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EXECUTIVE SUMMARY

Screening tests of Sand Mantis candidate materials selected for erosion resistance have been
completed. The results of this testing identified that over a relatively short period of
operation (<1 hour), measurable erosion will occur in each of the candidate zoom tube
materials given equal operating exposure. Additionally, this testing has shown that erosion
of the rubber discharge hose directly downstream of the vehicle could be expected to limit
the service life of the discharge hose. On the basis of these test results, SRNL recommends

the following;

e redesign of critical system components (e.g., zoom tube, discharge hose) should be
conducted to improve system characteristics relative to erosion and capitalize on the
results of this testing,

e continued efforts to deploy the Sand Mantis should include testing to better define
and optimize operating parameters, and gain an understanding of system dynamics,

e discontinue wear testing with the selected materials pending redesign of critical
system components (1* recommendation) and inclusion of other candidate
materials. The final selection of additional candidate materials should be made
following design changes, but might include a Stellite alloy or zirconia.
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1.0 INTRODUCTION AND BACKGROUND

Liquid Waste Operations (LWO) is investigating options for the effective removal of material
from Tank 19 and transfer to Tank 7. The total estimated quantity of wet solids in Tank 19 is
approximately 15,000 gallons, of which the dry solids are estimated to weigh approximately
30,000 pounds [1]. Complicating the removal is the presence of a variety of objects which have
been abandoned within Tank 19 over the years. The overall chemistry within the tank is highly
alkaline, with an approximate pH of 14. The waste solution is not significantly corrosive to the
carbon steel tank walls, as evidenced by the tank history.

One of the options under consideration is the Sand Mantis remote vehicle developed by
Technical Mechanical Resource Associates (TMR). It uses a 32,000 psi water nozzle(s) to create
adequate vacuum to remove material from a source tank and propel the material to a receipt tank.
In testing at the TMR facility in Denver, CO the Sand Mantis demonstrated a capability to
transfer material through approximately 500 — 600 feet of 2” hose with a 53 foot lift to
approximate waste removal and transfer from SRS High Level Waste Tank 19 to Tank 7.
However, erosion of the piping directly downstream of the high pressure nozzle (the zoom tube)
during the Denver testing indicated the need to identify a more erosion-resistant material. Given
the chemical species present within Tank 19, the presence of erosion also raises a possibility of
erosion-corrosion — a synergistic attack of material even in an environment where corrosion
alone may not be significant.

Damage to the sapphire high pressure nozzle orifices was also noted during the Denver testing.
This indicated a need for additional testing with a diamond nozzle insert before a nozzle service
life can be estimated. The desired service life in Tank 19 is approximately 400 hours of
continuous operation, based on preliminary estimates of the bulk transfer rate of the Sand
Mantis.

To further explore the viability of using the Sand Mantis in Tank 19, SRNL was specifically
tasked with testing of zoom tubes made of more robust materials, and characterizing the service
life of a more robust diamond-insert nozzle [2]. The selection of candidate zoom tube materials
was made following collaboration between SRNL, TMR and LWO. Work proceeded under task
plan TTQAP-23143 [3]. This report documents results of the screening tests of three candidate
zoom tube materials and a diamond-insert nozzle.
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2.0 TEST DESCRIPTION

Key elements of the Sand Mantis and associated equipment were provided to SRNL from TMR
for test purposes. In addition, SRNL rented a 40,000 psi pump and provided additional hose.
Testing included erosion testing of the candidate zoom tube materials, compatibility testing of
Goodyear Plicord Blast hose in a high pH solution, and slurry abrasion response (SAR) testing of
the other zoom tube materials in a representative chemistry. As part of the planned testing,
observations relating to nozzle service life and the performance of other system components
were made.

The Sand Mantis test setup centered on a high pressure stream developed by a 40,000 psi pump
similar to the pump used by TMR. Most of the pertinent parts of the test setup are shown in
Figure 1. A 0.034” diameter diamond orifice directs a 32,000 psi water stream into the zoom
tube. A 65-inch long 1.5-inch tube downstream of the zoom tube represents the remaining
length of the Sand Mantis body.

