have reduced the erosion of the molybdenum grid. One
would also expect the accelerator grid current to have
been less in the molybdenum grid test, but our measure-
ments indicated it was 10% higher. We do not know for
certain why this was so, but it may have resulted from
greater direct beam ion impingement due to the dishing
of the molybdenum grids.

For the purpose of maximizing the accelerator grid
erosion, a higher beam current would have been prefer-
able. Because the carbon-carbon grids had not been
originally fabricated at the same thickness as the molyb-
denum grids and were subsequently sanded to make
them the same, they were relatively flexible and were
prone to arcing frequently if the total voltage was much
greater than 800 V and the beam current was 100 mA or
more. (This was not the case when the grids were at
their original thickness.) Thus, we ran the tests with the
beam current set at the relatively modest value of
80 mA.

Subsequent to each test, we removed the grids and
made profilometer scans of the same areas of the down-
stream side of the accelerator grid as were scanned be-
fore the test. Also, with the carbon-carbon grid we made
scanning electron micrographs of the center part of the

grid.
Results

Carbon-Carbon Grids

Sanding the carbon-carbon grids proved to be a
simple and effective way to produce a flat, relatively
smooth surface that made an excellent starting condition
for the erosion test. Figure 2 shows a 3-D plot from a
profilometer scan of the region between the four holes at
the center of the grid. Note the two locations where
there were slight indentures resulting from imperfections
in the material. The depth resolution in this plot is 2.5
microns. A line scan from the edge of the left hole to the
edge of the right hole is plotted in Figure 3 at the
maximum instrument resolution. The height of the sur-
face features is typically 4-5 microns valley-to-peak.

A photograph of the downstream side of the carbon-
carbon accelerator grid taken after the 150 hr of testing
is shown in Figure 4. The resolution in this reproduction
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Figure 2. Pretest 3-D plot of the carbon-carbon grid sur-
face. Resolution is 2.5 microns.
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Figure 3. Pretest line scan between two holes in the car-
bon-carbon grid. Resolution is 0.7 micron.

is inadequate to show the erosion pattern, which was
readily visible. Figure 5 shows a magnified view of the
center of the grid. The eroded areas generally appear
dark. The light areas surrounding each hole are caused
by aluminum that sputtered from the ground screen
mounting structure and deposited on the grid in places
where little, if any, erosion was occurring. The unusual
bright appearance of some of the eroded areas is due to
reflections caused by the surface texture of the carbon
fibers. The dotted box outlines the region depicted in
Figure 2.

The asymmetry, or skewing, of the erosion pattern
resulted from the previously mentioned misalignment of
the grids introduced by expansion and contraction of the
molybdenum mounting rings as the thruster warmed and
cooled. (Because of the need for manual adjustment of
the cathode current in this test, it was run intermittently,
with the thruster shut down overnight. There was also

Figure 4. Posttest photograph of the downstream side of
the carbon-carbon accelerator grid.

Figure 5. Center of the carbon-carbon grid after 150 hr of
operation; magnification 13X.

one instance when the thruster was removed from the
chamber.) There was no measurable increase in accel-
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Figure 6. Line scan of path A in Figure 5.

erator grid current, so the misalignment was not severe
enough to cause direct beam impingement on the grid.

The lines labeled A, B, and C superimposed on the
photograph indicate the paths of individual profilometer
line scans that we made specifically to measure the max-
imum depths of the erosion depressions. Figures 6, 7,
and 8 display the plots of these three scans. They show
that the erosion depressions are about 5-6 microns deep
relative to the uneroded surface of the aluminum
depositions adjacent to the holes. The thickness of the
aluminum layer is apparently negligible, because profilo-
meter scans made radially across the edge of the alumin-
um deposit at the periphery of the exposed portion of the
grid showed no discernable height change between the
aluminum surface and the unaltered carbon-carbon
surface. Consistent with expectation, the depths of other
erosion depressions at a couple locations about 2 cm
from the grid center were nearly the same as at the cen-
ter, and at 4 cm from the center they were 30-40% less.

