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ABSTRACT

AN
“-‘A determination has been made of the stability of 35 materials under high-temperature,
fluorine rich, hydrogen fluoride torch testing. Refractory materials tested included 4
borides, 3 carbides, 3 nitrides, 12 oxides, 1 oxynitride, 1 sulfide, 10 metals, and carbon {10
types). Three materials distinctly performed better than nickel: lanthanum hexaboride,
calcium hexaboride, and lanthanum silicon oxynitride. Of these, lanthanum hexaboride .is
the best candidate tested since it has an estimated upper use temperature > 1726 K, which
is above the melting point and more than 300 K above the upper use temperature of nickel/:
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SUMMARY

This investigation includes characterization of the behavior of 35 different compounds, solid
solutions, and elements in an environment containing a controlled, high-temperature,
hydrogen (Hp) fiuorine (Fp) (generally 2F2 and Hy or 2HF and F9 torch. The design,
construction, and operation of the test facility is discussed. Materials for testing included
ordinary cylindrical specimens, cylindrical specimens with embedded thermocouples to
determine sample temperature profiles, and test plates for a configuration test chamber.

Stability of a material in this corrosive environment is determined by the properties of the
fluoride coating that forms on the surface of the material. Materials with volatile fluorides
are unprotected, whereas fluoride film formers exhibit near zero corrosion below the
breakpoint or film failure temperature, T. The T5 depends on the melting, vaporizing, and
mechanical properties of the film.

Ts values were determined for 16 fluoride film formers including (in order of decreasing
stabifity}: lanthanum hexaboride (LaBg), calcium hexaboride (CaBg), lanthanum silicon
oxynitride (Lap03°SizgNg), scandium (Sc), Nickel (Ni), strontium oxide (SrO), lanthanum
chromite {LaCrOg3), yttrium (Y), yttrium oxide {Y203), nickel aluminide {NiAl), Y203

doped Ni, magnesium oxide (MgO), aluminum oxide (Alp03), titanium aluminide (TiAl), ‘
beryllium oxide (BeQ), and carbon {(C). This work established that three materials had

maxinum use temperatures for near zero corrosion which were considerably greater than

that for nickel [the standard material used for high-temperature hydrogen fluoride (HF) .
environments] : (1) LaBg, 1800 K; (2) CaBg, 1700 K; and (3) Lag03°Si3Ng. 1500 K, as

compared with nickel, 1400 K.

Since LaBg was the best material tested for stability, its fabrication and machining
properties were further explored; particularly, the feasibility to form plasma-sprayed layers
of LaBg on substrates or to form entire thin-walled structures of plasma-sprayed LaBg. The
performances of LaBg and other materials as test plates were also studied.




INTRODUCTION

One of the laser systems that is currently being developed by the Air Force Weapons
Laboratory (AFWL), the Defense Advanced Research Projects Agency (DARPA), and the
Missile Research and Development Command (MIRADCOM) is the HF chemical laser. The
lasing action in this system is based on the excitation of HF molecules to an elevated
vibrational state as a consequence of the highly exothermic chemical reaction between
hydrogen and fluorine in the presence of helium (He) and the rapid expansion of the
resultant hot gases in the laser machine.

Nickel metal has become the principal nozzle material to be used in the HF laser because of
its superior resistance to attack by fluorine. However, there are some problems associated
with the use of nickel; eg, the nozzles must be internally cooled, and the special machining
{that is required) results in a relatively high cost per nozzle. More importantly, lasing
efficiencies are penalized because of high energy losses through the flowing coolants. The
AFWL was, therefore, interested in developing nozzle materials that would function without
the use of liquid or gaseous coolants and would have the potential to be less expensive. This
activity is referred to by the AFWL as the Advanced Low-Heat-Loss Nozzle Research

Program.

At the request of the AFWL, a test facility was constructed at the Oak Ridge Y-12 Plant (@)
for screening materials to be used as uncooled nozzles for an HF laser system. The facility
permits the testing of candidate materials in a high-temperature (1650 to » 2850-K)
corrosive environment containing hydrogen, fluorine, HF, and helium gases. Material
recommendations for this program were made on the assumption that a protective fluoride
layer would be formed on usable materials, and they are detailed in the Material Selection
Criteria section of this report. The candidate materials for high-temperature
(> 1000-K-surface-temperature) stability were solicited from private vendors with expertise
in the field, selected from materials offered by specialty ceramic companies, or fabricated at
the Y-12 Plant.

This report discusses the design, construction, and operation of the HF facility with the goal
of evaluating material compatibility with a controlled hydrogen fluorine flame at
atmospheric pressure. The objective was to determine the surface temperature at the onset
of rapid reaction and material loss (or the surface temperature below which little or no
reaction could occur) for each candidate material—thereby providing a ranking of all
candidate materials in the order of their performance.

Included are the results of tests on 177 specimens in the form of: (1) cylindrical specimens,
(2) cylindrical specimens with embedded thermocouples, and (3) flat plates tested in the
configuration-test-chamber assembly involving 35 different materials. The upper use
temperatures for near zero corrosion are presented for 16 different materials.

(a) Operated by the Union Carbide Corporation’s Nuclear Division for the Department of
Energy.




After initial assessment of material behavior, several tests were conducted in an attempt to
improve performance and/or fabrication of the best candidate, LaBg. The effect of gas
composition (specifically the Fo:Ho ratio) was only cursorily investigated, ie, for LaBg;
generally, all tests were done with a 2F2 and Hg or a 2HF and F7 flame to yield a most
corrosive enrivonment.




MATERIALS FOR HIGH-TEMPERATURE HYDROGEN FLUORINE ENVIRONMENTS
MATERIAL TEST FACILITY

Design and Construction

In order to rank various candidate materials, a test environment closely duplicating the final
end use HF laser environment with respect to gas compositions, gas flows, and temperature
was required. To accomplish this, the design of the material test facility was based on a
technology (to process uranium) that has been in use at the Oak Ridge Y-12 and Oak Ridge
Gaseous Diffusion Plants for several years; namely, flame-reactor technology. In one specific
application (the cold-wall-reactor process), the highly exothermic reaction between
hydrogen and fluorine supplies the energy and temperature to initiate and sustain the
hydrogen reduction of gaseous uranium hexafluoride (UFg) to solid UF4 (green salt).1 This
reaction was conducted in a vertical Monel(b) pipe reactor provided with externally wound
cooling coils.

Figure 1 is an as-built flow diagram of the material test facility as designed by the v-12
Engineering Division. The test reactor, which is the center of the facility, is made of 20-cm
(8-in)-diameter Monel pipe, approximately 1.2 m (4 ft) long, with externally wound cooling
coils. Drawings showing fabrication details of the reactor, the flame nozzle, and sight ports
are presented in the Appendix A. Monel was used in most cases as the material of
construction where a contact with fluorine gas was expected. Teflon(c) and Viton(c) were
used as gasket materials, and recessed soft copper (Cu) rings were employed as gaskets with
the larger flange connections. Wherever possible, all connections were welded in order to
minimize the possibility of leaks and the escape of fluorine. Photographs of the facility,
which include the Lexand) enclosure around the test reactor and the gas cylinder storage
area, are also presented in the Appendix A.

Process gases enter the top of the reactor through a concentric-type Monel nozzle. Hydrogen
flows through the core, and the helium and fluorine mixture enters through the annulus. It
is possible to position the nozzle so that the distance between the nozzle tip and the test
specimens can be varied. An ignition device, spark-discharge-type, was initially installed in
the reactor to ensure instantaneous burning of the hydrogen and fluorine gases. Under the
operating conditions subsequently employed, the use of the igniter was found to be
unnecessary. Gas flows are controlled by hand-operated valves, and the rates are observed on
panel-mounted flow meters. Gas flow and pressure controliers, which were to be part of the
instrument controls, were not installed because of long-term delivery schedules. Automatic
valves are included in the facility; but these are used only during start-up, shutdown, for
purging operations, or for emergencies. The fluorine gas is supplied from a low pressure
"pig,” shown in Figure 1, having a capacity of about 1.3 m3 (45 113) and maintained at
pressures between 0.1 to 0.3 MPa (15 to 50 psig). This distribution system minimizes the
exposure of the piping, valves, gaskets, and regulators to highly pressurized fluorine in order
to reduce the possibility of a fluorine release. The ‘'pig" is refilled from a 2.8-MPa (400-psig)
cylinder, as required. A chemical trap containing soda lime and a vacuum pump are
employed to facilitate the transfer process.

(b) The International Nickel Company, Inc., Huntington Alloy Products Division.
{c) E.I. du Punt de Nemours & Co., Inc.
(d) Genera! Electric Co.
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Exhaust gases from the test reactor are discharged directly into the plume of a ventilation
stack. Sampling tests conducted during a typical run gave results of less than one-half of the
threshold limit value (TLV) for fluorides; namely, 2.5 mg/m3. The jet exhauster shown in
the flow diagram, Figure 1, plays no part during a test run and is used only for purging
operations.

Consideration was also given to safety in the design of the facility. In order to eliminate the
possibility of fluorine or hydrogen escaping into the building area, the test reactor was
contained within a ventilated Lexan enclosure. Operation is not possible if the enclosure fan
is not running. Any leakage of hydrogen inside the enclosure is monitored with a hydrogen
detector. If a hydrogen leak occurs during a run, the hydrogen and fluorine flows are
automatically shut off. Gas flows are monitored so that an audible flow alarm is sounded
when a gas flow failure occurs. In the event of malfunctions or emergencies, it is possible, by
means of a single emergency shutdown button to immediately shut off all process gas flows
and to maintain a flow purge of helium through the reactor. The accumulation of hydrogen
in the test reactor is avoided by an operating procedure which will not permit the flow of
hydrogen until the helium and fluorine flows are established. Redundant valving is
employed, and the manual valves that control gas flows are operated by extension handles
which protrude through the Lexan enclosure.