High pressure
nozzle assembly

o EE— \ Transfer hose
<L Suctlon line _ A S (shrouded)

Figure 1. Zoom Tube Assembly

The 65-inch long stainless steel tube was connected to a 2-inch transfer hose, made of sections of
Goodyear Allcrete Textile hose and clear PVC hose, in the following configuration (which
mimics the configuration used in Denver and the expected transfer line configuration during field
deployment):

Allcrete, 70 foot horizontal

PVC, 50 foot vertical upward

PVC, 300 foot horizontal

PVC, 50 foot vertical downward

Allcrete, 100 foot horizontal

agrwdPE
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A suction hose enters the Sand Mantis just downstream of the high pressure water stream to
transfer the sludge simulant, which was mixed and placed into a drum. The water stream and
simulant were captured in a second drum.

Five candidate materials for the zoom tube were originally identified for screening tests.
Materials identified included both a zirconia and a Stellite material based on known erosion
performance and experience with these materials in other onsite applications (e.g. Stellite use in
DWPF). However, a projected lead time of 8 weeks for each of these materials precluded their
use in these screening tests. Therefore, screening tests were limited to three candidate zoom tube
materials:

1. 440C stainless steel, heat treated to Rockwell C 53.

2. A2 tool steel, heat treated to Rockwell C 58.

3. Goodyear Plicord Blast two-ply hose.

The 440C and A2 zoom tubes had the same dimensions as the zoom tube tested in Denver, with
an ID of 7/8 inch. The downstream end of the 440C and A2 zoom tubes were connected to the
65-inch long tube section. For the third zoom tube, a 1-inch ID section of Plicord Blast hose was
inserted into a stainless steel sleeve, producing a total zoom tube length of 19 inches. The hose
was retained on the downstream end by a stainless steel adapter, which attached to the 65-inch

long pipe.

The solids in Tank 19 are primarily zeolite resin, which includes 65% silicon dioxide (sand).
This was approximated in the testing with a fine mesh sand, Sil-Co-Sil 125. Analysis of this
product identifies 78% is smaller than 45 microns, and 99% is smaller that 106 microns. This
simulant is expected to be a mildly conservative abrasive versus the actual tank contents, since
the silicon dioxide is the most abrasive constituent of the zeolite resin. The sand was mixed with
water in a ratio of 3 gallons water per 50 pounds of sand.

Prior to the first transfer, each zoom tube was photographed and weighed, the roughness and
circumferential profile were measured on the conical entrance and just beyond the conical
entrance, and an impression of the inlet end was made. (The Plicord Blast hose was inside a
stainless steel sleeve. The conical entrance was incorporated into the sleeve. For this hose
section, the straight bore section at the inlet end was measured and captured in an impression.)
The impressions were made with Repro Rubber, an inspection molding compound which
accurately retains its dimensions for later measurements.

All testing was performed with a single diamond-insert nozzle, which also received baseline
characterization. Prior to testing, the nozzle and insert were photographed. The ID of the insert
was measured using a measuring microscope, and found to be 0.0335 inch. This is in agreement
with the nominal insert diameter of 0.034 inch. The nozzle was examined for wear / degradation
several times during the test runs.
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During an initial trial transfer of the simulant with only 40 feet of Allcrete discharge hose, the
hose was breached just downstream of the 65 inch long tube. Examination of the two 20 ft hose
sections identified several apparent defects on the ID surface, but provided no evidence that
defects were present at the breach location. Details of this initial transfer and hose examination
are provided in Reference 4. Subsequent tests identified that the high pressure water and
simulant could wear through the Allcrete hose, with the wear rate depending on impact angle.
This was observed on sections of new hose with no observable defects contributing to the wear
[5]. When the discharge hose was lengthened to the 570 ft configuration described above, the
back pressure was sufficient to alter the flow regime and no further breaches of the discharge
hose occurred.

