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NOTICE

This report was prepared as an account of Government-sponsored
work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on behalf
of NASA:
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tract with NASA, or his employment with such contractor.
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ABSTRACT

Tantalum specimens were coated with Als03 or Zr0y. The coated speci-
mens were subjected to bend tests, corrosion in lithium pentaborate solu-
tion, exposed to wet hydrogen at high temperature and exposed to simulated
molten reactor fuels. The Aly03 coating spalled but the Zr0, coating was
intact after the bend test. Both coatings were unaffected by the lithium

pentaborate solution, Both coatings were impervious to molten simulated
fuel.

Zr0; and Al704 were evaluated as filter vent materials for hydrogen,
helium, xenon and a mixture of these gases at various temperatures and
pressures. Room temperature helium flow rates varied from 1.11 std.
cc/sec to 6.7 x 10-8 std. cc/sec, depending on filter material, filter
geometry and gas backpressure. The elevated temperature flow rates for
helium, hydrogen and xenon were anomalous due to numerous variables such
as material expansion differences, gas purity, absence of sufficient data
points, thermal cycling and vent blockage. Problem areas are pinpointed
and discussed.

vi



SUMMARY

Two flame-sprayed ceramic coatings, Alp03 and ZrQO,p, were evaluated
as protective barrier coatings for a tantalum catch basin in a reactor
vessel. The coatings were evaluated for adherence after coating, after
exposure to simulated molten fuel, and after exposure to a 3 weight per-
cent lithium pentaborate solution. The Al;03 coating spalled on both
sides in a bend test and the Zr0O; coating spalled on the interior but
not on the exterior of the bend.

Coated coupons were autoclave tested in a 3 weight percent lithium
pentaborate solution. The rods were completely coated while the coupons
were coated on the faces only. Both coatings were intact after the tests
with no evidence of spalling, cracking, blistering or peeling,

Fused reactor fuels or claddings or mixtures thereof were dropped into
cold tantalum cups coated with either Alp03 or Zr0Oy. The three test formu-
lations were Type 304 stainless steel, an equal weight mixture of depleted
UOy-Mo, and an equal weight mixture of Type 304 stainless steel-Mo-U0;.
There was no apparent reaction between any of the three simulated fuels and
the two coatings. Some slight cracking of both coatings occurred with the
latter two fuel mixtures. Both coatings are satisfactory in preventing
molten fuel from contacting the tantalum catch basin and reacting with it.

Two tantalum cups, one of each coated with Al303 and Zr09 and each con-
taining one of the simulated fuels, stainless steel-molybdenum-U0,, were
tested in moist hydrogen at high temperature. Unfortunately, the cups had
been coated only on their interior surfaces. While this was sufficient for
the other tests, on this test the exterior surface was inadvertently left
unprotected from the hydrogen atmosphere. As a result, the tantalum sub-
strate of both cups disintegrated, leaving the coating as a thin shell.
When examined metallographically, it was found that there was no reaction
between the Zr0j and the fuel, but the fuel reacted with the Alp03 and
migrated through the coating.

Six filter vents were fabricated and tested for selectivity in venting
helium, hydrogen, xenon and a mixture of these gases at various temperatures
and pressures. Two materials were investigated, ZrO, and A1205, in various
geometries. The leak rates were found to be a function of the filter ele-
ment density, diameter and length. The leak rate also varied with gas
temperature, pressure and molecular or atomic size. The filters were flow
tested with helium at room temperature at various gas backpressures, then
with helium, hydrogen, xenon individually and a 50:50:1 mixture of the pre-
ceding gases at several different filter temperatures and 100 PSIA (6.89 x
105N/m) gas backpressure. Room temperature helium flow rates ranged from
1.11 std. cc/sec to 6.7 x 1078 std. cc/sec depending on filter material,



filter geometry, and gas backpressure. The elevated temperature flow
rates for helium, hydrogen and xenon were anomalous due to numerous
variables such as material expansion differences, gas purity, insuffi-
cient data points, thermal cycling and vent blockage. Problem areas
are pinpointed and discussed,

INTRODUCTION

The purpose of this program was to evaluate candidate protective
barrier coatings and selective vent materials for use in the Multi-Purpose
Nuclear Aircraft (MNA). 1In the event of a core meltdown it is desirous to
retain the molten material within the reactor vessel. Since the molten
fuel might react with the tantalum catch basin material and permit eventual
release of radioactive materials, two barriers which could potentially pre-
vent this occurrence were evaluated. The barrier coatings were Zr0y and
Al5043. An attempt was made to evaluate U0y also as a coating material, but
the coating process was unsuccessful. To be effective, the coatings should
be adherent to the tantalum and should not react with molten reactor fuel,
Samples of each coating were subjected to bend tests and exposed to simu-
lated molten fuel, Metallographic examination of typical test areas were
made and each coating was evaluated for adherence and compatibility.

In addition to controlling the release of radioactive solids in the
event of a core meltdown, it is also desirous to retain radioactive gases
within the reactor vessel. However, the non-radioactive gases could be
vented to prevent excessive gas pressure within the reactor containment
vessel. This program evaluated two vent materials, Zr0, and Aly05, for
selectivity in venting Hy,, He and Xe gas at room temperature and at ele-
vated temperatures.

The technology upon which the filter vent work was based resulted
from an earlier successful vent development program. In that program a
concept for venting a single gas, helium, was finalized and perfected.
All testing was done at room temperature with a maximum backpressure of
20 psia. The objective of the program was to provide a maximum helium
vent rate but retain a radioactive species of very small particle size.
Relatively low density zirconia filter elements bonded into Haynes 25
housings met the criteria. The flow rates ranged from 10-1 to 10-3
ce/sec (12.3 ce/sec-cm? to 0.12 cc/sec-cmz) with an L/D of 2.25.
Relatively low density alumina elements of the same L/D ratio had flow
rates five to six magnitudes lower.

It was the intent of this current program to use precisely the same
design and fabrication concept and vary appropriately the filter element
geometry and density only. Further, it was intended only to measure and
report the flow rates of the individual and mixed gases and determine the
applicability of this filter concept at its current state of development
to this particular gas venting problem.



The effects of several parameters were postulated. These included
the effects of L/D ratio and density of the filter element, backpressure
of the test gas, test temperature, molecular or atomic size, and thermal
expansion.

The effort was divided among four tasks:

TASK 1 - Fabrication and Coating of Containment Vessels
and Specimens

TASK 2 - Fabrication and Installation of Filter Vent
Materials

TASK 3 - Compatibility Testing of Protective Barrier
Coatings

TASK 4 - Performance Testing of Filter Vent Materials

Each of these tasks will be discussed individually in detail in the
next section,



EXPERIMENTAL PROCEDURE
A, TASK 1 - Fabrication and Coating of Contaimment Vessels and Specimens

The scope of this task included fabricating and coating tantalum cups,
coupons and rods for compatibility testing and coating evaluation.

Thirty-mil (7.62 x 10-4m) thick tantalum sheet was procured and guality
inspected to assure a uniform thickness to‘f 0.002 inch (* 5.08 x 10™°m).
After inspection, the tantalum sheet was sheared and discs punched to permit
fabrication of nine cups 3 inches (7.62 x 10'2m) outside diameter by 1/2
inch (1,27 x 10'2m) deep, three cups 1 inch (2.54 x 10-2m) outside diameter
by 1 inch (2.54 x 10~2m) deep, and twelve coupons 1 inch (2,54 x 10-Zm)

wide by 4 inches (1,016 x 10'1m) long. A 1/2 inch (1.27 x 10~2m) diameter
tantalun rod was cut into three pieces 2-1/4 inches (5.72 x 10-2m) long

and the sharp edges were rounded off to a 1/32 inch (8.13 x 10-%m) radius.

The cups were welded in argon by the tungsten inert gas (TIG) process
with 1007 penetration at the seams. The seams were machined on the interior
of the cups to present a flush, smooth surface on the wall and a 1/32 inch
(8.13 x 10‘4m) radius at the bottom. After the cups were fabricated, cups,
coupons and rods were grit blasted with 120 mesh steel and chemically
cleaned to remove all iron remnants. These specimens are shown in Fig. 1
After cleaning, all samples were stored at room temperature in plastic bags
in a vacuum oven to await coating.

The difference in thermal expansion between the tantalum substrate and
the ceramic coating made it necessary to plasma spray a tantalum transition
coat prior to coating with the Alp03, Zr0Oy or UOp. Spraying was done with
a Plasma Arc torch at the following settings:

Tip #57 x 34; 0.219 inch diameter (5.56 x 10™ °m)

Gas 100 CFH argon (7.863 x 10-1m3/s); 4 CFH hydrogen
(3.145 x 10~2m3/s)

Voltage Arc 500 + 15; 44 + 5DC

Powder Flow 7 CFH argon (5.504 x 10-2m3/s)

The tantalum powder used was Metco #62, -200 +325 mesh, and was
sprayed to a thickness of 1 mil (2.54 x 10-’m) on a test coupon. This
coupon was bent 180° to determine coating adherence. The coating was
tightly adherent on the exterior of the bend but spalled on the interior,
probably due to mechanical damage by the mandrel., Samples fabricated for
a previous program were heat treated prior to bend testing, therefore it
was decided to heat treat all samples prior to any other tests.



A special jig was made for rotating the cups while they were being
coated with tantalum and the ceramic coatings. A special hood was set
up for spraying the depleted UO9 material which still has some residual
radioactivity. All other spraying was done in the metal and ceramic
spray facility.