The anticipated gas flow rates that were employed in the aesign of the facility are tabulated
in Table 1. Total flow rates, as shown, amount to 5.7 X 10-3m3/s or 12 ft3/min
(standard). Design criteria called for operating temperatures between 1400 and 2400 K,
which were to be attained by controlling flame temperatures. Flame temperatures were to
be controlled by varying the mol ratios of the helium employed while maintaining a
fluorine-to-hydrogen ratio of 2:1. A plot of flame temperatures versus mol fraction

Table 1
DESIGN GAS FLOWS IN THE MATERIALS TESTING FACILITY(1)

Flow Rate
{g/min) (g mol/min) [m3s X 10~3 (#3/min)] Mol Ratio

Inlet Gas Flows

Helium 36.9 9.2 34 { 7.3) 0.609
Fluorine 160.3 3.96 1.5 (3.1 0.261
Hydrogen 3.97 1.97 0.76 ( 1.8) 0.130

191.17 16.13 6.7 (12.0) 1.000

Exit Gas Fiows

Hetium 36.9 8.2 34 (7.3 0.608
Fluorine 78.6 1.99 0786 ( 1.6) 0.132
Hydrogen 0.0 0.0 0.0 (0.0 o
Hydrogen Fluoride 78.8 2.04 15 (3.1 0.260
191.3 1513 &7 T20) 1.000

(1) Based on: dew point of exit ges [258 K (-17.8°C}}, nozzie flow [cors, hydrogen, 732 m/s
{2400 ft/s); annulus, helium end fluorine, 183 m/s (80O ft/s)), and resction tempersture
[{calculated) 2200 K] .
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reactants is presented in Figure 2; this data, which is calculated, was supplied by the AFWL.
In the actual testing operations, total gas flow rates were in the order of 2.4 X 10~3 m3/s
(5 ft3/min); and the flame temperatures ranged between 1650 and 2850 K. Attempts to use

flame temperatures below 1650 K resulted in flameouts. .
10 o
09 )
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o1 L—
| 1 1 L i i 1 ]
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Flame Temperature (K)
Figure 2. FLAME TEMPERATURES VERSUS MOL FRACTION REACTANTS.

Provision had been made in the design and construction of the facility to monitor the

temperature profiles inside the test reactor by means of four thermocouples, each inserted

into the reactor to a depth of 51 mm (2 in). After a period of operation, it was found that

the thermocouple located approximately 143 mm (5.6 in) below the test specimen

registered the highest readings; and the reactor wall normally became hottest in this general

location. These thermocouple measurements were discontinued after Run HF-88, since it .
was feit that the data was not significant in our investigations.

Operation of the Facility

Passivation and Start-Up - Prior to the first operation, it was necessary to passivate the
component surfaces that would contact the fluorine. Passivation involves exposing the
components to gaseous fluorine under controlled conditions, thereby stabilizing the
components so that they will not react catastrophically when fluorine is introduced under
normal operating conditions. During construction of the facility, care was taken to ensure
that no contaminants would be present to react with fluorine; the components were
degreased and washed with trichlorotrifiuoroethane [TF Freon(C!] and the workmen used
clean gloves. Apparently, the cleanliness procedures were appropriate since the passivation
step was conducted without incident.

The next essential step, prior to the testing of specimens, was to demonstrate the operability
of the facility and to establish operating parameters. The chief variables that needed to be
considered were: (1) the distance between the nozzle tip and test specimen, (2) the total gas
flow rates, (3) gas ratios, and (4) specimen exposure time. Several exploratory runs were
made with nickel specimens mounted 14 cm (5-1/2in), 17.3 cm (6.8 in), and then 10.2 cm
{4 in) from the nozzie tip. Total gas flow rates were also varied, and they ranged as high as
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6.17 X 10-3 m3/s (13 7t3/min). It was found that, with a nozzle distance of 10.2 cm (4 in)
and total gas flow rates of 2.3 X 10~3 m3/5 10 2.5 X 103 m3/s (4.8 to 5.2 ft3/min), a test
specimen could be heated to 1900 K. Observing the test specimens during the initial runs
showed that the impinging bluish flame did not make a uniform pattern on the specimen
surface. By modifying the nozzle tip and replacing the single 1.1-mm-diameter hydrogen
core opening with eight uniformly spaced holes which were 0.4 mm (17 mils) in diameter, a
more uniform impingement pattern was established.

Test Run Procedures - The procedures were divided into five categories:

Cylindrical  Specimens - The e A v
majority of the specimens
tested were 254 mm (1 in) in Fp s Ho Fa+ He Monel

diameter by 12.7 mm (1/2in) Nozzie
thick. Specimens were tested \ "ﬂ //

singly and were supported , J

under the HF torch by an
uncooled fiange-mounted fix-
ture, as illustrated in Figure 3. "F’:f';.‘z' He
A nickel support was used to
hold low thermal conductivity
specimens, and a graphite
support plus an insulating

spacer, such as Alp03 (alumi-
na) or lanthanum fluoride
(LaF3) was used for high Secimen

thermal conductivity speci- —
mens. A  thermocouple,
sheathed in 6.4-mm (1/4-in) -

~ 10.2cm

OD nickel tubing terminating Nickel Baee
underneath the test specimens, ———" Thermocouple
was used to measure the back

face temperatures.

Figure 3. SCHEMATIC OF TORCH TESTER. (Cylindricel samples
vare wswd on 8 niclel holdsr with ges wmperatures dewrmined
Specimen surface tempera- by the exothermic hydrogen fluorine resction snd the amount of

tures were determined with a  hum divent)

calibrated automatic optical

pyrometer (Leeds and Northrup,(€) Model M-9633) by sighting through one of the
two sight ports instalied in the side of the reactor. A 3-mm-thick sapphire window
and a 12.7-mm (1/2-in)-thick quartz window were used in the sight port for the
pyrometer. Calibration of the two windows (together) indicated that corrections, to
be applied to the pyrometer readings, ranged from +16 to +45 K with the surface
temperature range from 1176 to 2173 K (800 to 1900°C). The sapphire window

(e) Leeds and Northrup Corporation, North Wales, Pennsyivania.
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which faced the reactor environment was a replacement for a second quartz window
which required frequent change. The sapphire window allowed operation for a year
without apparent clouding or reaction.

Although not previously mentioned, the design of the sight ports did provide for a
flow of helium between the two sight windows; and it was then directed across the
exposed face of the sapphire.

From test Runs HF-79 to HF-171, specimen surface temperatures were determined
with both a manual and an automatic optical pyrometer. Temperature readings were
made as low as 1060 K with the manual pyrometer, while automatic pyrometer
readings couid not be made below 1138 K. Readings made with the manual
pyrometer were done w.ih the aid of a8 mirror, which entailed an additional
temperature correction estimated to be +20 K. The manual pyrometer permitted the
operator to take temperature readings on any selected surface region (ie, hot spots);
whereas, the automatic pyrometer—sighted on the center of the specimen—remained
in a fixed position and used an overall average emission from the specimen center.

Thermocouple E xperiments - Uncertainty existed as to the temperature corrections
needed (to be added to the optical pyrometer readings) to arrive at true surface
temperatures. This resuits from the large uncertainties in the specific emissivity
values to be employed, particularly when nonblackbody specimens are involved. in
an effort to approach true surface temperatures, experiments were devised whereby
thermocouples were inserted into the specimens being tested. in these experiments,
three platinum (Pt) [Pt-10 wt % rhodium (Rh)] thermocouples [1.0 mm (0.040 in)
in diameter and sheathed with nickel] were placed into 1.5-mm (0.060-in)-diameter
holes drilled into the usual 25.4-mm (1-in) diameter, 12.7-mm (0.5-in)-high test
specimen; a fourth thermocouple monitored the specimen backface temperature. A
typical specimen showing the thermocouple locations is presented in Figure 4. The
thermocouples were monitored with a multipoint recorder, which was capable of
making 10 measurements per minute for each thermocouple.

During the course of the experimental runs, in addition to the thermocouple
measurements, both manual and automatic pyrometer readings were taken along
with visual observations.

Configuration Test Chamber - Upon completion of the screening phase encom-
passing the testing of 26.4-mm (1-in)-diameter cylindrical specimens, another testing
phase was initiated for the purpose of evaluating the erosion effects as well as the
chemical and temperature effects of the HF torch gases on candidate test materials.
This investigative phase was conducted in a configuration-test-chamber assembly
shown in Figure 5. As designed, the chamber is threaded onto the existing nozzle
assembly within the reactor to permit easy installation and removal. in this
threading operation, the spacing between the nozzle tip and the test plate is adjusted
(within limits) to the desired distance. The sight port, which has a sapphire window,
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permits visual observation of the : —— Y0u

HF flame and its effect on the
test material and also permits
scanning with the automatic
optical pyrometer. The deflec-
tion ring, shown in Figure 5, was AN y
included for the purpose of | N’
reducing eddy currents and the
possibility of accelerated corner
, corrosion. Although not shown,
a pressure tap connected to a
pressure gage was provided to
monitor the chamber pressure.
Initially, the chamber was fabri-
cated from ATJ graphite be-
cause of its low cost, easy
machinability, and low corro-
sion rate in a fluorine environ- J——L
ment at temperatures below 1.02 mm ‘
975 K (700°C). Test materials = = = === PRy
were fabricated as test plates, 84 mm
3.8 mm (0.150 in) thick, which

were fastened to the bottom of

the chamber; the plates were

removed from the Monel reactor

without disturbing the chamber.