At a few spots near the grid center and at other ran-
domly located spots around the grid, relatively deep, but
narrow and irregularly shaped, pits were formed. These
appear to have been created where imperfections or
openings in the carbon-fiber fabric were present or where
densification (i.e., formation of the carbon matrix around
the fibers) was incomplete. Several of these spots are
visible in the scanning electron micrograph in Figure 9,
which depicts part of the same region at the grid center
as shown by Figure 5, but rotated clockwise by 45
degrees. (The dark lines result from prior contact by a
probe, and the dark spots are artifacts caused by charge
concentration.) For reference, the superimposed lines B
and C traverse the same paths as the ones on Figure 5.
(Line A is off to the right side of the region shown in this
figure).
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Figure 7. Line scan of path B in Figure 5. The fluctuations
at 3.5 mm are where the scan skimmed the edge of a hole.
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Figure 8. Line scan of path C in Figure 5.

A pit located within box II in the lower right
quadrant of Figure 9 is shown magnified in Figure 10.
For comparison, Figure 11 shows a magnified view of
the triangular region of normal erosion within box III,
just right of the center of Figure 9. Another detail to
observe is that line C in Figure 9 traverses linear surface
features that appear to be gaps between fibers in the
carbon fabric, and Figure 8 shows that where one of
those gaps extends through an erosion depression the gap
is eroded into a trough 14 microns deeper than the base
of the erosion depression. As discussed previously, there
is strong reason to expect that use of improved grid
fabrication methods will yield denser, more consistent
carbon-carbon material that will not have the flaws that
result in the sharp pits just discussed. It is worth noting,
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Figure 9. Scanning electron micrograph of the center of
the grid; magnification 15X.

moreover, that the conditions allowing their formation
do not exist through the entire thickness of the grid, and
these pits would stop growing rapidly deeper once denser
material is reached.

Molybdenum Grids

The erosion already present prior to the erosion test
is indicated by the line scan in Figure 12. The path trav-
erses one of the erosion depressions at the grid center.
This scan, and numerous others made at other locations,
show that the erosion depth was 4-5 microns prior to the
test. It appears from these scans, though, that the points
of maximum pre-existing erosion were not in quite the
same locations as the points of maximum erosion after
the test, probably as a result of differences in grid align-
ment. In fact, the prior erosion was the result of several
tests at various grid spacings, with no assurance that the
grid alignment was identical in each test. Thus, at the
posttest locations of maximum erosion the pre-existing
erosion could have been as little as 2 microns.

The erosion pattern evident after the 150-hr test—
again visually accentuated by deposition of aluminum on
uneroded places—was almost symmetric with the holes,
indicating that the molybdenum grids remained in good
alignment during the test. The contour plot in Figure 13
of the region at the grid center (including the scan path

Figure 10. Irregular erosion pit in the carbon-carbon grid;
scanning electron micrograph magnification 200X.
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Figure 11. Normal erosion region on the carbon-carbon
grid; scanning electron micrograph magnification 100X.
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Figure 12. Line scan of the center of the molybdenum grid
prior to the 150-hr test, showing the pre-existing erosion.
Sampling interval along the scan is 13 microns.
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Figure 14. Line scan through the centers of the erosion de-
pressions in Figure 13. (The path is similar to the one of
Figure 12). Sampling interval along the scan is 28 microns.
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Figure 13. Contour plot of the erosion between four holes at the center of the molybdenum grid, after the 150-hr test. The

contour interval is 7.5 microns.

of Figure 12) illustrates this. Figure 14 shows a line scan
through the centers of the erosion pits evident in Fig-
ure 13. The maximum erosion depth shown in this scan
is about 20 microns, and therefore the erosion incurred
during the 150 hr of this test was 16 to 18 microns.
Other line scans taken at the grid center and at a couple
locations about 2 c¢cm out from the center also show
maximum erosion depths of 20 microns.