No problems were encountered in spraying the tantalum onto the cups,
coupons or rods. The Al203 and Zr0) coatings were applied with a Metco
Flame Spray Gun (Mogul R-3). These specimens are shown in Fig. 2. The
coatings were applied in several passes until a thickness of 5 mils (1.27
X 10'4m) was obtained. Spray data for each coating are as follows:

Al,03 Norton aluminum oxide Rokide A, BLH-4
1/4 inch diameter x 18 inches (6.35 x 10~ 3m x 4.57 x 10™lm)
Gas Data: Acetylene 21 PSI (1.45 x 10° N/m2) 45 on flowmeter
Oxygen 42 PSI (2.89 x 10° N/m2) 35 on flowmeter

Air 95 PSI (6.55 x 10° N/m2)
Rod Speed: 3-20 Setting
2r09 Norton zirconium oxide zirconite .
1/4 inch diameter x 19-1/2 inches (6.35 x 107°m x 4.95
x 10-1m)
Gas Data: Same as for Al903

Rod Speed: Same as for Al303

The U0y powder was sprayed with a Metco Thermal Spray Gun, Type 2P,
in the specially built hood. The powder was a depleted ceramic grade -325
mesh from Nuclear Fuel Services. It did not flow readily and much difficulty
in maintaining a spray was encountered. The powder was cold compacted,
crushed and sieved to obtain a -100 +120 mesh fraction which flowed readily.
This powder was sprayed at the following settings:

4 2
Oxygen 14 PSI (9.65 x 107 N/m?%) .
Acetylene 12 PSI (8.27 x 10% N/m2) Flow Rate 30 Setting
Powder Flow 4 - Vibrator on

The powder appeared molten, but, when it struck the tantalum, it
bounced off instead of adhering. Many passes were required to obtain
any build-up of U0y on the tantalum. During the coating process, the
tantalum became discolored from oxidation as a result of the many passes
required to effect any thickness. Attempts to air cool from the back did
not solve the problem. Since spraying of UO; was not a developed "state
of the art", permission to delete this coating from the statement of work
was requested of NASA and further work in this area was discontinued.

The remaining specimens were heat treated in vacuum to improve the
strength of the ceramic to tantalum bond. The heat treatment consisted
of heating the specimens while under vacuum to 1400°C (1673°K) and slowly
cooling. The samples were heated at a pressure of 1.4 x 10~% torr (1.866



x 107 N/u®) or lower to 1400°C (1673°K) in 1 hour (3600 sec) and allowed
to furnace cool overnight, All coatings were bright and clean with no
evidence of cracks, blisters or spalling. A metallographic section of the
A1203 and ZrO2 coatings is shown in Figs. 3 and 4,

B. TASK 2 - Fabrication and Installation of Filter Vent Elements

Two materials were investigated as filter elements. These materials
were Alp03 and Zr0y which are known commercially as Lucalox and Rokide Z
or stabilized vitreous zirconium oxide respectively. Four filters, two
alumina and two zirconia, have an L/D ratio of 2,25, and two filters, one
each of alumina and zirconia have an L/D ratio of ~0,57.

The filter vents were ground into circular rods with nominal dimensions
of 0,040 inch diameter (1.016 x 10-3m) or 0.078 inch diameter (1.98 x 10-3m).
After grinding, the elements were platinum plated on the outside diameter
to increase the diameter by 0,010 inch (2.54 x 10‘4m). The platinum plating
procedure used is given below:

1. Clean preground vent in denatured alcohol,

2, Paint (with a brush) vent with duPont Liquid Bright Platinum #7447.

3. Fire vent for 30 minutes (1800 sec) at 610°C (883°K), remove from
furnace and air cool, '

4, Wipe vent with alcohol,

5. Repeat Steps 2, 3 and 4 until surface is uniformly coated,

6. Wipe vent with alcohol.

7. Prepare a plating solution composed of 1 part distilled water to
2 parts of Englehard #209 platinum plating solution.

a, Plating conditions are: Platinum anode, solution temperature
88-93°C (361 to 366°K) pH 10, continuous agitation, 40-60
milliamps DC current per vent,

b, Every 15 minutes (900 sec) reverse DC current for 30 seconds
(makes plate less porous).

c. Every 30 minutes (1800 sec) rotate sample 120° in holder.

8. At end of an 8 hour (2.88 x 104 sec) day measure plating thickness
(it usually takes 2-3 eight hour days to get a 10 mil (2,54 x 10‘4n0
thickness on the 0,D.).

After plating, the vents were reground to an 0,D, of 0,0402 inch
1,021 x 10'§m) or 0,0782 inch (1.986 x 10~3m) and faced off to a length of
0.090 inch (2,286 x 10'3m) or 0,045 inch (1.143 x 10‘3m). The reground
vents were then inserted into a Haynes 25 housing, using a special insertion
tool and then diffusion bonded for 76 hours (2.73 x 107 sec) at 760°C (1033°K)
at a pressure of 102 torr (1,333 x 10-3 N/m ) or lower, Table I shows the
fabricated filter materials, geometries and densities, while Fig, 5 shows the
processing steps involved in preparing an assembly.



After the diffusion treatment, the Haynes 25 housing with the filter
vent was TIG welded into a 1/2 inch (1.27 x 10~ m) diameter Haynes 25 tube
to permit room and elevated temperature testing in the gas flow test con-
sole. Figures 6 and 7 show the method of welding the Haynes 25 housing
into the Haynes 25 tubes. The tube on the right is tapered to permit a
good fit-up with the housing. The housing is then welded into the tub.

A larger Haynes 25 tube is slipped over the machined ends of the two tubes
and welded at the circumference at both tubes to complete the joint. This
method of welding is necessary to prevent overheating of the filter vent.
The ends of the Haynes 25 tubes are connected into the flow comnsole with
Swagelok connectors.

c. TASK 3 - Compatibility Testing of Protective Coatings
1. Bend Tests

A bend test form was fabricated to permit 180° bends in the
coated coupons. The form consisted of two anvils which support the coupon.
A third anvil with a 1/2 inch (1.27 x 10'2m) diameter rod went between the
other two anvils and bent the coupon 180° over the 1/2 inch (1.27 x 10~ m)
diameter rod. Tests with samples indicated that the form put a severe stress
on the interior of the bend.

One Al903 coated coupon and one Zr0) coated coupon were bent to
evaluate coating adherence. Both cracked and spalled on the interior of
the bend, but the Al703 coated coupon also cracked and spalled about 1/8
inch (3.175 x 10'3m) in from the edges on the exterior of the bend. The
Zr0y coating did not crack but spalled about 1/32 inch (8.13 x 10'4m) in
from the edges of the exterior bend. The bent coupons are shown in Figs.
8 and 9. This test indicated that the Zr0, coating is somewhat more
formable than the Al30j3.

2., Meltdown Tests

Simulated fuel pellets were cold pressed and sintered for use in
meltdown tests in the coated cups. The simulated pellets consisted of undiluted
Type 304 stainless steel, 50 weight percent depleted U0z - 50 weight percent
molybdenum, and 33-1/3 weight percent Type 304 stainless steel - 33-1/3 weight
percent molybdenum - 33-1/3 weight percent depleted UO2. Pertinent data for
the powders used are as follows:

Stainless Steel Vanadium Alloys Steel Co.
Type 304 - 230 mesh - PVS 7057

Molybdenum Sylvania Electric Co.
Lot #MOT 2682-C

U09 Nuclear Fuel Services
Depleted ceramic grade
Purchase Order #4E-0134



Three pellets, 1-1/2 inch (3.81 x 10'2m) in diameter, were fab-
ricated for each of three powder mixtures, and three additional pellets,
0.75 inch (1.91 x 10'2m) in diameter, containing the stainless steel-
molybdenum-UQ9, were fabricated for wet hydrogen test.

The pellets were fabricated by hand mixing the as-received powders
with an acetone solution containing 1 weight percent stearic acid. The
moist powder was dried under a heat lamp, then cold compacted in an appro-
priately sized die at 5 tons per square inch (TSI) (6.895 x 107 N/m2) pressure.
After cold compacting, the pellets were sintered in a hydrogen atmosphere for
1 hour (3600s). The pellets were stoked into the hot zone very slowly to per-
mit the stearic acid die lubricant to burn off without damage to the pellet.
The pellets were sintered at the temperatures listed below:

Pellets containing Type 304 stainless steel 1100°¢ (1373°K)
Pellets containing UOp-Molybdenum 1400°C (1673°K)

All pellets were intact after sintering and could be handled readily without
danger of breaking, as illustrated in Fig. 10,

Two triangular holders were fabricated from tungsten rod to hold
the fuel pellet so it would fall into the coated cup in the molten condition.
The smaller triangular holder for the 0.75 inch (1.91 x 10'2m) diameter fuel
pellet was fabricated from 3/32 inch (2.36 x 10~ °m) diameter rod while the
holder for the 1.5 inch (3.81 x 10'2m) diameter pellets was fabricated from
1/4 inch (6.35 x 10'3m) rod. These holders spanned the edge of the cup and
were grounded to the arc melter hearth plate with a heavy copper strap. The
pellet was placed upon the holder and an arc struck to melt out the center
portion of the pellet. In_order to drop the molten fuel into the cup, power
to the arc was increased to melt through the bottom of the "skull" and allow
the molten fuel to pour into the cup.