/ Nozzle

102 mm Flsme

7

A redesign of the nozzle nor-
mally used for specimen testing
was also undertaken. Instead of
a tapered coaxial converging
flame, it was desired to have a
broader flame front to equalize Figure 4. THERMOCOUPLE LOCATIONS.
temperatures and exposure on

the test plates with larger surfaces. Design details of the redesigned nozzle may be
found in Appendix A.
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Beryllium Oxide Tests - As previously mentioned, in the operation of the facility,
exhaust gases from the reaction chamber are discharged directly into the plume of
the building’s ventilation stack. Because of the toxicity of finely divided beryllium
(Be) compounds, it was necessary to meet specific industrial hygiene requirements
to permit testing of BeO in this device. A stainless steel filter unit with a porous
Monel element having 930 cm2 of filter area and a removal rating of 100% for
1.0-um-ized particles was installed in the 5-cm exhaust line. During the specimen
testing runs, the filter performed satisfactorily; and there was no observable
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differential pressure. Upon completion of the runs, the reaction chamber was
determined to be highly contaminated with Be. However, the contamination in the
exhaust piping (adjacent to the filter and at the filter) was found to be acceptable
(well below the maximum allowable working limit). After a complete clesning of the
chamber with TF Freon and water and after additional contamination tests, the
equipment was deemed acceptable to permit resumption of normal operations.

Observations on Test Specimens - Specimens were clesned with TF Freon, dried,
weighed, and dimensionally inspected before each test. Behavior during the tests was
visually cbssrved, and posttest weight and dimensions were recorded. By monitoring
sample behavior after exposure at a particular temperature snd by examining
sautomatic pyrometry measurements (which gave instant recording of rapid
reactions), it wes passible to correlate sample stability with temperature. The torch
test procedure wes developed to the point of an intermittent thermogravimetric
anelysis of materiel behevior in 2F2 and Ha.

Fluoride film morphology was examined on selected specimens by scanning slectron
microscopy (SEM), and fluorides were identified by X-ray diffraction.




15

EXPERIMENTAL WORK
Materials Selection Criteria

In order to select materials that might perform well in the corrosive 2F9 and Hj
environment, certain criteria were initially used. Since fluorides are quite stable (AG¢ in the
rangs -30 to - 140 kcal per gram-atom of fluorine),2 fluoride formation on any refractory
surface was considered ensured in a high-temperature fluorine rich environment; ie, none
of the nonfluorides would be unreactive to the excess fluorine in the torch gas. Therefore, a
material should form a protective fluoride layer in order to restrict reaction with the
substrate candidate.

The optimum candidate should have a high-melting-point low-vapor-pressure fluoride film
that forms on a substrate material with good mechanical strength, thermal shock resistance,
and a high melting point. Arbitrarily, it was desired that the fluoride layer remain protective
{allowing near zero corrosion of the substrate) above 1400 K. Low-meiting eutectics
between the substrate and the fluoride film were avoided. The possibility was considered of
finding an unknown mixed fluoride with a higher melting point and a lower vapor pressure
than the known pure fluorides. These requirements dictated alkaline-earth or rare earth
fluoride formers as primary candidates [consisting of magnesium (Mg), calcium (Ca),
strontium (Sr), barium (Ba), scandium (Sc), yttrium (Y), fanthanum (La), and cerium (Ce)
as wel! as nickel] .

A low heat-of-reaction to form the fluoride film (with a correspondingly lower
surface-temperature rise on fluoride formation) was believed to increase the possibility of
film stability; thus, a preliminary thermodynamic ranking gave oxides, nitrides, sulfides,
carbides, and borides in the order of their decreasing stability.

Initially, fluoride film stability was thought related to the coefficients of thermal expansion
(CTE) of the fluoride layer and the substrate as well as the lattice matching of fluoride layer
and substrate. Having a minimal CTE difference between layer and substrate and having
similer lattices should reduce any tendency of the f'uoride layer to microcrack or spall. As
fluorides typically have a high CTE, the substrate should either have a high CTE or be
capable of plastic flow or deformation (as metals or some intermetallics).

Thermal shock resistance of the substrate would be greatest for 8 material with low CTE,
high thermal conductivity, high strength, and low modulus of elasticity. Metals, graphite,
and loaded carbon were accordingly expected to have the best thermal shock resistance.

Multicomponent systems such as intermetallics, binaries, cermets, and impregnated materials
were also considered, although a greater potential for eutectics was surmised.

Water reactivity of specimens, based on alksline-earth or rare earth slements, was recognized
as 8 hendling problem; but sempies were tested, since this could be controlied to some
extent by proper procedures (eg, argon filled glove boxes and low-humidity rooms).

1“
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Materials Characterization

The ceramic materials employed in this investigation are characterized by the data presented
in Table 2. Most samples were procured as hot-pressed cylinders, nominally > 99% pure and
> 90% dense. Sapphire (0110 exposed surface) and magnesia (100 exposed surface) single
crystals in the typical cylindrical shape were also obtained. Lanthanum chromite, a
candidate material for magnetohydrodynamic (MHD) generator channels, was purchased as
a pressed-and-sintered cylinder. Sintered Al03 [Coorslf) AD-995] specimens were also
used. The materials containing silicon nitride (Si3N4) were hot-pressed at Y-12: for SigNg
{+5 wt % MgO), conditions were 1925 K, 1 hour, 13.8 MPa (2000 psi); for Lap03°Si3N4.
conditions were 1875 K, 1 hour, 20.7 MPa (3000 psi). At Y-12, one calcium aluminate
(CaAlqO7) specimen (P-31) was sintered (1675 K, 1hour) and one (HF-61) was
hot-pressed: 1500 K, 1.25 hours, 24.1 MPa (35600 psi}. One BeO specimen (HF-134) was
also hot-pressed at Y-12 with conditions: 1325 K, 0.5 hour, 6.9 MPa (1000 psi).

The fluorine gas used in the runs had a specified purity of 98.5% with a maximum carbon
compound content of 0.1% and a maximum sulfur, as sulphur hexafluoride (SFg), content
of 0.01%. The hydrogen gas was designated as an ultrapure grade with a specified total
impurity level of € 10 ppm. The purity of the helium used as diluent in the HF flame was
99.9995%.

Material Test Runs

Some 35 different materials were investigated in 177 separate runs in the HF test facility. A
compilation of the materials tested, the type of test conducted with each material, and the
respective run numbers are itemized in Table 3. A summary of the run data which includes
pyrometer and thermocouple temperature readings, flame temperatures, gas flows, and time
periods may be found in Appendix B. Additional data, including dimensional and weight
changes in the test specimens plus visual observations, are presented in Appendix C.(9)

Early in the investigation, it was observed that most of the ceramic specimens had low
thermal shock resistance. It was necessary to employ a modified heating cycle to
successfully evaluate these materials. By gradually increasing and, during cool down,
decreasing the temperature of the HF torch {(generally in € 200 K incremental steps), cycles
were developed which ensured material survival. As previously mentioned, torch
temperatures were controlled by varying the helium flow rates.

Midway in the investigative program, after about 40 different tests, a preliminary ranking of
the best candidates for an uncooled laser nozzle was established: namely, LaBg, MgO,
Al903, and carbon. Work with these materials (and also nickel and NiAl) was extended to

(f) Coors Porcelain Co.

(g) All data gathered for this report were recorded in English units {ie, standard cubic feet :
per minute, mils, inches) and have subsequently been converted to centimeter-gram-
second units.
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the thermocouple experiments to determine breakpoint or film failure temperatures(h) and
to the experiments in the configuration test chamber.

It became evident that the machining of LaBg into prescribed shapes was difficult and slow.
Hence, investigative efforts which are still underway!i) turned to find materials containing
lanthanum with the capability of surviving in the HF flame environment and of having good
machining characteristics.

The latter portion of the investigative work was concerned with testing plasma-sprayed
LaBg, the fabrication and testing of specimens containing lanthanum, and the testing of
other materials of interest to the program.

Carbon and Graphite - Graphite has a maximum use temperature, which depends upon the
formation of a carbon monofluoride (CF,) type film, CF, (X~1). An X-ray diffraction
analysis showed this film to have the CF, vpe diffraction pattern,3 (copper K, radiation)
Figure 6, with reflections at 6.0, 2.23, ar2 :.30 A. Graphite materials consistently exhibited
a performance pattern related to film formation.
At the beginning of an experimental run, sparks raoe
fly from the surface of the graphite specimen. OCF,
This is attributed to loose carbon particles not
removed by cleaning which reect rapidly to go
from carbon to CF4 (tetrafluoromethane) be- 1
cause of the high surface area. Before the surface )
temperature of the specimen reaches red heat
(= 1075 K or 800°C), a gray-to-white film forms.
No overall corrosion is observed as long as the
film is adherent and continuous. As the substrate
heats, a breakpoint temperature is reached at
which the CFy film is no longer intact, and the
highly exothermic substrate reaction of carbon to
CF4 is initiated. Film breakdown normally occurs

o . ] ] 1 1 ]
at an edge (for cylindrical specimens) and canbe 190 30 50 70 80 110 130
visually observed as a rapid peeling or burn-off Degrees 20
action, which sweeps across the top and side of . ¢ 1ug xnAY DIFFRACTION PATTERN
the specimen. A wide spectrum of carbon and OF A GRAY FILM (ON A POCO GRAPHITE
araphit pecimens (11) were testc. and they MO NERILTMNG Dok TaaTw]
displayed similar characteristics, there were N0  goaN SHOWS THE PRESENCE OF CARBON
discernible trends in behavior. An attempt was MONOFLUORIDE LINES.

! ¥ Graphite

(h) The authors define breakpoint or film failurepoint temperature as: the surface
temperature of a specimen at which the fluoride film effectively loses its protective
characteristics and rapid reaction takes place; little or no corrosion takes place beslow
the breakpoint temperature.