Discussion

Using the depth of the erosion depressions as the ba-
sis of comparison, we thus found that the molybdenum
grid eroded three times as much as the carbon-carbon
grid. The empirical sputter yield data reported by

Wehner—0.9 molybdenum atom per incident 500-eV
xenon ion, and 0.17 carbon atom per incident ion®—sug-
gest that the difference in erosion rate on a mass basis
would be about a factor of 40, since the atomic weight of
molybdenum is eight times that of carbon. The ratio of
the densities of molybdenum and of the carbon-carbon
material used in this test is six (10.2 gm/cc versus 1.6
gm/cc), so on a volumetric, or depth, basis one might ex-
pect the molybdenum grid to have eroded nearly seven
times the amount the carbon-carbon grid did. The rea-
sons for the more than factor-of-two discrepancy be-
tween this predicted result and the measured one are not
fully understood, but the most significant contributor is
likely the 50% higher background pressure present
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during the carbon-carbon grid test. This may be respon-
sible for perhaps 30% of the discrepancy, because at a
background pressure on the order of 1 x 10-3 Pa the pro-
duction rate of charge exchange ions is as much, or
more, dependent on the background xenon density as it
is on the flux of xenon atoms flowing through the accel-
erator grid holes.

Other possible contributors to the discrepancy are
(1) insufficient graphitization (i.e., long-range ordered

crystalization) in the carbon matrix in our carbon-carbon -

grid material, (2) oxidation of the carbon grid surface
while adsorbed oxygen and water vapor was being baked
out of the carbon-carbon grid at the beginning of the test
and subsequent to the test interruption, and (3) slight
accentuation of the rate of impact of charge-exchange
ions at half of the erosion depressions in the carbon-
carbon grid (and moderation of the impact rate at the
other half) because the erosion occurred asymmetrically.

Improvements in fabrication methods will produce
carbon-carbon grids with a density of 1.9 gm/cc or more
and with a more extensively ordered graphitic structure

that resists erosion better. In combination with tailored |

design approaches appropriate to carbon-carbon material
that permit making the accelerator grid thicker where
erosion is most severe, this is expected to make the life-
time of carbon-carbon grids be five to ten times that of
molybdenum grids.

Conclusion
We have conducted a pair of 150-hr tests to com-

pare the erosion rate of a carbon-carbon accelerator grid -

to the erosion rate of a molybdenum accelerator grid of
similar geometry. Prior data on the sputter yields of car-
bon and molybdenum suggest that carbon-carbon grids
might erode at as little as one-seventh the rate of molyb-
denum grids, as determined by the maximum depth of
the erosion depressions. Our flat 10-cm carbon-carbon
grids comprised three plies of satin-weave carbon-fiber
fabric densified by carbon vapor infiltration and sub-
sequently sanded to a thickness of 0.36 mm. After
operating these grids and a pair of similar, but domed,
molybdenum grids at equivalent beam current, total
voltage, accelerator voltage, and propellant flowrate, we
measured the erosion depressions on the downstream
side of the carbon-carbon accelerator grid to be one-third
as deep as the ones in the molybdenum accelerator grid.
Although we had intended that the tests be run at
equal background pressure in the test chamber, the test
of the carbon-carbon grids occurred with the background
pressure nearly 50% higher (at 1.5 x 10-3 Pa) than the
test of the molybdenum grids. We believe this differ-
ence may be responsible for 30% of the discrepancy be-
tween the expected and the measured ratios of the rates
of erosion. The remainder of the discrepancy is likely
due to a combination of insufficient graphitization of the

matrix in the carbon-carbon composite, oxidation of the
carbon surface, and asymmetric erosion of the carbon-
carbon grid due to a slight grid misalignment. Improved
processes and materials that are now available for mak-
ing thin carbon-carbon panels will enable fabrication of
much stronger and more erosion resistant grids than the
first prototypes used in this test. The current results in-
dicate that with improvements in materials and refine-
ments in test techniques the factor of five to ten increase
in grid lifetime projected with carbon-carbon composite
is achievable.
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