Trial melts with test stainless steel pellets were made to deter-
mine the meltdown parameters and arc melting procedures. The following pro-
cedure was established for arc melting the simulated fuel:

Evacuate chamber to 25 microns (3.333 N/mz)
Backfill with argon to 760 mm Hg (1.013 x 10° N/mz)
Repeat a. and b. two more times,
. On third backfill, backfill with argon to 456 mm Hg (6.08

x 10* N/m?), then with helium to 507 mm Hg (6.76 x 10% N/mZ2).
e, Strike arc on titanium getter button and melt, then quickly
transfer arc to stainless steel pellet. Melt interior of
pellet at low amperage, then increase amperage suddenly when
ready to melt through bottom.

a0 oe

Attempts to melt in pure helium were unsuccessful because an arc
could not be struck with a high concentration of helium. The above meltdown
procedure had to be modified for the pellets containing U0p. When these



pellets were melted, some constitutent (most likely UO2) volatilized and
coated the interior surfaces of the chamber (including the coated cup)
and the sight glass making it impossible to see when the pellet became
completely molten. The meltdown procedure was modified to the following:

a. Place pellet on arc melter hearth plate and evacuate to
25 microns (3.333 N/m ) and backfill with argon. Repeat
three tlmes. Backfill the last time to 456 mm Hg (6 08 _x
104 N/m? )} with argon, then to 507 mm Hg (6.76 x 104 N/m2)
with helium, Do initial melt until sight glass fogs up.

b. Allow pellet to cool, evacuate system, backfill with argon,
remove sight glass and clean.

¢. Repeat evacuation and melting as detailed in Step a.

Each pellet containing UQOy required about 4 to 6 melt cycles
before the pellet was sufficiently solid enough to greatly reduce the
volatilization and fogging problem. Then the pellet was placed on the
tungsten holder over the cup and melted a final time to drop the molten
material into the coated cup.

The brown soot (from the volatilization of the UOj) covered the
interior of the coated cups. The resulting very thin film of U0, probably

does not have an effect on the compatibility test.

The melting parameters for the various pellets are given below:

a. Stainless Steel 16 volts and 150 amperes
b. Molybdenum-UO9y 40-42 volts and 350-400 amperes
¢. Molybdenum-SS-UOjp 40-42 volts and 350-400 amperes

After meltdown, the cups were examined visually (see Fig.11)
and metallographically (see Figs. 12 to 17) for coating cracking, reaction,
spalling, etc. The results of this examination were as follows:

a. Stainless steel on Alp03 coated cup

Visual: The stainless steel did not stick to the cup
and there was no evidence of cracking, blistering or
spalling.

Metallographic: No cracks were evident in the coating.
The coating was still adherent to the tantalum. There
was no reaction between the molten stainless steel and
the coating.




Stainless steel on ZrO2 coating

Visual: Same as for the Al,03 coating.

Metallographic: Same as for the Alg03 coating. There
was more porosity evident in this coating than in the
Al203 coating.

Mo-UOy on Alp05 coated cup

Visual: The molten material adhered to the coating
and appeared to have reacted. When pried, the coating
appeared to adhere to the molten fuel, exposing the
tantalum substrate,

Metallographic: Coating had cracked in several places,
In the area where the coating adhered to the fuel, the
separation occurred between the tantalum powder coating
and the wrought tantalum. There was no reaction between
the fuel and the coating. The adherence appeared to be
strictly mechanical.

Mo-UOy on Zr02 coated cup

Visual: The molten material adhered to the coating but
when pried did not pull the coating away from the tantalum.

Metallographic: Some cracks were present and more porosity
evident than in the Al703 coating. No reaction occurred
between the fuel and coating. Coating was still adherent
to the tantalum.

$S-Mo-U0y on Alj03 coated cup

Visual: The molten material adhered to the coating and
when pried a portion of the coating pulled away while
another part adhered.

Metallographic: 1In the area where the coating adhered to
the fuel, a slight reaction was noted. However, the fuel
did not penetrate the coating. There was some porosity
present in the coating. In the adherent portion of the
coating there were no cracks and the coating was still
well bonded.

8§§-Mo-U0y on Zr0p coated cup

Visual: The molten material adhered to the coating and,
when pried, most of the coating adhered to the molten
material exposing the tantalum.



Metallographic: The coating that adhered to the fuel
was intact with no cracks. Some porosity was present
in the coating. There was no evidence of reaction be-
tween coating and fuel. The bond between the fuel and
coating was probably mechanical.

These tests show that either Al703 or 2r02 coatings are suitable
for protecting tantalum from a molten fuel. The Zr0) coatings are more
porous than the Al;03 coatings, yet they are more adherent. Possibly the
porosity absorbs some of the stresses.

3. Wet Hydrogen Test

Samples of the stainless steel-molybdenum-U0; were melted into an
Al1203 and Zr0, coated cup for wet hydrogen tests. The cups were 1 inch
(2.54 x 10'2m§ in diameter by 1 inch (2.54 x 10-2m) high. The simulated
fuel pellets weighed 90 grams and were 0.75 inch (1.91 x 10'2m) in diameter.
A bubbler was fabricated to permit introduction of moisture into the in-
coming hydrogen. A dew point apparatus and bypass were installed in the
same line so the hydrogen could be monitored during the test. The wet
hydrogen was introduced into the furnace and stabilized at 0°C (273°K) dew point
prior to insertion of the samples. The samples were stoked slowly into
the hot zone to minimize thermal shock to the coatings. After 4 hours
(1.44 x 1048) at 1700°C (1973°K), as measured with an optical pyrometer,
the samples were slowly stoked into the cold zone and the bubbler was
shut off.

Upon examination, the tantalum had disintegrated leaving the fuel
laying on a thin skin of Al203 or ZrOy. The tantalum that remained was
extremely brittle and complete recrystallized. Since the cups were coated
only on the interior, the coating did not protect the tantalum substrate
from the moisture in the hydrogen. Tantalum must be treated in vacuum or
completely coated when operated at elevated temperatures in order to retain
its strength properties.

The simulated fuel that had adhered to the coatings was examined
metallographically. The fuel in contact with the Zr02 coating had not
reacted even though it stuck to the coating. The coating was quite porous
and there was no tantalum remaining beneath the Zr0Og coating. The fuel in
contact with the Al1703 had reacted and had migrated across the coating.
The coating was cracked in several places and in areas where some tantalum
was present, the coating had pulled away. This test showed that a Zr0,
coating is more suitable than an Al703 coating in preventing molten fuel
from contacting tantalum under the test conditions used.
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4, Lithium Pentaborate Test

Several goupons and rods were tested for 500 and 1000 hours (1.8

b4 106 and 3.6 x 10° sec) at 150°C (423°K) in a 3 weight percent lithium penta-
borate solution, The tests were run in two separate autoclaves, one bein%
operated for 500 hours (1.8 x 100 sec) and the other 1000 hours (3.6 x 10° sec),
The autoclaves were rinsed thoroughly with deionized water, then filled with

2 liters of 3 weight percent lithium pentaborate solution. WNext the coupons

and rods were placed into the solution but standing on one end and leaning against
the autoclave wall, All samples were completely immersed in the solutiom. The
autoclaves were closed up and evacuated to 0.5 inches of mercury (1,013 x 10~

N/mz) for five minutes to outgas the water, then backfilled with argon to atmos-
pheric pressure., Power was applied and the temperature raised until the steam
pressure was 69 £ 5 psi (4.757 x 10° + 3.447 x 104 N/mz). This is equivalent

to a temperature of 150 * 3°C (423 % 3°K).

After 500 hours (1.8 x 106 sec), one autoclave was shut down and the
samples were examined, There was no evidence of cracking, blistering, peeling
or spalling of either the Al,0, or ZrO, coatings. After 1000 hours (3.6 x 10° sec),
the other autoclave was shut”down, Thése samples also were intact with no cracks,
blisters, peeling or spalling, as shown in Fig, 18, The tantalum substrate was
not attacked by the pentaborate solution after the 500 and 1000 hour (1,8 x 106
sec, 3,6 x 100 sec) test,

This test showed that either a ZrO, or Al O, coating adheres to tanta-
. X . % % 30,1 <
lum satisfactorily and that tantalum is unaffected by~ lithium pentaborate under
the above test conditions.

D, TASK 4 - Performance Testing of Filter Vent Materials

The filter vents fabricated in Task 2 were to be tested at room and elevated
temperatures with three different gases at various gas pressures., A test console
was assembled to permit testing of the filters. Fig. 19 is a sketch of the con-
sole layout.

Each filter was tested with helium at room temperature with gas pressures
ranging from 20_to 200 psia (1.38 x 107 N/m? to 1.38 x 106 N/m?) in 20 psi
(1.38 x 10° N/mz) increments, Then the filters were heated to 500°C (773°K)
and tested with helium, hydrogen, xenon individually and with a 50:50:1
mixture by presgure of helium, hydrogen, xenon at a total pressure of 100 psia
(6.89 x 10° N/m ). The elevated temperature test was repeated with the same
gases at 850°C and 1050°C (1123 and 1323°K),

The equipment used in determining the permeability or gas flow rates con-
sisted of a Veeco Residual Gas Analyzer Model GA-4 and a Veeco VS-400 Pumping Sta-
tion. A Veeco MS-9 Leak Detector was used to check the system for leaks after in-
stallation of the filter. A Hevi Duty 1500 Watt Split Tube Furnace was used to heat
the filters to the desired temperature. Temperatures were maintained to * 5°C
-+ 5°K) with a Variac power control., A Chromel-alumel thermocouple was spot
tacked to the Haynes 25 tubing at the filter location and millivolt output
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was read from a Rubicon potentiometer, Source pressures (PSIA) were read
on calibrated 6 inch (125 x 10-1n) Heise gauges to the nearest half pound
pressure (3.45 x 103 w/%).