(i) DARPA Order No. 3665.




made to determine corrosion rates for 20 rEme
essentially all the carbon and graphite
cylindrical specimens tested in this program.
From visual observations or recorded data,
it was possible to establish when the (CF,)
film (0.08 mm or = 0.003in thick) left a
specimen so as to have a time basis for
making calculations. The resultant data are
presented in Figure 7, in which percent
weight loss per second is plotted versus
specimen surface temperatures. Since the
specimen surface temperatures varied during
each test, the plotted temperature values are
the centroid temperatures, determined from

&
T

Corrosion Rate |{% weight loss/s} X 102)
o
T

the areas under the curves of time versus st

temperature. Though the results are scat- Breskpoint  /

tered, they do indicate a trend; namely, Tempersture; /

corrosion rates increase with rising tempera- L_j

tures. 1. L | | 1

0
1000 1100 1200 1300 1400 1500 1600 1700

) . Temperature (K)
The thermal behavior of a graphite speci-

men during a test run was graphically  Figure 7. CORROBION RATE FOR CARBON AND
depicted by the thermocouple experiments,  CTAPHITE SPECIMENS.

Two runs, HF-139 and HF-144, were made

with an ATJ graphite specimen; time-versus-temperature data for Run HF-144 are plotted in
Figure 8. It is seen that the specimen reached a breakpoint temperature of 1138 K,
according to the top thermocouple reading, and then experienced another rapid temperature
rise to reach a maximum surface temperature of 1543 K. Automatic and manual pyrometer
readings are included in Figure B, and these show the specimen surface temperature, in the
temperature region of 1500 K, to be about 40 K higher than the TC 3 (top) thermocouple
reading.

Runs were made in the configuration test chamber with two ATJ graphite test plates which
were 3.81 mm thick, drilled with 36 1.0-mm (0.040-in)-diameter holes, set in a square array
on 5.59-mm (0.220-in) centers. In the first run, HF-145, a flame temperature of 1700 K was
employed. After 5.6 min, the run was terminated. At no time did the plate get hot enough
to enable pyrometer readings to be taken.

In the second run, HF-146, the flame temperature was 1900 K. After about 4.25 min, the
test piate started to react, as evidenced by the rapid rise in both thermocoupie and
pyrometer temperature readings. The holes in the test plate were observed to increase in
size, and the pressure in the test chamber dropped to 0.103 MPa (0 psig).

Figures 9 and 10 show the conditions of the test plates that were expossd to the HF flame
during Runs HF-145 and HF-148. For Run HF-145, the test piate shows that the protective

= e - 1

T e —e e con
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Figure 8. TEMPERATURE-VERSUS-TIME CURVE FOR ATJ GRAPHITE EXPOSED TO HYDROGEN FLUORIDE
FLAME. (Run HF-144).

170
Figere 0. THE ATJ) GRAPHITE TEST PLATE FACES EXPOSED TO HYDROGEN FLUORIDE
FLAME. (Runs HF-148 and HE-140.)
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Figure 10. THE ATJ GRAPHITE TEST PLATE BACK FACES. (Runs HF-145 and HF-146.)

CFy film was retained and that there was no evidence of corrosion. For Run HF-146, the
protective film in the center area with the holes is gone, and enlargement of the holes and
corrosion in this area is evident. Figure 10 shows the faces of the plates that were directed
away from the HF flame. One comment to be made in regard to Plate HF-146 (back face) is
that the temperature in the white outer ring area was lower (<1138 K) than the
temperature in the center.

Examination of the test-chamber assembly, upon completion of both runs, showed that the
interior was still black and unaffected and had, therefore, experienced no appreciable
temperature rise. Two additional ATJ graphite plates, 3.8 mm (0.150 in) thick, were
fabricated for testing in the chamber; but the openings in the plates were slots instead of
holes. Each piate had five slots, 12.7 mm (0.500 in) long, spaced 5.6 mm (0.220 in) apart
with tapered cross sections. Typical dimensions of a slot (for Run HF-156) are shown by the
sketch, Figure 11. Run HF-156 was conducted with a 1900 K flame temperature. In an
interval of 38 s, the graphite plate reacted and its surface temperature rapidly increased to
1636 K. Figure 12 shows the face of the plate that had been exposed to the HF flame, and
Figure 13 shows the back face of the test plate (HF-158). It is apparent that corrosion had
occurred in the immediate area of the slots, and the slots had increased in width. A second
run, HF-168, was conducted with a 1700 K flame temperature. Here, too, the graphite plate
reacted and temperatures increased rapidly; however, not until 4.3 min of the run had
elapsed. The exposed face of Plate HF-158 is shown in Figure 14. Again, the corrosive
action is seen to have occurred in the area of the slots. The back face of Plate HF-158
appears in Figure 15.

Evidently there was a difference in behavior between Plate HF-148 (with holes) and Plate
HF-166 (with slots) in that—under the same operating conditions—the plate with the slots
reacted much more rapidly, 38 s versus 4.26 min. This behavior is explained by differences
in configuration. The sharp thin edges within the slots protruded into the hot gas stream and




heated up more rapidly to the tempera-
ture at which the protective film failed
and corrosion began.

Alumina - The behavior of AlpO3 under
the HF flame proved to be similar to that
of graphite, except that it required a
slower heating cycle. At low tempera
tures, a stable aluminum fluoride (AIF3)
film forms, which inhibits corrosion as
long as it remains intact. Above the
breakpoint temperature, the film sublimes
and corrosion is rapid.

Four experiments were conducted with
Alp03 in attempts to determine true
specimen surface and breakpoint tempera-
tures. Temperature readings taken during
the course of the first experiment (Run
HF90) which included thermocouple,
manual, and automatic pyrometer
readings are shown in Figure 16. The
difference in temperature, AT, between —r _J

the top and bottom thermocouples

increased from zero to over 300 K after

approximately 7 min of flame exposure.

Apparently the AT was not great enough Figure 11. GRAPHITE TEST PLATE. (Run HF-156.)

to cause catastrophic thermal shock

cracking at elevated temperatures. The calculated true surface temperature of the specimen
was determined from the thermocouple measurements employing a transient heat
conduction equation with consideration for surface recession. Up to approximately 1148 K,
the calculated true surface temperature is observed to be 5 to 15 K higher than the TC 2
(top) thermocouple reading. Above 1148 K, the pyrometer readings exceed the TC2
thermocouple readings by 55 to 115 K.

of Slot

1.1 mm

0.36 to 0.48 mm

Two of the experiments (HF-130 and HF-131) were conducted under conditions in which
specimen surface temperatures were below the bt sskpoint temperature. In Figure 17,
temperature-versus-time data are shown for Run HF-131. in this plot, the surface
temperatures, as determined by manual pyromeser resdings, differ from the TC3 (top
center) thermocouple readings by 10 to 30 K. Run HF-132 was conducted so that specimen
surface temperatures extended beyond the Al20O3 breakpoint temperature; temperature-
versus-time data are presented in Figure 18. Here, the manual pyrometer readings
correspond closely to the top center thermocouple resdings (AT being 10 to 30 K) until the
breakpoint is reached. Then, as a result of rapid exothermic reaction, specimen surface and
thermocouple temperatures rise sharply; and the AT between them increases to as much as
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181350 181362
Figure 12. THE ATJ GRAPHITE TEST PLATE FACE Figure 13. THE ATJ GRAPHITE TEST PLATE BACK
EXPOSED TO HYDROGEN FLUORIDE FLAME. (Run FACE. (Run HF-1586.)
HF-1686.)

®OOE®

181360 181381
Figure 14. GRAPHITE TEST PLATE FACE EXPOSED Figure 16. GRAPHITE TEST PLATE BACK FACE. (Run
TO HYDROGEN FLUORIDE FLAME. (Run HF-188.) HF-188.)
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Figure 16. TEMPERATURE-VERSUS-TIME CURVE FOR THERMOCOUPLE EXPERIMENT WITH ALUMINA
EXPOSED TO HYDROGEN FLUORIDE FLAME. {Run HF-90.)
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150 K. In this instance, HF-132, the breakpoint temperature was 1178 K. A breakpoint
occurred during another run (HF-135), which was indicated by the automatic pyrometer
recorder; this value was 1183 K. Recorded breakpoints were seldom seen with Al03
specimens, since the point at which the automatic pyrometer starts to record is close to the
AlF3 film failure point.

A single crystal specimen of AlpO3 was tested (Runs HF-120 and HF-121) and appeared to
behave like the polycrystalline material except with a possibly higher corrosion rate. By
X-ray diffraction, the index of the face of the sapphire single crystal which was exposed to
the torch was the (0170). Thus, this orientation may resuit in more favorable reaction
kinetics from the atomic packing arrangement.

An experiment (Run HF-159) conducted in the configuration test chamber with a specimen
plate of AlpO3 was not successful in that a section of the plate cracked and fell away; this
was not evident until the run was completed. With a flame temperature of 1700 K, the
surface of the AlpO3 reached a maximum of 1416 K as determined by the automatic
pyrometer. No temperature breakpoints were noted on either the pyrometer recorder or
thermocouple recorder charts.
Figure 19 shows the exposed
side of the plate, which
evidently experienced some
corrosion.

Similarly, as with graphite,
calculations were made to
ascertain corrosion rates for
Al203. Again, as presented in
Figure 20, corrosion rates ex-
pressed as percent weight loss
per second are plotted versus
specimen surface tempera-
tures. A trend is also observed
in the data, in that corrosion
rates increase with rising tem-
peratures.

Magnesia - An early test (Run
HF-7) of MgO indicated that
an adherent protective coating
of magnesium fluoride
(MgFo) formed on exposure
to the HF fiame at a recorded
specimen surface temperature

) 181383
of 1233K and remained  po.. 19. ALUMINA TEST PLATE FACE EXPOBED TO HYDROGEN

intact. This coating was  FLUORIDE FLAME.
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estimated to be in excess of 2um thick by
ion microprobe and X-ray diffraction.

Several experiments were conducted to
determine the maximum temperature use
limit for MgO. In one of the experiments
(Run HF-74), the specimen was observed to
start melting at the edge after a 3-min and
50-s exposure to a8 2320 K flame; the
surface melted rapidly after initiation, with
the molten region moving across the
specimen. Analysis, afterward, by Xvay
diffraction of a meited droplet showed
major constituents of MgO and MgF2, as
would be expected for the eutectic.