Testing proceeded incrementally to provide interim inspection opportunities that would identify
any developing degradation of the candidate materials. Each of the zoom tubes was used to
transfer two batches of simulant. Each batch contained a total of either 800 or 1000 pounds of
sand. After each batch transfer, the zoom tube was weighed and examined visually. The
observed wear patterns were photographed. Impressions of the inlet end of each zoom tube were
made to compare to the baseline configuration. Following the second transfer, the
circumferential profile measurements were repeated.

Slurry Abrasivity Response (SAR) testing was performed by White Rock Engineering Services
to characterize the compatibility of the 440C and A2 materials, from an erosion-corrosion
standpoint, with the pH level in Tank 19 [6]. Test coupons were procured and shipped to the
testing laboratory. The samples were heat treated to the same schedule as the zoom tubes. The
SAR test was conducted in a slurry of UOP IONSIV 20X50 Resin with 2N sodium hydroxide,
which better approximates the tank contents than the Sil-Co-Sil 125, and was readily available in
small quantities. The slurry consisted of 1 part (by weight) resin and 2 parts (by weight) sodium
hydroxide solution. The slurry pH varied from 13.3 to 13.9.

A separate compatibility test was performed to identify the response of the Plicord Blast hose to
a sodium hydroxide solution. One sample was placed in a 4.5 wt% NaOH solution (pH ~14).
When a weight gain was observed after 2 days, a second sample was placed in water as a control.
A total exposure time of 15 days was accumulated in the NaOH solution, while the control spent
a total of 11 days in water. The weight, thickness and hardness for each sample was
characterized initially, and following each of two exposure periods.
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3.0 RESULTS

3.1  Zoom Tube Results

Notes and measurements of the zoom tubes following each batch are summarized in Table 1
through Table 3.

After the first batch of simulant, wear was evident on each zoom tube. A groove was worn into
the last several inches of the 440C and Goodyear hose zoom tubes. In addition, the adapter at the
end of the Goodyear hose also contained a worn groove. A groove was worn near the entrance
of the A2 zoom tube, extending several inches in length, and a second smaller groove was worn
further downstream. The position of the grooves in the A2 zoom tube is attributed to a small
metal chip that was found behind the high pressure orifice and disrupted the flow pattern for this
run only.

After the second batch of simulant, additional wear was evident on the 440C and A2 zoom tubes.
Due to a slight change in the nozzle orientation, a second groove was worn into the last several
inches of the 440C zoom tube. Grooves of noticeable depth were also worn into the last several
inches of the A2 zoom tube. A minor region of wear was also noted on the adapter at the end of
the Goodyear hose zoom tube (away from the previous groove), but it was not obvious that
additional wear occurred on the hose. The Goodyear hose is slightly ovalized, as shown in the
profiles in Table 3. This effect was taken into account in identifying the depth of material loss
after the tests.

Both the A2 and 440C zoom tubes experienced a measurable weight loss from each batch of
simulant. The rubber hose experienced a weight gain, resulting from moisture absorption
exceeding the amount of material loss. Moisture absorption was also noted in the chemical
compatibility testing of this hose.
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Table 1. Notes and measurements for erosion tests on 440C zoom tube

Baseline Data

Zoom tube
weight

Hardness
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Table 2. Notes and measurements for erosion tests on A2 zoom tube

Baseline Data

Zoom tube
weight
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Notes and measurements for erosion tests on Goodyear hose zoom tube

Baseline Data
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3.2 Chemical Compatibility of Zoom Tube Materials

The SAR number provides a relative volume loss of the sample resulting from rubbing the
sample against a neoprene rubber surface while submerged in the slurry. For both materials, the
slurry particle size decreased during the test, leading to a reduction in abrasivity during the test.
Based on averages of two samples for each material, the SAR number is 26.9 for the 440C
samples, and 36.0 for the A2 samples. SAR numbers below 50 are considered relatively non-

abrasive.