1. Test Procedure
The procedure established for testing the filters was as follows:
a, Install filter vent into test system with Swagelok connectors.

b. Evacuate the entire system with the pumping station and the
residual gas analyser (RGA) roughing pump. Leak test the
system.

c. Isolate the downstream side of the system from the vacuum
pump and continue to pump on the downstream side with the
high vacuum system of the RGA.

d. Calibrate the response of the RGA to the test gas by opening
the standard leak. Close leak after calibration.

€. Isolate the gas reservoir from the rest of the system and
pressurize with test gas to a pressure above the highest
test pressure required.

f. Isolate the remainder of the system from the vacuum pump.
Bleed test gas to the upstream side of the filter until the
first test pressure is obtained. Read flow rate through
filter on RGA.

g. Bleed more gas from the gas reservoir to the upstream side
of the filter until second test pressure is obtained. Read
flow rate on RGA.

h. Repeat Step g. until completion of test.

i. For elevated temperature test, the furnace is turned on
after Step b. Test pressure is always 100 psia (6.895 x
10° N/m?).

j. To change gases, isolate gas inlet, evacuate entire system,
hook up new gas and proceed as above.

k. To mix gases, pressurize gas reservoir with desired amount
of each gas.

It is necessary to introduce a calibrated leak into the system

prior to testing for each gas in order to calculate the leak rate of the
gas being tested through the filter. (See Appendix A)
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2, Test Results

Six filter elements, three of Al,03 and three of Zr0,, were tested.
Table I lists the filter vent materials, densities, dimensions and housing
numbers. The three Zr0, vents were numbered 307/9A, 312/4 and 351/333, while
the three Al905 vents were mumbered 316/1, 319/13 and 323/20. The densities
of two Zr0, vents were 5.71 gms/cc while the third was 3.80 gms/cc, and two
Al903 vents were 3.93 gms/cc, while the third was 3.98 gms/cc. It was antici-
pated that the lower density material would have a greater flow rate than the
more dense material; also that the geometry, both cross-sectional area and
the L/D ratio, would affect flow rate. Other anticipated results included
an increase in flow rate with pressure, an increase in flow rate with tempera-
ture, and at any given temperature or pressure a flow rate for the different
gases as follows: hydrogen greatest, helium next, and xenon least due to
differences in molecular or atomic diameter.

Tables II through XIII tabulate the room and elevated temperature
flow rates of the various gases through the six filters tested., Figure 20 is
a plot of the room temperature helium flow rates for the same six filters.
Elevated temperature flow rates were not plotted because the data were anoma-
lous and, in some instances, inconclusive. The anomalies included instances
where the flow rate increased with temperature, then decreased, while in
other cases the opposite occurred. Inconclusive tests resulted when data
points from a test in progress would be as anticipated, then a flow rate
that exceeded the capacity of the RGA detector occurred at the next data
point. Since this flow rate could not be given a definite value, a graph
could not be plotted. Only three data points were taken at elevated tempera-
ture making it impossible to plot flow versus temperature when one or more
data points were inconclusive.

All filters were tested at room tempgrature with a6he1i back
pressure ranging from 20 to 200 psi (1.38 x 10~ to 1.38 x 10° N/m“) prior
to being subjected to elevated temperature tests. The order in which the
filters were tested was 307, 319, 312, 323, 316 and 351, During the testing
of Filter 312, the filament in the Vee tube of the RGA burned out which re-
quired replacement. While the RGA was being repaired, it was noted that oil
had deposited in the down-stream portion of the vacuum system. This oil was
due to "cracking" of the diffusion pump o0il which occurred when the water
cooling to the pump was interrupted, The RGA was disassembled, cleaned com-
pletely, and reinstalled in the test system. TFilter 312 was retested with
the clean system to see if the flow rate was significantly different because
of the "contaminated" RGA. The flow rates were comparable, but the RGA was
more sensitive after cleanup.

Figure 20 shows that room temperature flow rates increase fairly
linearly with pressure as expected for both Algp03 and 2r0j. The rate of
change with pressure for the 3.80 dense Zr0Op filter (#351) is about three
times that of the 5.71 dense material.
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The lower density element, #351, has a flow rate approximately
2.1 x 10° greater on the average than the higher density element, #307.
This i6 probably a reasonable relationship, as is the increased rate of
flow for the lower density element with increased backpressure.

In comparing the flow rates of the two higher density (both 5.71
grams/cc) ZrOp filters, #307 and #312, it is noted that the larger diameter,
shorter length, L/D = 0.57, #312 filter has a much greater flow rate than the
smaller diameter #307 Filter of L/D = 2.25. The filter length has a pro-
nounced effect on the flow rate because the area ratio of #312 to #307 is
four; therefore, the flow rate, if the length were the same, should be
comparable to four. Further, the #312 Filter is one-half the length of
#307, so, if the length effect is linear, the flow rate to the shorter
element should increase by a factor of two. The two effects combined
should be a factor of eight, whereas the measured average difference is
about a factor of 250, The most probable explanation is a variability in
porosity resulting from a variability in stresses due to thermal effects.

Two Al903 filters, #319 and #323, were identical in density and
dimension. Yet, the average flow rates vary over the range of pressures
investigated by about a factor of 2,6, Again, the most probable explanation
for this paradox is variation in porosity, although fabrication/assembly
variation could contribute to this variability, If these hypotheses are
correct, it indicates that, for any given vent material, there is a range
of flow rates that can be expected for any given specific geometry at the
same demnsity,

The last Aly03 filter, #316, had a greater flow rate than Filters
319 and 323, even though it had a slightly greater density. Apparently the
density difference is not the most significant factor in this case, but the
change in cross-sectional area and L/D ratio are the controlling factors.
Element #316 has an average factor of six greater flow rate than Element #323
and a factor of fifteen greater flow rate than Element #319.

The room temperature helium flow tests showed:

1. Flow rates increase with increasing pressure with both Alj03
and Zr0, filters.

2, Low density material has a greater flow rate than high
density material in the case of Zr0y, no direct comparison
could be made on the basis of density alone with Al,0,.

3, Flow rates are affected by filter geometry with a synergistic

effect indicated in the case of Zr0Op. No direct comparison
could be made with Al305.
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4, For a given vent material at a given pressure, there is
probably a range of flow rates which can be expected (not
a specific rate at a given pressure) due to slight varia-
tions in raw material fabrication and vent fabrication.

After each filter was flow-tested with helium at room tempera-
ture, it was flow-tested at a pressure of 100 psia with helium, hydrogen,
xenon and a 50:50:1 mixture of these gases with the filter at 500°C
(773°K), 850°C (1123°K), and 1050°C (1323°K).

Filter #307, a high-density_ZrO, vent, showed a low room tempera-
ture flow rate to helium (2.93 x 10™° std. cc/sec-cm ) which ragldly in-
creased with increasing temperature (2.80 x 1071 std. cc/sec-cm? at 1050°¢),
an increase of four magnitudes. A flow rate increase with
temperature was expected but the magnitude of the increase was unexpected,
All previous work with filter vents had been done with low density Zr0Oj or
Aly0) materials. This earller work was done at low pressures [1 20 psia
(6.89 x 103 to 1.38 x 10° N/m? ) hellum] and always at room temperature.
Therefore, the only reference flow rates available were for low density
ZrQ0y or A1203 at room temperature. These flow rates were for a 0,040 inch
diameter by 0.090 inch length (1.02 x 1073m x 2.29 x 10‘3m) vent and were
on the order of 10-1 to 10~3 and_10"6 to 10-8 std. cc/sec at room tempera-
ture and 20 psia (1.38 x 10° N/m“) for the respective vent materials,

When tested with hydrogen, the range of the RGA strip chart was
exceeded at 850 and 1050°C (1123 and 1323°K) and efforts to reduce the
sensitivity so a reading could be obtained within a reasonable time _were
unsuccessful. Flow rate values exceeded 1.23 x 10-2 std. ce/sec cm? for both
elevated temperatures. It is known that hydrogen dissolves in platinum in
large volumes and cannot be readily removed by vacuum treatment or heating,
and this may offer a partia] explanation., Refer to Appendix A to determine
how flow rate values were computed, Since only one point was obtained, it
was impossible to plot a curve for hydrogen. The trend appears to be a
rising flow rate with an increase in temperature.

The xenon flow rate increased steadily with an increase in tempera-
ture, but the increase was not nearly as rapid as that observed with the
helium.

In comparing the flow rates of the helium with the xenon, it is
noted that the xenon had a higher flow rate at 500°C (773°K) but because the
rate increased at a lower rate than the helium, at elevated temperatures,
the filter becomes more selective in passing xenon; thus at 500°C (773°K)
the He:Xe ratio is 0.658 Xe while at 850°C and 1050°C (1123o and 1323 K) the
ratio has become 82.2 Xe and 131.5 Xe, respectively.