Examination of the recorded automatic
pyrometer temperature data for Run HF-74
showed that a breakpoint of 1248 K was
attained, after which the temperature
rapidly rose to 1757 K. This breakpoint
temperature is lower than the eutectic
temperature for MgO-MgF2, which is
reported to be 1485 K.4
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Figure 20. CORROSION RATE OF ALUMINA.

A test run (HF-137) was also conducted with a single crystal specimen of MgO oriented in
the [100]) direction; this run was almost identical to the polycrystalline MgO run. A

breakpoint occurred at 1241 K, after which
the temperature rapidly rose to 1375 K (with
no emissivity corrections) where a characteris-
tic endothermic temperature drop was re-
corded which indicated the meiting of the
MgO-MgF2 eutectic. This cooling was ob-
served visually for a few seconds. The
temperature then continued to rise to a
maximum of 1692 K. Temperature-versus-
time data for Run HF-137 are shown in
Figure 21. The AT between the reported
MgO-MgFy eutectic (1485 K)4 and that
recorded at the endotherm in Figure 21 is
110 K; this is indicative of the amount of
emissivity correction for this specimen
(~0.3).

An attempt to conduct a thermocouple
experiment with a dense polycrystalline MgO

Y4080

1800

Figure 21. TEMPERATURE-VERSUS-TWIE CURVE
FOR MAGNESIA BINGLE CRYSTAL) EXPOSED TO
HYDROGEN FLUORIDE FLAME. (Run HE-137.)




specimen was unsuccessful in that the specimen split in a piane running through the three
drilled thermocouple holes. A second run was attempted with a single crystal MgO specimen
having only two thermocouple holes. After operating for 5.26 min, the run was aborted
because the flame was off center. Upon adjustment of the nozzle, the run (HF-147) was
continued with the same specimen even though it had developed visible cracks. The run was
terminated after 17.05 min, during which time it was observed that a portion of the
specimen had meited and the center thermocouple hole had become visible.

Temperature-versus-time data for Run HF-147 are plotted in Figure 22. The data indicate
that a breakpoint occurred at about 1279 K, after which there was a rapid temperature rise
to 1421 K (per automatic pyrometer scan). Up to and beyond the breakpoint, the
pyrometer readings are higher than the TC 3, top thermocouple, temperatures by some 30
to 70 K.

A MgO plate, having muitiple holes and the same configurgtion as the graphite plate
{HF-145), described in the Carbon and Graphite section, was fabricated and tested in the
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Figire 22. TEMPERATUREVERBUS-TIME CURVE FOR MAGNESIA BINGLE CRYSTAL) EXPORED TO
HYOROGEN PLUONIDER FLAME. (Run HF-147.°




configuration test chamber. During the run
(HF-155), the plate cracked into several
pieces, which may have occurred at the
start. After 3.93 min, a breakpoint tempera-
ture of 1247 K was attained, as observed on
the pyrometer recorder chart. This value
compares well with the other breakpoint
data reported above for MgO. The exposed
face of the MgO plate after the test is shown
in Figure 23, where it is seen that the center
area with the holes did experience some
corrosion. An additional observation was
made in this run; namely, that the interior
of the graphite chamber had reacted with
the HF flame gases since a higher flame
temperature was needed to test the MgQO
plate to the failure point.

. . 181388
From the tests conducted with MgO, it  rigume 23. THE MAGNESIA FACE PLATE EXPOSED TO

appears that: (1) there is little effect from  HYDROGEN FLUORIDE FLAME. (Run HF-188.)
grain boundaries or purity on the upper use

temperature, and (2) fluoride film protection on MgO ceases at 125 K below the eutectic
{MgF2 and MgO) temperature of 1485 K. The loss of film protection is probably the result
of vaporization of the fluoride which could be appreciable below its meiting point.
Microcracking or spalling of the fluoride film is not likely since the CTE values of MgO and
MgF2 are similar.5

Beryllia- Two grades of BeQ were obtained—Berlox K-150,0) and a high-purity Y-12
material. From Table 2, it can be seen that the Y-12 grade contained < 400 wt ppm lithium
as its main impurity, whereas the Berlox material has approximately 0.5% impurities
(apparently from a clay hot-pressing aid).

Test runs were made on the two oxides using cylindrical specimens. Figure 24 shows the
wmperature-versus-time data (Run HF-133) for the Beriox specimen. The data for the Y-12
material (Run HF-134) is shown in Figure 256. For Berlox, the film created an initially
darker appearance on the top surface of the sample, during the run, as compared to the
edges. This is attributed to the thicker film on top as compared to the edge. Because of this
initial derker appearance, it was possible to note when the top and edges appeared equally
hot. The temperature where this occurred coincided with the point where surface
wmperature began to rapidly rise or where film protection ceased. The darker film
phenomenon did not occur for the Y-12 BeO, so this darkness may be related to the higher
level of impurities in Berlox. The Y-12 grade appesred to survive higher surfsce

(j) Nationsl Beryllia Corporation, Haskell, New Jersey.
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Figure 24. TEMPERATURE-VERSUS-TIME CURVE FOR BERYLLIA (BERLOX K-160) EXPOSED TO A HYDROGEN
FLUORIOE FLAME. (Run HF-133.)

temperatures (approximately 65 K) before failure. Apparent breakpoints, as detsrmined
from the plotted data, are 1093 K for the Berlox specimen and 1168 K for the Y-12
specimen.

The meiting temperature of beryllium fiuoride (BeF3) is from 826 to 1076 K.8:7 and an
oxyfluoride (2Be0-5BeF2) mey? or may not8 exist—meiting at 1026 K.7 Therefore, the
meximum surface wmpersture for neer zero corrosion (or breskpoint) of BeO is ressonable,
especislly since both the fluoride and oxyfluoride would be pressnt as 8 glam with its
viscosity decressing with incressing temperature past its meiting rangs. Thet BeO reects
rapidly st 1273 K with fiuorine had aiso been established inmnrliornudv‘ofnfnctorb
in halogen environments.

Other Oxides - On the besis of fluoride melting-point criteria sione, berium oxide (Be0),
caicium oxide (Ca0), and strontium oxide (SrO) might be suitable materiels in @ HF flame
environment; howsver, such is not the cass. Thess materisis cracked when they were wsted,
and the resuitant fluoride layers on the specimens were flaky and nonadherent sfter testing
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Figure 28. TEMPERATURE-VERSUS-TIME CURVE FOR BERYLLIA (Y-12) EXPOSED TO A HYDROGEN FLUORIDE
FLAME. (Run HF-134.)

(possibly from moisture reactivity). In addition, their hygroscopicity would introduce
complicated fabrication problems, since they react readily with the water vapor in the
atmosphere.

Exposure of a high-porosity (38%-open-pore) yttria (Y203) to the HF flame resulted in
disintegration of the specimens. Derse material was obtained with zero open porosity
corresponding to 99% theoreticsl density. This material remained thermal shock-sensitive
but could be tested using programmed ges flows (Runs HF-162, HF-163). A
wmpersture-versus-time curve for Run HF-163 is presented in Figure 26. As shown, a8
breskpoint occurs at 1340 K (1422 K with sssumed emissivity correction), nearly identical
1 the reported 10 yttrium fiuoride YF3 meiting point of 1421 K and there is an additionel
wmperature riss t0 a8 maximum of 14868 K. The specimen did, howswver, split into thres perts
aftr its temperature exceeded the breskpoint temperature.

Since the breskpoint smperature for Y203 spperently Muttnﬂuorldlmmng
point, the following is indicated: (1) that either no oxide/fluoride eutectic oocurs or the
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Figure 28. TEMPERATURE-VERSUS-TIME CURVE FOR YTTRIA EXPOSED TO HYDROGEN FLUORIDE FLAME.
(Run HF-163.)

eutectic is close to the fluoride melting point, (2) that film failure is predominantly caused
by melting, and (3) that fluoride vaporization is a minor consideration.

The testing of a scandium oxide (ScpO3) specimen, which was >90% dense, was
unsuccessful in that the specimen disintegrated (Run HF-93); and no surface temperature
data could be obtained. Thus, such poor thermal shock resistance would eliminate Sco03 as
being suitable for nozzle application.

Ceria (CeO7) also behaved poorly when tested in the HF flame; it cracked, corroded
ssverely, and—in one instance (Run HF-81)—the fluoride layer was flaky and nonadherent.
This is not surprising when it is reslized that two cerium fluorides (CeF3, mp = 1733 K and
CeF4, mp = 1250 K) exist.2 Thus the meiting point of CeF4 would be rapidly resched, and
8 CeF3-CeFq eutectic temperature could significantly lower the fiuoride film failure
temperature.




Two CaAl407 specimens were tested (Runs P-31 and HF-41}), and they exhibited very poor
performance. This behavior can be explained by the formation of a low meiting point
(1095 K) eutectic of calcium fluoride (CaF2) and AIF3.11 A calcium zirconate (CaZrO3)
specimen, nearly 100% dense, fragmented during test (Run HF-81). Approximately one-half
of the specimen remained in position which made it possible to complete a 4-min run. No
height losses were detected on the pieces which had remained on the hoider. The surface
film was scraped away for X-ray diffraction (XRD) analysis, which showed an unidentified
phase (possibly a Ca-Zr-F composition). It was noted that the film was physically similar to
soap, which denotes that it was highly capable of plastic flow or deformation.