Sections of the Goodyear rubber hose were immersed in NaOH solution or in water. Both
samples experienced significant increases in weight and thickness, and a modest decrease in
hardness. The changes were comparable for the two solutions (NaOH and water), indicating
there was no significant chemical degradation from the NaOH. Figure 2 shows the relative
weight gain for the two solutions, with an increase of ~8% over a 15 day period. The majority of
this weight gain appears to be almost immediate, with a much slower continuing weight increase
over time. The thickness increase was ~2%.

9

8 //"
A I ——
s 87
8 5 ; ¢ NaOH
= 41 o H20
(@) |
23
= 2

1

O ; T T T

0 5 10 15
Time (days)

Figure 2. Weight gain for Goodyear hose sections
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3.3 Nozzle Results

All testing was performed with nozzle 1. The baseline ID for the nozzle 1 insert was 0.03350
inch. A second nozzle had a baseline ID of 0.03355 inch. No wear is evident on the nozzle 1
diamond insert following testing. The inside diameter of the insert was essentially unchanged
and the exit edge is visually sharp (Figure 3). However, the steel holder has experienced some
wear on the discharge side. Some wear was observed prior to testing. Figure 4 shows the
discharge side before and after testing. None of the observed wear on the nozzle discharge face
was significant in terms of impacting performance. The testing performed was not sufficient to
estimate an expected service life for the nozzle.

Figure 3. Nozzle 1 diamond insert (center rings) after testing showing no measurable
degradation, photographed at 40X. The stainless steel face is around the edge and out of
focus.

Figure 4. Nozzle 1 stainless steel insert face before and after testing, photographed at 40X.

12
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4.0 ANALYSIS OF TESTED COMPONENTS

The manifold and nozzle were removed / re-installed or adjusted at several times during the
testing. While care was taken to maintain the alignment of the various components, it is possible
that minor variations in alignment existed. This could have a measurable effect on the aim of the
water stream and the point at which it impacts any downstream components. This effect is
suggested by the changing location of the observed wear patterns for each zoom tube.

41 440C and A2 Zoom Tubes

For both the 440C and A2 zoom tubes, more zoom tube material was removed during the first
batch than during the second batch. The weight loss for the A2 zoom tube during the first batch
was more than triple that of the second batch. The magnitude of this difference suggests that
material removal rates are increased if the stream is interrupted (in this case due to debris lodged
in the orifice) to move the impact point of the stream closer to the nozzle.

For each run, a rate of material loss can be estimated. Since each batch led to wear in a different
location of these two zoom tubes, each batch provides a separate estimate. Penetration rate is a
more meaningful metric than weight loss rate since the area over which weight is lost can vary
widely, and service life will be limited by wall penetration. Penetration rates are shown in
Table 4.

Table 4. Penetration Rates

Max. Penetration Simulant Amount | Penetration Rate
440C Batch 1 0.032 inch 1000 Ib 0.032 inch/1000 Ib
440C Batch 2 0.051 inch 800 Ib 0.064 inch/1000 Ib
A2 Batch 1 0.063 inch 1000 Ib 0.063 inch/1000 Ib
A2 Batch 2 0.056 inch 1000 Ib 0.056 inch/1000 Ib

4.2  Goodyear Hose Zoom Tube

The hose used in the erosion test was contained within a pipe section, and held securely with an
adapter on the downstream end. The adapter ID is nominally the same as the hose ID, which
extends the transition to thel-1/2 inch ID tube an additional 3 inches. To the extent the adapter
influences the flow pattern within the hose, the wear of the hose cannot be compared directly to
the wear of the other zoom tubes. The minimal wear in both the zoom tube and the adapter
during the second batch indicates that the impact zone may have been downstream of the zoom
tube and adapter. The nozzle and nozzle holder were removed and retorqued to ensure the
correct angular orientation of the nozzle and to inspect the nozzle for wear. This reinstallation
process may have moved the zone of direct impingement downstream past the zoom tube.

14
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The hose has a larger 1D than the other zoom tubes (1 inch vs. 7/8 inch). This is expected to
have the effect of moving any damage zones further downstream. The high pressure water
stream expands as it moves downstream, and the point where it impacts the wall will be further
downstream for a larger ID.