When the 50:50:1 gas mixture is examined, the same phenomena as observed
above occurs but is more pronounced since the partial pressures are 50:1 in-
stead of 1:1, Again, the hydrogen flow values are unobtainable because of

RGA sensitivity.
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As mentioned earlier, the expected flow at a given temperature
and pressure for the gases was greatest for helium, hydrogen next and xenon
least. The reasoning for this expectation is based upon the cross-sectional
areas of the gases involved. The hydrogen atom has a diameter of 0.77
angstoms (A) (77 x010'2 m) but_iance it is diatomic, the distance between
atoms becomes 2.75 A (2.75 x 10 m). For helium, the TSOmic diameter is
1.86 & (1.86 x 10719 n) and for xemon 3.80 & (3.80 x 107V m); yet at 500°%
(773°K) both xenon and hydrogen had a greater flow rate than helium through
Filter #307. No explanation can be offered for this phenomena.

Filter #319 was tested after #307. Upon completion of the room
temperature helium flow test, the elevated temperature tests were started
and data were obtained for helium at 500 and 850°C (773 and 1123°K). At
1050°c (1373°K) the RGA registered no gas floy. The system was pumped out
and repressurized to 100 psia (6.89 x 10° N/m“) but there was still no flow,
The filter was cooled to room temperature and repressurized to 200 psia
(1.38 x 10° N/m“) with helium and again no flow was indicated, It was con-
cluded that the filter was blocked and in the light of earlier developments
the blockage was probably caused by contamination from cracked diffusion
pump oil.

Filter #312 had been partially tested for helium at room tempera-
ture several weeks before the trouble with the RGA pumping system occurred;
however, it was not tested in 20 psi increments as required so it was re-
tested after Filter #319 had blocked up. Upon completion of the room
temperature helium flow tests, several problems arose, The filament of
the Vee tube of the RGA burned out and required replacement. Then it was
found impossible to obtain a pressure lower than 107~ torr (1.33 x 10~2 N/mz)
in the downstream side of the filter. The pumping station was found to be
contaminated due to overheating of the diffusion pump caused by a blockage
of the cooling water supply. The pumping station was dismantled, thoroughly
cleaned and calibrated prior to testing of additional filters. The blocking
of Filter #319, the burnout of the Vee tube filament and the possible
erroneous flow data for Filter #312 were attributed to the contaminated
pumping system.

The flow data for Filter #312 obtained just prior to the pumping
system overhaul was suspect because the flow rate was not increasing with
increasing pressure indicating that it was probably blocking up. After the
pump was overhauled and calibrated, Filter #312 was retested with helium
at room temperature and the data reproduced that obtained several weeks
earlier. The early data plus that obtained after system cleanup were used
to plot the flow rate versus pressure of Filter #312 in Figure 20.

When Filter #312 was tested at elevated temperature,several
anomalies arose which were inconsistent with what was expected. The flow
rates for helium and hydrogen both individually and as mixed gases appear
to increase in flow from 500 to 850°C (773 to 1123°K), then decrease in
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flow from 850 to 1050°C (1123 to 1323°K). The flow for xenon alone
steadily decreased with an increase in temperature while the mixed gas
xenon behaved similarly to the hydrogen and helium mixed gases., The
anomalies are unexplainable at this time. Two flow values for helium
and three flow values for hydrogen exceeded the capacity of the RGA so
definite flow values could not be calculated. The flow values obtained
for these gases can only show trends based on the data that could be
calculated.

A possible explanation for the observed increase, then decrease
in flow with increasing temperature, could be due to blockage of vent
pores due to diffusion of platinum or volatilization and deposition of
chromium from the Haynes 25. The vents were diffusion bonded with platlnum
into Haynes 25 housings by heating for 76 hours (2.74 x 10° s) at 760°C
(1033°K). The two higher test temperatures of 850 and 1050°C (1123 and
1323°K) were above the diffusion bonding temperature of the platinum so
some additional diffusion of platinum could be expected at the test tem-
peratures, The diffused platinum could reduce some of the cross-sectional
area of the filter thereby reducing gas flow, Chromium is known to vola-
tize from Haynes 25 at elevated temperature and low pressure,

The filter vents were subjected to several thermal cycles during
the elevated temperature tests. These occurred as a result of the testing
schedule employed. The schedule was as follows: After testing at room
temperature, heat to 500°C (773%°K) in about four hours (14.4 x 107 s), test
for helium, hydrogen, xenon and mixed gases flow rate, evacuate system and
maintain at 500°C (773°K) overnight. In the morning, heat to 850°C (1123°K)
in about four hours (1l.44 x 103 8) and retest for gas flow rates, evacuate
system and cool to 500°C (773°K) overnight. The following morning reheat
to 1050°C (1323° K) in about four hours (1l.44 x 103 s) and retest for gas
flow rates, evacuate system and cool to room temperature.

This thermal cycling could possibly affect flow rates because of
the differences in thermal expansion of the filter materials and the
Haynes 25 housings. A comparison of the thermal expansions at the test
temperatures of the various materials employed is given below.

Thermal Expansion, x10”%/°x

Haynes 25 Lucalox Zr02
500°C (773°K) 14.4 7.7 12.1
850°C (1123°K) 16.3 8.1 15.3
1050°C (1323°K) 16.9 8.5 15.3

The Haynes 25 housing expands at a greater rate than either of the
vent materials, This would tend to put the platinum bond into temsion at
elevated temperatures. The effect would be more severe with Lucalox than
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Zr0, because of the greater expansion differences. At room temperature
all vents are under compression because the filter is installed with a
0.0002 inch (5.08 x 107° m) interference fit.

As the filter heats, both the housing and the filter expand
with the housing expanding at a faster rate until at some temperature
the compressive stress is zero after which the stress goes into tension.
If the tensile stress is great enough, the bond between the vent and the
housing may rupture permitting gross flow; however, no gross flow was
noted in our tests, As the initial compressive stresses become relieved
during heating, an increase in flow is anticipated because of pore or void
enlargement.

Another possible source of unanticipated vent contamination with
possible detrimental effects might be from the test gas impurities. The
xenon gas was research grade and had a minimum purity of 99.995% and listed
dew point of -110°F (203°K). The hydrogen and helium gases were welding
grade purity (99.9%) with listed dew points of -70°F (228°K). Actual dew
points on the test gases were not taken because this was not considered a
critical factor at that time. Yet, if oxygen or water vapor were present
even in minute amounts, these impurities could react with the Haynes 25
housing which, in turn, would contaminate the filter.

The flow characteristics for most of the gases tested appeared
to be an increase in flow probably due to thermal expansion followed by
a decrease in flow probably due to blockage of pores by diffusion of
platinum or volatilization of chromium or contamination by impure gases
or other unknown causes. Flow rate curves for the pure and mixed helium
and hydrogen gases could nmot be plotted because of the unknown flow values
obtained when the RGA flooded. The xenon did not flood the RGA but pro-
duced two flow curves that are anomalous; i.e., one increases with tem-
perature while the other decreases with temperature, No explanation can
be given for this behavior.

Filter #323 was tested next and the flow data again was anomalous.
This time the helium and xenon flow rates increased, then decreased with an
increase in temperature, while the hydrogen decreased steadily with tempera-
ture., The order of selectivity was helium with the greatest flow rate fol-
lowed by xenon and hydrogen least flow. These results were not in accord
with what was expected in view of the results obtained with earlier test
filters. Six data points were unknown since the capacity of the RGA was
exceeded and occurred with the same gases, helium at 850°C (1123°K) and
hydrogen at 850 and 1050°C (1123 and 1323°K) for both the pure and mixed
gases,

Filter #316 was anomalous in all respects, The pure helium flow

decreased, then increased with an increase in temperature; the hydrogen
indicated no flow at one data point, yet had flow at the next data point
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while the xenon increased three magnitudes in flow rate over the tempera-
ture range investigated. The mixed gas data were equally anomalous., The
helium flow decreased steadily with temperature three magnitudes, the hydro-
gen increased, then decreased with an increase in temperature, while the
xenon decreased, then increased with an increase in temperature. Three data
points were unknown since in two cases the RGA capacity was exceeded, while
in the third case no flow was indicated. It is not known how the order of
testing gases affects the flow behavior through a filter or the sensing
filament of the RGA, but it is possible that the elevated temperature results
obtained may have been affected by the change from one gas to another during
testing.

Filter #351 was tested only with helium and hydrogen at elevated
temperatures because the xenon supply was exhausted by the time this filter
was tested. The data show very little selectivity of the filter to these
gases and the flow rates were high in comgarison with those obtained with
the other filters (10"1 ce/sec versus 10~% to 1077 cc/sec).

In reviewing the flow data for the six filters tested, one notes
that the room temperature helium flow rates were consistent. The flow rates
increased fairly uniformly with an increase in pressure, appeared to increase
with a decrease in filter density, and increased with increase in filter dia-
meter and decrease in L/D ratio.

However, the elevated temperature flow data for helium, hydrogen,
xenon and a 50:50:1 mixture of these same gases presented many anomalies
which cannot be readily explained with the available data, The anomalies
are of such a nature that one must conclude that the elevated temperature
flow data cannot be used to reach conclusions for the gases tested. Since
hydrogen and xenon gases had never been tested previously, either at room
or elevated temperatures, one could only anticipate what the flow behavior
should be. Unfortunately, the data obtained were so anomalous no trends
were indicated and the observed flow behavior was not anticipated.

The elevated temperature anomalies are attributed to some or all
of the points discussed earlier in this report. These included:

1. Inability to obtain a definite flow value because the
capacity of the RGA was exceeded during testing. Lack
of data points (only three were taken) prevented plotting
of representative curves.

2. Possible contamination of filters by impurities in the
test gases,

3, . Thermal expansion differences between housing and filter

vent materials which could lead to paradoxical flow be-
havior at elevated temperatures,
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following

9.

Diffusion of the platinum used to bond the filter to the
housing during the elevated temperature tests which de-
creased the area of the filter.