Lanthanum chromite, while not reacting rapidly with 2F9 and Hp, forms a very thick,
poorly adherent fluoride film (Run HF-122). This film measured 0.7 mm (0.029 in) thick
on the top, 0.8 mm (0.031 in) thick on the side of the cylinder near the top, and is readily
flaked off. The film was identified as LaF3 by X-ray diffraction. This indicates that the
chromium fluorides volatilize. Since some melting of the film occurred, possibly the
chromium fluorides2 (CrFo mp = 1376 K; CrF3 mp = 1375 K; CrF4 subl = 640 K; or CrFg
bp = 380 K} may initiate liquid formation to cause film failure at 1365 K (or 1450 K
including assumed emissivity correction which is approximately 400 K below the LaF3
melting point). Thus, the nature (and protectiveness) of the fluoride film that forms is
dependent on the substrate precursor. It should be noted that LaCrO3 appears to have
excellent thermal shock resistance since it withstood, with no apparent cracking, direct
heating with a 2400 K flame followed by subsequent rapid cooling (Run HF-123). The
LaCrQ3 is also not water reactive.

Carbides, Sulfides, and Nitrides - Two mixed carbides (64WC-36HfC and 80TaC-20HfC)
were found to react rapidly in the HF flame. Since these materials form volatile fluorides,
there is no possibility of substrate protection. The melting temperature of the substrate has
no effect on its stability in fluorine, as illustrated by the behavior of the mixed carbide
80TaC-20HfC, which has the highest reported12 melting point (4215 £ 150 K) of any
refractory.

Sificon carbide (SiC) behaved similarly to the two carbides and for the same reason, volatile
fluoride formation (Run HF-68).

Cerium sulfide (CeS), similar to CeOp, behaved poorly when tested in the HF flame. As
previously mentioned, the low melting CeF4 (mp = 1250 K)2 or the possibly lower meiting
CeF3-CeF 4 eutectic results in a low fluoride film failure temperature.

Boron nitride (BN) was heated to a relatively high surface temperature, 1908 K, and—as a
result—was severely corroded. The fact that volatile fluorides are formed from BN precludes
the possibility of a protective fluoride film forming.

A yttrium nitride (YN) specimen (approximately 12% porous) fragmented almost
immediately upon exposure to the HF flame which indicated it to be a
thermal-shock-sensitive material. Whether or not a near 100% dense specimen would behave
more favorably woutd require further investigation.




A silicon nitride (Si3Ng) specimen with approximately 5% MgO additive reacted at all
observable temperatures when tested (Run HF-127). According to the pyrometer recorder
data, a breakpoint temperature apparently occurred at 1365 K (presumably from the MgF2o
formed with MgO additive); and the specimen reached a maximum surface temperature of
1631 K. The specimen lost 29.3% weight and had a thin, friable, lacelike coating which was
identified by X-ray diffraction as MgF.

Because of its low thermal expansion and good mechanical properties, Si3Ng is considered
to be a high-toughness ceramic and is under study for turbine blade applications. For
rigorous thermal changes, it would appear to be a good candidate material. For a 2F5 and
H2 environment, however, it reacts rapidly—presumably to form nitrogen fluoride (NF3) or
nitrogen and silicon fluoride (SiF4). These species are noneutectic-forming volatile fluorides.
Thus, an increased dopant level with a fluoride film former could yield a very promising
material with the good properties of SigN4 while forming a protective fluoride layer. The
previously reported‘3 oxynitride La203°Si3Ng4 was considered for improving the properties
of the constituents with lanthanum oxide (Lap0O3) being extremely water reactive but
forming the stable LaF3 and with Si3Ng4 being relatively inexpensive with its excellent
thermal shock properties but not a fluoride film former. The compound Lap03°SigNg was
prepared by reactive hot-pressing a 1:1 molar mixture of calcined Laz03 and SizNg at
1600°C at 21 MPa (approximately 3 ksi) for 1 hour. The oxynitride was only 80% dense.
On testing in 2F2 and Hz (Run HF-125), the specimen developed cracks even with
programmed heating. Nevertheless, the maximum surface temperature for near zero reaction
appears quite high, 1493 K (or 1595 K with assumed emissivity correction). Because of the
porosity, the specimen appeared to be reacted throughout to some extent but was well
protected from complete destruction considering its high porosity. The upper use
temperature seems to be 150 K less than the LaF3 melting point,10 but the apparent
coating failure could have been influenced by the surface cracking and specimen porosity. It
should be noted that Lap03-Si3Ng is apparently not very reactive with water, since no
weight change resulted when a sample was immersed in water for 1 week.

The cracking failure of Lap03+SigNg4 may be caused either by a high thermal expansion
coefficient or by buildup of SiF4 vapor in the pores followed by pore blockage. A more
dense specimen should be examined to resolve the cause of the cracking. Additionally, the
compound La203+2Si3N4 has been reported 13 and could exhibit good behavior in the 2F
and Hy environment. Further testing along these lines is in progress. (i)

Metals and Metallics -

Nickel - Three test runs (HF-43, 44, and 110) were made on nickel 270 cylindrical
specimens to determine maximum use temperature. in Run HF-110, the specimen
was exposed to flame temperatures ranging from 2400 to 2840 K for a period of
16 min. After about 15-1/4 min, a film which formed on the specimen appeared to
wash away. The recorded specimen surface temperature at this point was
approximately 1390 K, which could be considered a breakpoint. By the end of the
run, the specimen had fused to both the nickel support and the thermowell, which
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indicated that its temperature was higher than the maximum recorded surface
temperature of 1545 K.

The testing of nickel 270 was continued with a thermocouple experiment, Run
HF-140, to determine true surface temperature. Time-versus-temperature data for
the run are plotted in Figure 27. A breakpoint occurred at 1418 K. Up to the
breakpoint, the pyrometer readings are higher than the TC4, top thermocouple,
readings by 10 to 30 K. Beyond 1418 K, the readings diverge and then converge.
The maximum thermocouple (TC4) and pyrometer readings attained are 1698 and
1680 K, respectively. Actually, the temperature of the specimen was higher, since
the specimen did melt and the melting point of nickel is 1726 K. Based on this data,
the emissivity of this specimen, at a 1700 K temperature level, would be € = 0.7.
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Figure 27. TEMPERATURE-VERSUS-TIME CURVE FOR NICKEL 270 EXPOSED TO HYDROGEN
FLUORINE FLAME. (Run HF-140.)

A chamber experiment was conducted with a nickel 200 test plate having a 36-hole
configuration similar to the plate described in the Carbon and Graphite section for a _
test (Run HF-145). In this run, there was a steady rise in the specimen surface 1
temperature to a maximum of 1437 K, at which time the run was terminated; no
breakpoint temperature was indicated. The front and back faces of the tested plate




are shown in Figures 28 and 29. The
plate did experier:ce some corrosion,
particularly in the center; the hole
diameters were enlarged from
1.0mm (0C40in) to 1.1 10 1.2 mm
(0.042 tc: 0.048 in).

Nickel Aluminide - Another of the
metallic materials tested was NiAl
which is essentially an equimolecu-
tar compound of aluminum and
nickel. One advantage of NiAl over
nickel is that NiAl melts at 1920 K

while nickel melts at 1726 K. Several
test runs were made on NiAl cylindri- @ @ @@ @
cal specimens to determine its maxi-

mum use temperature. In one run,

HF-109, an apparent breakpoint was 181360
. Figure 28. NICKEL 200 TEST PLATE FACE EXPOSED
estimated to be 1319K. In a TO HYDROGEN FLUORIDE FLAME. {Run HF-157.)

subsequent run, HF-149, which was
a thermocouple experiment, the
apparent breakpoint was estimated
to be 1279 K;  time-versus-
temperature data for the run are
presented in Figure 30. Examination
of the pyrometer recorder charts for
the two runs shows that the
breakpoints are not readily distin-
guishable. The curves have a double
slope such that the breakpoints lie
within a range of values. The
conclusion derived from the data is
that the breakpoint of NiAl is
between that of Al203 and nickel
and that the gradual breakpoint is
probably related to volatilization of
AIF3 and nickel fluoride (NiF2).

, 181361
Other Metallics - Three of the metals g0 20. NICKEL 200 TEST PLATE BACK FACE

tested [tungsten (W), tantalum (Ta), AFTER EXPOSURE TO HYDROGEN FLUORIDE
and molybdenum (Mo) coated with  FLAME. (Run HF-187.)

tungsten] are materials whose fluo-

rides are volatile and, hence, provide no protection from the HF flame. As expected,
they performed poorly when exposed to the HF flame.
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Figure 30. TEMPERATURE-VERSUS-TIME CURVE FOR NICKEL ALUMINIDE EXPOSED TO HYDROGEN
FLUORIDE FLAME. (Run HF-149.)

Scandium (Sc) was considered as a possible candidate material, because scandium
fluoride (ScF3) has the highest melting point of the metal fluorides.14 Test results
were unexpected in that (in an interval of 46 s) the specimen heated up, started to
fail at 1395 K, and then melted (Run HF-119), having reached a maximum surface
temperature of 1576 K. With a breakpoint of 1395 K {or 1465 K with assumed
emissivity correction), it appears that ScF3 ceases to be protective at approximately
300 K below its reported melting point, 1788 K. The X-ray analysis of the droplets
on the specimen detected the metal only. This behavior can probably be explained
by the rather high vapor pressure of ScF3 (10.1Pa or 1X 104 atm at
approximately 1445 K)15 with the ScF3 film volatilizing from the surface of the
specimen.

Yttrium metal is a fluoride former; the yttrium fluoride (YF3) has a reported
melting point of 1426 K.14 When Run HF-111 was tested, the specimen heated up
rapidly, started to melt at approximately 13656 K (or 1424 K with assumed
emissivity correction), and then reacted catastrophically. The breakpoint
temperature of Y203 (Run HF-163) was found to be 1340 K; and both breakpoints,
considering assumed emissivities, are nearly identical to the YF3 meiting point. Film
failure is predominantly by melting.
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Yttria doped specimens of nickel were tested in two runs (HF-41 and HF-42) in
which surface temperatures never exceeded 1138 K; and the specimens experienced
no corrosion. In two subsequent tests (Runs HF-201 and HF-202), Al»0O3 insulating
wafers were placed under the specimens, and specimen surface temperatures above
1400 K were attained. From visual observations, a fluid spot appeared on the top
surface of the specimen at approximately 1289 K. Molten drops were rolling over
the edge of the specimen (Run HF-202) at 1561 K, and gross melting took place at
approximately 1671 K. The breakpoint is, therefore approximately 1289 K for
yttria doped nickel—very similar to yttrium metal and Y203.