The maximum depth of penetration after the second batch was 0.021 inch. Comparing the
photographs after each batch, it appears that most if not all of this wear occurred during the first
batch. The wear rate for the hose is therefore bounded by 0.021 inch / 1000 Ib simulant. The
inner wear layer of the hose is 5/16 inches thick (nominal). Approximately 7% of this thickness
was penetrated with the transfer of 1000 pounds of simulant.

4.3  Chemical Compatibility

Literature data regarding the potential for erosion-corrosion of carbon steel in the waste tanks [7]
provides some insight into the potential performance of the Sand Mantis. This reference points
out that erosion-corrosion rates can be significantly reduced through standard corrosion control
methods such as adding inhibitors. The waste tanks (including Tank 19) have a history of
inhibitor additions to maintain the integrity of the tanks, such that the general corrosion rate of
the waste tanks is essentially zero. If the corrosion component is eliminated, then erosion-
corrosion rates will be reduced to just the contribution from erosion.

With the A2 and 440C zoom tube materials, general corrosion from the Tank 19 sludge should
be minimal. Given the good history of the carbon steel waste tanks and the alloying additions in
these materials that generally increase corrosion resistance, corrosion alone is expected to be
very low. One possible exception to this line of reasoning is found in Reference 8, which
identifies that 440C did not maintain its passivity in aerated slurries. The slurry pH was around
8, and may not be representative of higher pH slurries. However, the Sand Mantis produces a
highly aerated mixture, and loss of passivity of the 440C could lead to measurable corrosion
rates. With the additional presence of abrasive particles, erosion-corrosion could become
significant.

The A2 material would be expected to avoid the potential difficulties of 440C with regards to
loss of passivity, since A2 does not display active / passive behavior. In this regard, A2 would
be expected to perform more like the carbon steel waste tanks in displaying essentially no
corrosion.

The SAR tests indicate that the zeolite resin is not particularly abrasive against the 440C or A2
samples. This test measures the relative wear rate in a specific configuration. Wear rates under
a high velocity stream impacting at a shallow angle could be very different. It is noted that the
zeolite particles contain a significant percentage of silica (sand), and that the zeolite particles
tend to crumble easily under impact loadings. The use of fine grain sand, with a grain size
similar to the size of silica particles in zeolite, is considered a reasonable surrogate for Tank 19
sludge. In terms of erosion potential, the sand is probably a conservative surrogate (i.e., it would
produce a greater erosion rate) but the degree of conservatism cannot be quantified from
available information.
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The Goodyear Plicord Blast hose contains an internal layer of Tufsyn, a synthetic rubber
typically used in tires. Vendor data identifies it as suitable for continuous service in NaOH
solutions at concentrations and temperatures exceeding the Tank 19 environment. It is also
acceptable in a number of other chemicals, such as sodium nitrate, sodium sulfate, sodium
chloride and sulfuric acid, which contain ionic species that may also be present in Tank 19

[9, 10]. Erosion behavior for this material may be significant in some circumstances. While this
and similar hose products are marketed for handling hard abrasive materials such as sand, they
are generally pumped at relatively low velocity. Under higher velocity and varying impact
angles, physical damage to the material is possible. This has been noted in Neoprene, a similar
material [11]. Tested in coal slurry with a 20 degree impact angle, the material was found to be
very resilient to the impact of solid particles. However, it did not resist the tearing action of
angular particles.

4.4  Sand Mantis Performance Notes

The zoom tube material testing provided an opportunity to observe the operational characteristics
of the equipment. While this evaluation was not part of the test objective the testing provided an
opportunity to make these observations.

An initial effort to perform the screening tests led to a rupture of the discharge pipe after
approximately 7 minutes of operation. To perform the screening tests the length of discharge
hose was increased significantly (from 40 to 570 feet) to match the length of hose successfully
demonstrated during TMR testing in Denver. Following the screening tests, the hose was
inspected and was found to have been partially penetrated in the same manner as the initial
breach (Figure 5). In addition, some wear was observed inside the 65 inch long tube (Figure 6).
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Figure 5. Wear of discharge hose following screening tests. The central white region is
sand which was left embedded in the hose wall.