Absorption of hydrogen by platinum.

Volatilization of the Haynes 25 housing material at
temperature which could subsequently block vent pores.

Thermal cycling of vents due to the inability to test a
given filter at the required test conditions in a working

day without interruption.

Possible changes in vent flow characteristics resulting
from changing test gases frequently.

Possible changes in the RGA due to changes in test gases,

In order to minimize the foregoing problems in future work, the
steps should be observed.

1.

Determine six to eight data points so that if a data point
is unobtainable a general curve can still be drawn.

Attempt to match thermal expansions of the housing and vent
materials,

Use a bonding material which does not diffuse or adsorb
the test gases at temperature.

Change the housing to a material that is more stable under
these severe conditions.

Do not thermally cycle vents during test.

Purify test gases before admitting to test system,

Test a filter with one gas, test a duplicate filter with a
different gas, then interchange filters and test. Finally,
repeat original tests to see if flow-rates are altered

significantly.

Test all gases at room temperature prior to elevated tem-
perature tests.

Retest all filters at room temperature to determine if flow
rates are altered by elevated temperature tests.
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SUMMARY OF RESULTS

Flame sprayed Al,03 and ZrO, coatings were evaluated as protective
barrier coatings on tantalum metal, Both coatings were bent 1800 over a
1/2 inch (1.27 x 10'2m) diameter mandrel. The Al 03 coating spalled on
both the exterior and interior of the bend, while the ZrO; coating spalled
only on the interior.

The same coatings were exposed to a 3 weight percent lithium
pentaborate solution for 500 (1.8 x 106 sec) and 1000 (3.6 x 106 sec)
hours at 150°C (423°K). Both coatings were intact after the test with
no evidence of spalling, cracking, blistering or peeling. The tdntalum
substrate was sound with no evidence of attack by the pentaborate solu-
tion.

Simulated reactor fuel was melted and dropped onto Al;03 and ZrO,
coated tantalum cups, Three fuel formulations were melted, namely, Type
304 stainless steel, an equal weight mixture of depleted U0,-Mo, and an
equal weight mixture of Type 304 stainless steel, depleted UO, and Mo.

Some cracking of the coating occurred, but both coatings were effective

in preventing a reaction between the molten fuel and the tantalum substrate
since the fuel solidified before it could penetrate the cracks in the
coating,

Two coated cups with molten SS-U0p-Mo fuel in them were tested in
wet hydrogen at elevated temperature, The fuel did not react with the
Zr0y coating but did react with the A1203 coating at the test temperature,

Six filter vents were fabricated and tested for selectivity in venting
hydrogen, helium, xenon and a mixture of these gases at various temperatures
and pressures. The effects of material, material density, geometry, gas
temperature, gas pressure, and gas molecular size upon flow rate were investi-
gated. The materials tested were Alo03 and Zr0y in two different densities,
two different geometries, at three different temperatures, and gas pressures
ranging from 20 to 200 PSIA (1.38 x 10° N/m? to 1.38 x 106 N/m2). The gases
tested were hydrogen, helium, xenon and a mixture of these gases., The room
temperature helium flow tests indicated that flow rates can be varied. The
flow rates increased with decreasing material density, with increased gas
backpressures, and increased filter surface area with decreased length. Con-
clusions could not be made concerning flow rates of helium, hydrogen, xenon
and mixtures of these gases at elevated temperatures because of anomalous
data. However, it can be concluded that in the present state of development
these filters are not directly applicable to venting the gases desired at
elevated temperatures.
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FIG. 1. TANTALUM CONTAINMENT VESSELS AND SPECIMENS BEFORE COATING

FIG. 2. TANTALUM CONTAINMENT VESSELS AND BPECIMENS AFTER
COATING, A1203 COATING ON LEFT
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FIG. 3.

FIG. 4.

METALLOGRAPHIC SECTION OF Al O COATED COUPON AS
SPRAYED AND HEAT TREATED

METALLOGRAPHIC SECTION OF ZrO COATED COUPON AS
SPRAYED AND HEAT TREATED
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FIG. 6. FILTER VENT TEST FIXTURE
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FIG, 8. INTERIOR BEND OF COATED COUPONS, A1203 ON LEFT

FIG. 9. EXTERIOR BEND OF COATED COUPONS, A1203 ON LEFT



s/s Mo-UO2 S/S-MO-UO2 S/S-MO-UO2

FIG. 10. SIMULATED FUEL PELLETS
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ALUMIMUN OXIDE COATING

STAINLESS STESL PELLET 50% Ho + S0% U0, PELLET

ZIRCONIUM OXIDE COATING

S™ATNLESS STEEL PELLET 507 Mo + 508 UOp PELLET 307 5/5 + 306 Me #3090,

FIG. 11. APPEARANCE OF CONTAINMENT VESSELS AFTER MELTDOWN



METALLOGRAPHIC SECTIONS - 250X
APPEARANCE OF Al,03 OR Zr(, COATING ON TANTALUM AFTER MELTDOWN TEST

A1,04

Sprayed
Ta

Ta

FIG. 12. STAINLESS STEEL ON A1203 FIG, 13. STAINLESS STEEL ON Zr()2

A1203

Sprayed
Ta

Ta

FIG, 14. Mo-U0_ on Al O FIG. '15. Mo-U0_ on Zr0
¢ 2 2°3 2 2

A1203

Sprayed
Ta

Ta

FIG. 16. STAINLESS STEEL—MO-U02 FIG, 17. STAINLESS STEEL-MO~U02

ON A1203 ON Zr02
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FIG. 18,

COATED SPECIMENS AFTER SPRAYING AND AFTER 500 and 1000
HOURS IN LITHIUM PENTABORATE
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FIG, 20 ROOM TEMPERATURE HELIUM FLOW RATES
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TABLE I

FILTER VENT IDENTIFICATION

Assembly
Haynes 25 Housing Material Installed Number
Order Hole
Tested Number Diameter Material Diameter X Length
Inches (m) Inches (m)
1 307 0.0398 1.01 x 10-3 Zr0, 0.0401 x 0.0904 1.02 x 10'3 by 307/9A
5.71% 2.30 x 10-3
3 312 0.0779 1.98 x 10-3 Zr0y 0.0785 x 0.0451 1.99 x 10"3 by 312/4
5.71 1.15 x 1073
5 316 0.0781 1.98 x 10'3 A1203 0.0785 x 0.0448 1.99 x 1073 by 316/1
3.98 1.14 x 107
2 319 0.0398 1.01 x 10~3 A1203 0.0401 x 0.0907 1.02 x 10'3 by 319/13
3.93 2.30 x 1073
4 323 0.0397 1.01 x 1073 A1203 0.0401 x 0.0901 1.02 x 10"3 by 323/20
3.93 2,29 x 1073
6 351 0.0399 1.01 x 10'3 ZrO2 0.0401 x 0.0890 1.02 x 1073 by 351/333
3.80 2.26 x 10-3

#* 5.71 density in grams/cc

35+



TABLE II

ROOM TEMPERATURE HELIUM FLOW RATES FOR FILTER 307/9A

Zr0, 0.040 inch 0.D. x 0.090 inch Long (1.02 x 10 "m by 2.29 x 10-3m)

€ross-Sectional Area = 8.1 x 1072 c.mz, Density 5.71 gm/cc, L/D = 2.25

Source Pressure Helium Gas
PSIA ﬂ_{iﬂ_zl std cc/see std cc/sec-cm’
20 1.38 x 10° 6.7 x 1078 8.24 x 107°
40 2.76 x 10° 1.03 x 107/ 1.27 x 107
60 4.13 x 109 1.07 x 1077 1.32 x 107°
80 5.51 x 10° 1.27 x 1077 1.56 x 107>
100 6.89 x 10° 2.38 x 107/ 2.93 x 107>
120 8.26 x 10° 2.38 x 107’ 2.93 x 1070
140 9.65 x 10° 3.17 x 107/ 3.90 x 107>
160 1.10 x 10® 2.17 x 1077 2.67 x 107°
180 1.24 x 10° 3.56 x 107/ 4.38 x 1073
200 1.38 x 10° 3.96 x 107/ 4.87 x 1077
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TABLE III

FLOW RATES FOR FILTER 307/9A

0.040 inch 0.D, x 0,090 inch long (1.02 x 10™°m by 2.29 x 10~ >m)
Cross-Sectional Area = 8,1 x 1073 gmz, Density 5.71 gm/cc, L/D = 2,25

Mixed Gases He, Hp, Xe (50:50:1)

Gas Helium Hydrogen Xenon Helium Xenon
Source
Pressure
PSIA 100 5 100 5 100 5 50 1
N/m2 6.89 x 10° 6.89 x 10° 6.89 x 10
Temperature
500°C (773°K) -6 -6 -6 -5 -7
Std cc/sec 1.1 x 10 4,56 x 10 4 1.67 x 10 4 2.34 x 10 1.80 x 10
Std cc/sec-cm 1,35 x 10~ 5,61 x 10" 2,05 x 107 2,88 x 10'3 2,21 x 10'5
Ratio
He = .658 Xe 1.30 Xe
Hy = 4,156 He 2,74 Xe .0221 He 2.88 Xe
Xe = 1.518 He .008 He
850°¢ -3 ~4 -5 -5 -6
Std cc/sec 1.21 x 10 >1,0 x 10 1.48 x 10 7.38 x 10 4,18 x 10
Std cc/sec-cm 1.48 x 1071 >1.23 x 10-! 1.82 % 10~ 9,08 x 10~ 3 5.14 x 107°
Ratio
He = 82.2° Xe 177 Xe
Hy = >,0831 He >6,76 Xe >.110 He >19.9 ZXe
Xe = .0123 He .006 He
1050°C (1323°K) -3 -4 -5 -4 -6
Std ce/sec 2,3 x 10 >1.0 x 10 - 1.73 x 10_3 5,60 x 10_2 x 1,67 x 10_5
Std cc/sec-cm 2,80 >1.23 x 10 2,13 x 10 6.89 x 10 2,05 x 10
Ratio
He = 131.5 Xe 3360 Xe
Hy = >.,0439 He >5,77 Xe >.0145 He >48,8 Xe
Xe = .0076 He .0003 He