Titanium aluminide, another material of interest to the program, has a melting point
of 1743 K. Visual observation of the specimen during test (Run HF-124) noted a
film burn-off at virtually the same temperature at which AlO3 fails, 1163 K. This is
plausible, since AIF3 is the protective layer for both the AlpO3 and TiAl. The
maximum surface temperature attained by the specimen was 1732 K with a 10% loss
in weight.

A composite was considered: combining the stable, high-melting LaF3 with a ductile
metal (tantalum) that forms a volatile fluoride, tantalum fluoride (TaFg), with the 1
prospect of reacting the tantalum away on the surface and leaving the protective
LaF3. The mixture (15.3 wt % LaF3+ 84.7 wt % tantalum) was designed to have
approximately 33 vol % LaF3. Two samples were prepared: the first, about 72%
dense (9.3 g/cm3 bulk density), isostaticaily pressed at 206.8 MPa (30 ksi), and
sintered at 1725 K for 15 min in argon (Ar); and the second, about 90% dense (from
bulk dimensions and corrected for one-half of the LaF3 content vaporization) and
hot-pressed at 26.2 MPa (3.8 ksi) for 1 hour at 1725 K. Both specimens reacted
vigorously with the HF flame, as demonstrated in Runs HF-150, 151, and 152. The
LaF3 film was poorly adherent, thick, and quite porous. It is doubtful that a fully
dense composite would have performed much better since the large surface voids
created throughout the LaF3 film by the TaFg evaporation diminishes the
protection.

Lanthanum Hexaboride -

Dense, Hot-Pressed Lanthanum Hexaboride - One hot-pressed LaBg cylindrical
specimen was tested in a series of 10 runs—in which the flame temperature was
programmed and increased in approximately 100 K increments for each run from
2000 to 2770 K (Runs HF-69, 76, 76, 78, and 96 through 101). After the first run,
it was observed that a white adherent fluoride film (identified as LaF3 by X-ray
diffraction) formed on the LaBg upon exposure to the HF flame. Only a small :
portion of the bottom surface was not coated. The white film is a strong contrast to |
the bluish purple LaBg. After 34 min of exposure (Runs 69, 75, 76, and 78) to HF !
flame temperatures > 1700 K, an electron microscopy scan showed the film to be
approximately 100 um (0.004 in) thick. Upon completion of the 10 runs, after an
87-min exposure at flame temperatures > 1700 K, the cumulative weight loss was




0.57%; losses in height and diameter were only 0.1 mm (4 mils) or 0.79% and
0.02mm {1 mil) or 0.10%, respectively. The maximum specimen surface
temperature 1486 K was attained in the tenth run (HF-101).

In a test (Run HF-102) continued with the same specimen, efforts were made to
increase flame and specimen surface temperatures. With no observable corrosion
after a 10.75-min exposure to a 2840 K fiame, the temperature was increased by
decreasing the fluorine flow to 5.7 X 104 m3/s (1.2 ft3/min) fluorine and to
4.7 X 10-4 m3/s (1.0 £3/min) hydrogen. At this point, some flowing of the LaF3
film was observed, and the film appeared to be viscous. This flowing action occurred
at a surface temperature of 1656 to 1671 K. A further attempt to increase flame
temperatures by reducing the fluorine flow to 4.7 X 10~4 m3/s (1.0 ft3/min)
resulted in flameout. Even after initial liquid formation, the specimen had retained
its configuration and had not corroded catastrophically.

A further experiment (HF-103) with the same specimen demonstrated the thermal
shock resistance of the material. Direct heating of the specimen in a 2840 K flame
and subsequent rapid cooling after equilibration by instantaneously extinguishing
the flame showed no indication of thermal shock cracking. Conventional
nonmetallic specimens require a programmed heating cycle to avoid fragmentation.
Other than graphite, LaBg and LaCrO3 are the only nonmetallics that have
withstood direct heating with a flame temperature > 2000 K. Figure 31 shows a
close-up of the LaBg specimen after the 12 test runs. The retention of shape is
readily seen as well as the LaF3 film and the teardrops of clear melted LaF3. There
was sufficient movement of the film to create these small drops.

17708
Figure 31. LANTHANUM MEXABORIDE SAMPLE CLOSE-UP SHOWING MELTED LANTHANUM
FLUORIDE SURFACE AND TEARDROPS.




The morphology of the LaF3 film on LaBg exposed to 2F and Hy was determined
by examining the specimen after Run HF-78. Figure 32 illustrates an edge view of
the LaF3 coating (left side at 100X). The 1000X view of Figure 32 illustrates that:
(1) the film was approximately 100 um thick, (2) the growth adjacent to the LaBg
(right side) was rapid-forming elongated grains and probably occurred during the
first run (HF-69), (3) no growth layers appeared (these may heal by grain growth
during each successive run), and (4) the LaF3 film density increased toward the
outer region (left side).

An edge view of the side (or rim) coating on the cylinder is shown in Figure 33. The
morphology is very similar to that of Figure 32; however, in the 1000X view, a crack
occurs through the film (approximately one-third of the distance from the left side
of the photo). The crack contains grains on either side that fit together. As there is
no apparent corrosion of the LaF3 grains, rounding of edges, or grain growth, this
crack appears to have occurred after the last run was made.

Figure 34 shows a region which had been chipped prior to the Run HF-78. Thus,
this region is recently reacted to LaF3. Note, in the 300X and 1000X views, the
appearance of columnar grains when viewed from the top. When compared with
Figure 32, the early formed LaF3 columnar grains adjacent to LaBg readily show in
the edge view of the LaF3 coating but would appear as in Figure 34 if viewed from
the top. The grains of Figure 34 are obviously microcracked (or contain grain
boundary separations). This behavior is a common method of stress relief in ceramic
bodies. While such microcracks are often seen in Figure 34, it should be noted that
grain-to-grain bonding also always occurs. The apparent sintering of the top surfaces
of the columnar grains can be seen in Figures 32 through 34 but is illustrated
dramatically in Figure 35, where grain growth is apparent as are circular pores
(upper right of photo) denoting sintering.

Thus, this SEM study revealed: (1) the LaF3 coating appears to form rapidly, with
elongated grains; (2) later growth of the coating probably occurs by diffusion of
fluorine through the film to the LaBg substrate; (3) sintering (or densification)
probably occurs when high-temperature long runs are used; (4) microcracking
appears to be the stress relief mechanism which allows this LaF3 costing (CTE
approximately 14 X 10-6 from 298 to 450K)16 to adhere to LaBg (CTE
approximately 8.9 X 10-6 from 295 to 1275 K).17 1t is aiso indicated that a higher
~ temperature pretreatment of LaBg with 2F2 and Hg should form 8 denser outer
coating and further reduce the continued LaF3 growth rate.

Two thermocouple experiments were conducted with a dense, hot-pressed LaBg
specimen. The specimen was mounted on Al9Og3 grit, in each instance, to reduce the
amount of hest conducted away by the nickel specimen support. in Run HF-141, in
which the highest flame temperature was 2690 K, a maximum specimen surface
temperature of only 1571 K was attained. The second run, HF-142, was made with
the same specimen with higher flame temperatures employed. Figure 36 presents the
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SM85788
Figure 36. SCANNING-ELECTRON-MICROSCOPE PHOTOGRAPH OF LAN-
THANUM FLUORIDE COATING ON LANTHANUM HEXABORIDE. (Top view
of coeting on cylinder; 10,000X; 1 mm equsis 0.1 um.)
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Figure 38. TEMPERATURE-VERSUS-TIME CURVE FOR LANTHANUM HEXABORIOE EXPOSED TO
HYDROGEN FLUORIDE FLAME. (Run MF-142.)

temperature-versus-time data for Run HF-142. Employing flame temperatures to
above 2853 K, a maximum specimen surface temperature of 1720 K was reached, as .
indicated by the automatic optical pyrometer. At this point, thermocouple readings
became erratic; and, in fact, TC 4 (inserted in the center of the specimen) failed. The




45

nickel thermocouple sheath had melted which indicated that the temperature had
reached the melting point of nickel, 1726 K. After these two runs, the specimen
looked relatively untouched except for a grayish film on top and a whitish film on
the bottom. Examination of these failures by SEM (after Run HF-142) revealed
morphology similar to that shown in Figures 32 to 35 for the LaF3 film on the top
of the specimen. The bottom film, however, appeared as a eutectic microstructure
{in the system LaF3-AlF3-Alo03 because of the Alp03 grit); thus, LaF3 was used
henceforth when the insulation of a LaBg specimen was desired.

The temperature plot of Figure 36 also shows that the AT between the pyrometer
readings and the specimen temperature (TC 3) increases from approximately 60 to
150 K as the specimen gets hotter. A low-thermal-conductivity fluoride layer (LaF3)
could account for this AT.

The preceding experiments on LaBg failed to reach a breakpoint where the LaF3
film would fail. The initial liquid formation point (where some flowing of the LaF3
film occurs) is at 1656 to 1671 K (no emissivity correction); initially, this was
thought to represent failure even though the fiuoride was still highly viscous and
protective.