Figure 6. Wear of 65-inch-long tube following screening tests
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4.4.1 Observation One

Small perturbations in the system tend to create new or pronounced deviations from the expected
operating conditions.

On at least two occasions (once at SRNL and once at TMR) small bits of debris found
their way to the upstream or high pressure side of the nozzle causing changes in nozzle
flow that damaged the nozzle in one case, the nozzle holder in another, and drastically
altered the wear pattern in the zoom tubes.

Changes in the wear patterns found within the machine can be produced by small changes
in nozzle alignment which in turn can be produced by applying a slightly different torque
at any one of the connections during assembly.

Changes in the amount of air entrained in the flow appears to drastically alter the
characteristics of the flow with regard to its capacity to move material into the machine,
pump material through the system, and wear or damage components.

4.4.2 Observation Two

The dynamics of the machine are not trivial, and for this reason, are probably not fully
understood.

Failure of the discharge hose in its initial, short, configuration demonstrated that the
discharge configuration of the equipment has an influence on the pumping regime.

The most pronounced wear patterns appeared just upstream of expansions in the piping;
while there was much less wear noticeable downstream. It is inferred from this that the
arrangement and geometry of these changes can influence the shape/orientation of the
main jet as it flows through the machine.

Abrasive water jet cutting machines are similar in design to the squid/zoom tube portion
of the Sand Mantis in their construction from three basic components: orifice, mixing
chamber, and focus tube. Abrasive water jet cutting machines also operate in a similar
pressure range. It is probably not surprising then that testing of the squid/zoom tube has
demonstrated its ability to remove material and damage the discharge hose.
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4.5  Application to Tank 19

Reference 1 develops an estimate of 15,000 gallons of wet solids remaining in Tank 19. This
reference also estimates that the wet solids contain approximately 30,000 pounds of dry solids.
If the wear varies linearly with the amount of solids transferred, then significantly greater wear
would be predicted to transfer the 30,000 pounds of solids in Tank 19. Either 30 or 15 times as
much wear as was observed in transferring 1000 or 2000 pounds of sand simulant might be
expected. At this rate, it was concluded that none of the candidate materials would provide the
desired erosion resistance. Accordingly, screening testing was stopped at that point.

Some effort was made to identify potential improvements through redesign of the Sand Mantis,
or with alternate equipment. For example, operation of the Sand Mantis at a reduced pressure
would likely produce less wear on the zoom tube and other components. However, discussions
with TMR representatives identified that the Sand Mantis eductor does not transfer material in
the desired transfer line configuration at less than 26 ksi. This reduction in pressure from 32 ksi
was not deemed significant enough to warrant additional erosion testing. Redesign of the zoom
tube and other components was considered as well. Prior to initiating any work in this regard,
TMR requested return of their test equipment so that they could improve the design of the Sand
Mantis eductor.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Screening tests of Sand Mantis candidate materials selected for erosion resistance have been
completed. The results of this testing identified that over a relatively short period of operation
(<1 hour), measurable erosion will occur in each of the candidate zoom tube materials given
equal operating exposure. Additionally, this testing has shown that erosion of the rubber
discharge hose directly downstream of the vehicle could be expected to limit the service life of
the discharge hose. Insufficient test experience was accumulated with the diamond nozzle insert
to estimate a nozzle service life. On the basis of these test results, SRNL recommends the
following;

e redesign of critical system components (e.g., zoom tube, discharge hose) should be
conducted to improve system characteristics relative to erosion and capitalize on the
results of this testing,

e continued efforts to deploy the Sand Mantis should include testing to better define and
optimize operating parameters, and gain an understanding of system dynamics,

e discontinue wear testing with the selected materials pending redesign of critical system
components (1% recommendation) and inclusion of other candidate materials. The final
selection of additional candidate materials should be made following design changes,
but might include a Stellite alloy or zirconia.
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