TABLE IV

ROOM TEMPERATURE HELIUM FLOW RATES FOR FLTFER 319/13

A1,05 0.040 inch 0.D. x 0.090 inch Long. (1.02 x 1073 by 2.29 x 107 3m)
Cross-Sectional Area = 8.1 x 10-'3 cmz, Density 3.93 gm/cc, L/D = 2,25

Source Pressure Helium Gas o

PSIA jﬂ[gﬁl Std cc/sec Std cq[§ec-cm2
20 1.38 x 10° 1.93 x 107/ 2.37 x 1077
40 2.76 x 10° 4.40 x 1077 5.41 x 107°
60 4.13 x 10° 6.05 x 107 7.46 x 107 °
80 5.51x 10° 9.35 x 1077 1.15 % 10 %
100 6.89 x 10° 9.35 x 107/ 1.15 x 10”4
120 8.26 x 10° 1.38 x 10°° 1.70 x 10 %
140 9.65 x 10° 1.65 x 107° 2.03x 107
160 1.10 x 10° 1.87 x 10°° 2.30 x 10
180 1.24 x 10° 2.09 x 10°° 2.57 x 107 %
6 -6 4

200 1.38 x 10 2.64 x 10 3.25 x 10
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Al,0, 0.040 inch 0.D. x 0.090 inch long (1.02 x 10°

Cross-Sectional Area = 8,1 x 10-3

Gas

TABLE V

FLOW RATES FOR FILTER 319/13

Helium Hydrogen Xenon

3 by 2.29 x 1073w

emz, Density 3.93 gm/cec, L/D = 2,25

Mixed Gases He, Hy, Xe (50:50:1)

Helium Bydrogen

Sourxce
Pressure
PSIA
N/m2
Temperature
500°C (773°K)

Std cc/sec
Std cc/sec-cm2
Ratio
He
Hy
Xe

850°C (1123°K)
Std cc/sec
Std cc/sec-cm
Ratio
He

H
X8

1050°C (1373°K)
Std cc/sec
Std cc/sec~cm
Ratio
He

Hy
Xe

mun

Filter
Blocked

Filter
Blocked

1.0 x 107>
1.23 x 10-3

Filter Blocked

Filter

Blocked

Xenon
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TABLE VI

ROOM TEMPERATURE HELIUM FLOW *RATES FOR FILTER 312/4

Zr0, 0.078 inch 0.D. x 0.045 inch Long (1.98 x 1073 by 1.14 x 10-3m)

=2
Cross-Sectional Area = 3.1 x 10 cm2, Density 5,71 gm/cc, L/D = 0.56
Helium Gas

Source Pressure New Data
New Data 0ld Data Aftexr System Cleanup

PSIA (N/mz) Std cc/sec Std cc/sec-cm? Std cc/sec Std cc/sec-cm? 5td cc/sec Std cc/sec-cm
20 1.38 x 10° 4.3 x 10°% 1.4 x 1072 446 x 107% 1,43 x 1072
25  1.72 x 10° 6.8 x 10°% 2.2 x 1072

40 2.76 x 10° 8.8 x 10™% 2.8 x 1072 1,00 x 10™> 3,20 x 1072
50 3.45 x 10° 1.6 x 1073 5.1 x 1072

60 4.13x% 105 1.3 x 1073 4.2 x 1072 1.70 x 1073 5,44 x 1072
80 5.51 x 10° 1.7 x 1073 5.4 x 1072 2,50 x 107> 8.00 x 1072
100 6.89 x 10° 2.0 x 1073 6.4 x 1072 2.9 x 107> 9.3 x 1072 3.40 x 1073 1.09 x 107!
120  8.26 x 105 2.0 x 1073 6.4 x 1072 »3.58 x 107> »1.15 x 1071
140  9.65 x 105 1.8 x 1070 5.8 x 1072 >3.58 x 1075 >1.15 x 1071
150  1.03 x 10° 5.3x 1073 1.7 x 1071

160 1.10 x 10° 2.6 x 1073 8.3 x 1072 >3.58 x 107> 1,15 x 107%
180 1.24 x 106 2.2 x 107> 7.0 x 1072 >3.58 x 107> >1.15 x 1071
200 1.38 x 105 1.9 x 1073 6.1 x 1072 6.5 x 1073 2.1 x 107} >3.58 x 1073 >1.15 x 107°%



TABLE VII

FLOW RATES FOR FILTER 312/4
zr0, 0.078 inch 0.D. x 0.045 inch long (1,98 x 10™"°m by 1.14 x 10‘3m)

Cross-Sectional Area = 3.1 x 10'2~cm2, Pensity 5.71 gm/cc, L/D = 0156
Mixed Gases He, Hp, Xe (50:50:1)

Gas Helium Hydrogen Xenon Helium Hydrogen Xenon
Source
Pressure
PSTA 00 . w00 . 100 50 50 1
N/m? 6.89 x 10 6.89 x 10 6.89 x 10
Temperature
500°C (773°K) .3 -6 -5 -4 -6 7
Std cc/sec 3.55 x 10 >6.,37 x 10 7.08 x 10 1.52 x 10 3.89 x 10 2,78 x 10°
Std cc/sec-cm 1.02 x 10-1  >2.04 x 104 2,27 x 10-3 4.86 x 10™3 1.24 x 1074 8.90 x 10-
Ratio
He = 44,93 Xe . 546 Xe
H, = >.002 He >.0899 Xe .0255 He 13.9 Xe
Xe = ,0222 He ,0018 He
850°C (1123°K) .3 4 7 -3 .3 -5
Std cc/sec >4.35 x 10 >3.95 x 10 9,26 x 10 >4.35 x 10 3,59 x 10 3.93 x 10
Std cc/sec-cm >1.39 x 101 >1.26 x 1072 2,96 x 10~° >1.39 x 10°! 1.15 x 10t 1.25 x 10-
Ratio '
He = <4695,9 Xe >111 Xe
Hy = >.0906 He >425,7 Xe .827 He 92 Xe
Xe = <,00021 He <.009 He
1050°C (1323°K) " -6 7 6 -6 _5
Std cc/sec >3.92 x 10 >2.64 x 10 1,2 x 10 4,59 x 10 >2.89 x 10 1.18 x 10
Std cc/sec-cm >1.25 x 1072 >8.45 x 1072 3.84 x 10~ 1.47 x 10°%  >9.25 x 105 3.78 x 10-
Ratio
He = <3255,2 Xe «389 Xe
Hy = >.00676 He >22,01 Xe >,629 He > .245 Xe
Xe = <£,0003 He 2.57 He

1%



TABLE VIIL
ROOM TEMPERATURE HELIUM FLOW RATES FOR FILTER 323/20

A1203 0.040 inch OD x 0.090 inch long (1.02 x 1073 n by 2.29 x 1073 m)

Cross-Sectional Area = 8.1 x 10-3 cmz, Density 3.93 gm/cc, L/D = 2,25
Source Pressure Helium Gas
PSIA ELEE Std cc/sec Std cc/sec-cm2
20 1.38 x 10° 5.01 x 1076 6.16 x 1074
40 2.76 x 10° 1.19 x 1073 1.46 x 1073
60 4.13 x 109 1.71 x 107° 2.10 x 1073
80 5.51 x 10° 2.31 x 107> 2.84 x 1073
100 6.89 x 10° 2.99 x 107 3.68 x 1073
120 8.26 x 10° 3.64 x 1072 4.48 x 1073
140 9.65 x 103 4.32 x 1077 5.31 x 10-3
160 1.10 x 106 5.06 x 1073 6.22 x 1073
180 1.24 x 106 5.45 x 107 6.70 x 1073

200 1.38 x 108 6.17 x 107 7.59 x 1073
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A1203

Cross-Sectional Area = 8.1 x 10~

FLOW RATES FOR FILTER 323/20

0.040 inch 0.D. x 0.090 inch long (1.02 x 10 °m by 1.14 x 10" °m)
3

TABLE IX

cm2, Density 3.93 gm/cc, L/D = 2.25

Mixed Gases He, H,, Xe (50:50:1)

Gas Helium Hydrogen Xenon Helium Hydrogen Xenon
Source
Pressure 100 100 5 100 5 50 50 1
PSIA 6,89 x 10 6,89 x 10 6.89 x 10
N/m2
Temperature
500°C (773°K) 6 s s 6 s
Std cc/sec 1.37 x 10 5,37 x 10 1,01 x 10 1.24 x 10 1.28 x 10~ 3,31 x 10
Std cc/sec-cm 1.68 x 10~2 6.61 x 104 1.24 x 10~3 1,52 x 103 1.57 x 104 4,07 x 10-3
Ratio
He = 13,55 Xe .373 Xe
Hz = .0393 He .533 Xe .103 He .039 Xe
Xe = .0738 He 2.68 He
850°C (1123°K) 6 5 4 6 5
Std cc/sec >4,58 x 107 >3,95 x 10~ 9,77 x 10~ >4,58 x 10”7 >4.64 x 107 9,68 x 10~
Std cc/sec-cm >5,63 x 102  >4.86 x 1074 1,2 x 102 >5,63 x 10-2  >5,70 x 10-% 1.19 x 10-2
Ratio
He = 4,69 Xe 4,73 Xe
Hy = .00863 He .0405 Xe .0101 He .048 Xe
Xe = .213 He .211 He
1050°C (1323°K) ) 6 6 -5 -6 _s
Std cc/sec 2 1.25 x 10 >1.86 x 10 9.34 x 10 6.22 x 10 >2.18 x 10 3.46 x 10
Std cc/sec-cm 1.54 x 10-2  >2.29 x 10-% 1,15 x 103  7.65 x 10-3  >2,68 x 10-% 4,26 x 10-3
Ratio
He = 13,39 Xe 1.80 Xe
Hy = . 148 He . 199 Xe .035 He .063 Xe
Xe = .0747 He .557 He



TABLE X
ROOM TEMPERATURE HELIUM FLOW RATES FOR FILTER 316/1

A1203 0.078 inch OD x 0.045 inch long (1.98 x 10-3 by 1.14 x 10'3m)

Cross-Sectional Area = 3.1 x 10-2 CmZJ Density 3.98 gm/cc, L/D = 0.56
Source Pressure Helium Gas

PSTA XELEEl Std cc/sec Std cc/sec-cm2
20 1.38 x 10° 9.26 x 107> 2.96 x 1073
40 2.76 x 10° 1.94 x 1074 6.20 x 1073
60 4,13 x 10° 3.10 x 1074 9.92 x 1073
80 5.51 x 107 4.54 x 10™4 1.45 x 1072
100 6.89 x 105 6.72 x 1074 2.15 x 1072
120 8.26 x 109 7.92 x 1074 2.53 x 1072
140 9.65 x 10° 9.61 x 1074 3.07 x 1072
160 1.10 x 10° 1.15 x 10°3 3.68 x 102
180 1.24 x 10° 1.32 x 1073 4.22 x 1072

200 1.38 x 10% 1.56 x 10°3 4.99 x 1072



TABLE XI

FLOW RATES FOR FILTER 316/1

A1203 0.078 inch 0,D, x 0,045 inch long (1.98 x 10-3m by 1.14 x 10-3m)

Cross-Sectional Area = 3,1 x 10-2 cmz, Density 3.98 gm/cc, L/D = 0,56
Mixed Gases He, Hp, Xe (50:50:1)

Gas Helium Hydrogen Xenon Helium Hydrogen Xenon
Source
Pressure
PSTA 100 5 100 5 100 5 50 50 1
N/m? 6.89 x 10 6.89 x 10 6,89 x 10
Temperature
500°C (773°K) -3 6 - 3 s -
Std cc/sec >8.14 x 10 1 >9,02 x 10 2,03 x 10 8.12 x 10 1,03 x 10 2,03 x 10
Std cc/sec-cm >2.60 x 107" >2.88 x 10-% 6,50 x 10°® 2,60 x 10-1 3,30 x 10-%4 6.50 x 10-°
Ratio
He = 40000 Xe 40,000 Xe
H2 = .0011 He 44,31 Xe .00127 He 50.8 Xe
Xe = .000025 He .000025 He
850°C (1123°K) .8 6 6 s 8
Std cc/sec 6.67 x 10 6 No flow 2,19 x 10 1,47 x 10 3.69 x 10 3,72 x 10
Std cc/sec-cm 2.13 x 10° 7.01 x 1072 4,70 x 10-> 1.18 x 10°3 1.19 x 10-6
Ratio
He = .0304 Xe 39,5 Xe
H, = 25,1 He 992 Xe
Xe = 32,91 He .025 He
1050°C (1323°K) " s " _ _s -
Std cc/sec 2 9.38 x 10 1,30 x 10 1,51 x 10 9.38 x 10 1.54 x 10 3,12 x 10
Std cc/sec-cm 3.0 x 1072 4,16 x 104 4,83 x 1003 3.0 x 1077 4,92 x 104 9,98 x 10-6
Ratio
He = 6.21 Xe 30.1 Xe
H, = .0139 He .0861 Xe 16.4 He 49.3 Xe
Xe = .161 He .333 He

Sy
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TABLE XII
ROOM TEMPERATURE HELIUM FLOW RATES FOR FILTER 351/133

ZrO2 0.040 inch OD x 0.089 inch long (1.02 x 10-3 m by 2.26 x 10-3 m)

Cross-Sectional Area = 8.1 x 1073 cmz, Density 3.80 gm/cc, L/D = 2,25

Source Pressure Helium Gas

PSIA EZEE Std cc/sec Std cc/sec-cm2

20 1.38 x 10° 2.04 x 1072 2.57

40 2.76 x 107 1.20 x 10-1 1.44 x 101

60 4.13 x 10° 2.78 x 107} 3.34 x 10!
80 5.51 x 107 2.09 x 107} 2.51 x 10!
100 6.89 x 107 3.14 x 1071 3.77 x 10!
120 8.26 x 10° 4.35 x 1071 5.22 x 101
140 9.65 x 10° 6.10 x 1071 7.32 x 10!
160 1.10 x 10° 7.13 x 1071 8.56 x 101
180 1.24 x 109 9.11 x 10~ 1.09 x 102
200 1.38 x 10° 1.11 1.33 x 107



Gas

ZrO2

Cross-Sectional Area = 8,1 x 10~

Helium

TABLE XIII

FLOW RATES FOR FILTER 351/333

Hydrogen

3

0.040 inch 0.D. x 0.089 inch long (1.02 x 10 °m by 2.26 x 10" °m)

cmz, Density 3.80 gm/cc, L/D = 2.25
Mixed Gases He, Hp, Xe (50:50:1)

Xenon

Helium

Hydrogen

Xenon

Source

Pressure
PSIA
N/m2

Temperature
500°C (773°K) -1
Std cc/sec

Ly

Std cc/sec-cm

Ratio
He
L)
Xe

(U I

850°C (1123°K) -1
Std cc/sec

Std cc/sec-cm

Ratio
He
H
X%

1050°C (1323°K) »
Std cec/sec

Std cc/sec-cm

Ratio
He
H

X8

100
6.89 x 10

3,15 x 10,

3.78 x 10

4.17 x 10
5.0 x 101

2,22 x 10
2,66 x 10

5

1

1

1

1

1

Not run

Not run

Not run

Not run



APPENDIX A
OPERATION OF RESIDUAL GAS ANALYZER

A residual gas analyzer (RGA) is used to determine the gas leak rate
through the filter. The RGA operates in a manner similar to that of a
mass spectrometer; i. e., it detects the element in question by deflecting
the atom in a magnetic field, The mass of the atom determined the amount
of deflection of the atom in the applied field. The RGA '"gates" out all
atoms except those of the element being sought. The desired atom follows
a definite path caused by the magnetic field which is not blocked by gates
and is picked up by the detector which, in turn, produces a response level
on a strip chart. The RGA can be set to read from 0 to 10, 0-100 to O to
1000 (max.) on the strip chart scale. Since the strip chart indicator
does not follow a smooth path (see typical scan pageA-2), the RGA is
adjusted several divisions above the 0 line to compensate for irregularities
and to prevent "bottoming" of the recorder pen. This line is called the
baseline. When the RGA is adjusted to scan for a given gas (no valves open),
the recorder pen will move up several divisions on the scale indicating a
given "background"” in the system. When the calibrated leak is opened, the
recorder pen will rise to a peak response to the leak and then level off.
Then, when the leak is valved off, the response will drop back to that of
the background reading. Finally, when the unknown leak is opened, a
response greater than the calibrated leak is obtained and, when valved off,
drops back to background value. 1In the mon-ideal case, the unknown does
not drop off when valved because of gas absorption on the system walls,
This is strongly apparent when hydrogen is tested.

The calibrated leak is used to calculate the leak rate of the filter by
comparing the response of the residual gas analyzer (RGA) to the known and
unknown leaks., The calibrated leak has a known leak rate. This known rate
is divided by its response minus background plus base on the RGA to obtain
the sensitivity of the system. The response of the RGA to the unknown leak
is then multiplied by the sensitivity to obtain the leak rate of the unknown
leak.

In some instances, the RGA will produce a response that is off the strip
chart (in this case >1000). When this occurs, no calculation of flow rate
can be made and the only thing that can be said is that the flow is greater
than the sensitivity obtained with the calibrated leak, since unknown leak
rate = sensitivity x response,

As mentioned earlier, in many cases the background reading is raised
considerably after reading the unknown leak due to gas absorption on the sys-
tem wall. The background is high enough to cause the reading of the next
unknown leak to be off the strip chart scale (>1000). 1In many cases
(especially for hydrogen) it is necessary to pump as long as 48 hours to
desorb the system so as to reach the same background obtained before testing
of the unknown leaks commenced, In each instance that "flooding' of the RGA
occurred, the test point was repeated up to four times in an effort to get a
determination, but in every case flooding recurred indicating quite high gas
concentration in the system.



RGA STRIP CHART SCANS

IDEAL SCAN
100
Unknown
Leak Closed
Calibrated
Leak Closed
10 -
Background
Baseline /
0
TIME
NON-IDEAL SCAN
100 I
10
0
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