By thermally insulating the underside of a specimen with a porous LaF3 layer and
by a slow continual reduction of fluorine from the 2F2 and H5 ratio to 1.6 F5 and
H2 to increase the flame temperature above 2853 K, a characteristic film failure was
noted which was followed by rapid exothermic reaction. A temperature-versus-time
curve for the run (HF-171) is presented in Figure 37. According to the optical
pyrometer data, a breakpoint occurs at 1738 K (or 1875 K with assumed emissivity
corrections); and there is an additional temperature rise to 2041 K. The run was
terminated when the specimen support and the thermocouple tip had melted and
the specimen had fallen to the bottom of the test reactor. The recovered specimen,
still intact, had no LaF3 film and had lost 9.2% of its weight. From these data, it
appears that the melting point of the LaF3 may be exceeded by approximately
100 K before film failure. Loss of LaF3 may result from two effects: (1) the
viscosity of the LaF3 becomes low enough to allow rapid flow, and (2) rapid
vaporization of the LaF3 occurs simulitaneously.

Two runs (HF-188 and HF-200) were conducted in the configuration test chamber
with perforated plate specimens fabricated from dense, hot-pressed LaBg. In the
first run, HF-188, the plate specimen was annealed in argon to 1275 K prior to test.
Upon initiation of the flame, the plate cracked immediately; and, upon further
examination, it was observed to have several cracks in it, two of which originated at
a bolt hole. Figures 38 and 39 are photographs of the front and rear faces of the
tested plate. in the second run, HF-200, the experiment was modified; whereby, the
boit holes in the specimen were eliminated, and the specimen was supported under
the flame, unrestrained, by a recessed graphite plate bolted to the chamber.
Here agein, the specimen split into two pieces, almost instantly, upon initiation
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Figure 37. TEMPERATURE-VERSUS- TIME CURVE FOR LANTHANUM HEXABORIDE EXPOSED TO
HYDROGEN FLUORIDE FLAME. {Run HF-171.)

of the HF flame. Based on the
results of these last two runs,
even the specimens fabricated
from dense, hot-pressed LaBg
are subject to thermal shock
under the prevailing conditions
in the configuration test
chamber. A third experiment is
planned,(i) wherein the plate
specimen will first be exposed to
the HF flame prior to being
tested in the chamber.

Lanthanum Hexasboride Plasma-

Sprayed Substrates - Since LaBg 100888
- ; Figure 3. DENSE LANTHANUM WEXABORIDE TEST
s a very herd material thet  ,To Coont FACE AFTER EXPOSURE TO HYDROGEN
requires  either  expensive  ELUORIDE FLAME. (Run HE-188.)
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diamond tool grinding or less
familiar nonconventional ma-
chining techniques—electrodis-
charge machining (EDM), electro-
chemical machining (ECM), or
electrochemical grinding (ECG),
consideration was given to fabri-
cating the compound by plasma
spraying.  Plasma-sprayed (PS)
material is approximately 85 to
95% dense with flat grains that are
not as strongly bonded as hot-
pressed, more equiaxed grains.
Thus, the PS grains would pull out

more readily in conventional ... 35 pENSE LANTHANUM ueanomDE“:Es:'
machining, which would enable  PLATE BACK FACE AFTER EXPOSURE TO HYDROGEN
the rapid shaping of relatively FLUORIDE FLAME. (Run HF-188.)

dense PS layers [generally of 0.25

to 2.5mm (0.010 to 0.100-in) thickness] . Additionally, PS coatings can be used to
provide protection for materials with less stringent performance requirements than,
for example, nozzles. An instance would be the graphite configuration-test-chamber
assembly described in the Configuration Test Chamber section.

By using -44 to +25-um-sized powder,(k) it was possible to plasma spray LaBg
successfully. Cylinders of nickel (CTE of 17.1 X 10-6/K in the range of 298 to
1273 K), W-Ni-Fe alloy (CTE of 5.2 X 10~6/K), and POCO(!) graphite (CTE of
approximately 7.5 X 10-6/K) were PS coated with LaBg (CTE of 9.0 X 10-6/k).
The LaBg layers were ali »0.18 mm (or 2 0.007 in) and did provide a measure of
protection for all substrates; however, cracking of the LaF3 film layer occurred on
shutdown for all except for one POCO graphite specimen, which has a very close
CTE match to the LaBg. It is likely that by plasma spraying mixed powders as an
interlayer (ie, a nickel + LaBg interlayer on nickel followed by a pure LaBg layer) an
expansion gradient may be achieved. From the tests with different thicknesses of
LaBg on POCO graphite, it appears, at this time, that a 0.7-mm (0.028-in) coating
will give the best protection. The LaBg coatings that were applied to these test
specimens were nonuniform in thickness, and this may have been a factor in the
performance of the tested specimens.

Three experiments were conducted with LaBg plasma sprayed onto POCO graphite;
namely, Runs HF-153, 154, and 168. Runs HF-164 and HF-170 were conducted
with a nickel 270 specimen and with a W-Ni-Fe alloy specimen, respectively, plasma
sprayed with LaBg. In reviewing the results of the tests, consideration must be given

(k) Nominally > 99% pure lanthanum hexaboride, ~44 to +25 um powder; purchased from
Hermann C. Starck, Inc, Berlin, West Germany.
(1) Poco Graphite, Inc.




to the fact that the specimens were sprayed on the top and peripheral surfaces only;
and, as a consequence, they did suffer added corrosion on the bottom surface.

Plasma-Sprayed Lanthanum Hexaboride Test Specimens - In attempting to plasma
spray LaBg on substrate materials, it was found possible to form the LaBg into
various shapes and thicknesses. Accordingly, a PS plate [without substrate, 102 mm
in diameter by 3.8mm (0.150in} thick, and provided with 36 1.0-mm
(0.040-in)-diameter holes] was made for testing in the configuration test chamber.
The test plate was prepared by plasma spraying the LaBg onto an aluminum
mandrel plated with nickel, and a complete separation of the LaBg occurred when
spraying was completed.

Expecting higher temperatures of operation in the chamber, the interior of the
graphite chamber and the graphite deflection ring were plasma sprayed with LaBg
for added protection. Photographs of the chamber, deflection ring, and test plate
prior to testing are shown in Figures 40, 41, and 42. During the early part of the run
(HF-173), the LaBg plate cracked. Upon subsequent examination, Figure 43, it
appeared that the crack had initiated at one of the bolt holes. In addition, most of
the diameters of the drilled holes had enlarged to 1.1 mm (0.043 in) (approximately
7.5% increase). A view of the back face of the tested plate is shown in Figure 44.

Figure 45 shows the configuration test chamber after test. The resultant LaF 3 layer,
for the most part, did adhere to the graphite and protect it; however, in the area
near the threaded section of the chamber and where the initial LaBg coating was

182083 182086
Figure 40. GRAPHITE CONFIGURATION TEST Figure 41. GRAPHITE DEFLECTION RING
CHAMBER PLASMA SPRAYED WITH LANTHANUM PLASMA SPRAYED WITH LANTHANUM
HEXABORIDE. (Prior to Run HF-173.) HEXABORIDE. (Prior to Run HF-173.)




thinnest, the LaF3 layer did
peel away from the graphite.
A view of the deflection ring,
Figure 46, shows the two
LaBg layers (two right views)
that had popped off the
graphite ring (left view) during
the run; only the top surface
of the top LaBg layer (center
view) had reacted to form
LaF3. Even with some peeling
of the PS coating on the
chamber or with delamination
of the PS layers on the
deflection ring, the PS LaBg
allowed complete protection
of these graphite parts.
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The behavior of the test plate  Figure 42. PLASMASPRAYED LANTHANUM HEXABORIDE
¢ be P TEST PLATE. (Prior to Run HF-173.)

of Run HF-173 was unex-

pected; however, the plate had not been
annealed and was only 81.1% dense
(99.94% pure by spark-source mass
spectrometry). The plate was retested in
the configuration chamber in Run HF-175
to see if it would undergo additional
changes. Changes did take place. The
crack in the plate increased in size. There
was corrosion in the center of the plate,
and most of the matrix hole diameters
had enlarged (again approximately 7%) to
about 1.2mm (0.046 in). Figure47 is a
photograph of the exposed face of this
plate.

Another PS test plate was made (ex-
cluding the bolt holes) of a smaller
diameter (76.8 mm or 3in) than the
previously tested plate. It was mounted

182810
Figure 43. PLASMA-SPRAYED LANTHANUM
HEXABORIDE TEST PLATE EXPOSED TO
HYDROGEN FLUORIDE FLAME. (Run
HF-173.)

and attached to the bottom of the graphite test chamber so that it would not be
restrained during a heat-up and run cycle. After about 4 min into the run (HF-174),
this test pilate (which was 84.2% dense, 99.95% pure by spark-source mass
spectrometry) cracked; and portions of it fell to the bottom of the Monel reactor.
The cracking problem may be solved by annealing the PS material prior to test to
relieve the residual stresses after forming. However, the fact that the holes in the PS
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plates did corrode and increase in size
would need further evaluation to
deem PS LaBg suitable for use as laser
nozzles. A trade-off may be necessary
between a density high enough to
allow near zero corrosion and a
density low enough to take advantage
of the relative ease of machining of PS
material.

Plasma-Sprayed Lanthanum Hexabo-
ride Structures - Based on the results
shown in Figure 45, it was felt that
the interior of the configuration test
chamber could be protected more
effectively by the use of a LaBg liner.
Accordingly, a PS liner, 51 mm (2 in)
long X 64 mm (2.5in) OD X 2.5 mm
{0.100 in) thick was fabricated by
depositing the boride onto a
graphite mandrel and then oxi-
dizing the graphite at 1075 K in
air. This heat treatment served to
anneal the liner as well as to
permit its removal from the
graphite mandrel. A photograph

of the liner prior to test is
presented in Figure 48; the whit-

ish appearance is a result of the
annealing operation (presumably a
thin oxide layer). Density of this
liner (from mercury porosimetry

of a rim section) was 78.6% of
theoretical with 7.4% open
porosity.

A test run (HF-187) was con-
ducted with the LaBg liner plus a
used graphite deflection ring that
had been initially plasma sprayed
with LaBg on its top and bottom
surfaces. A nickel 200 plate,
3.8 mm {0.150 in) thick, provided
with 36 1.0-mm (0.040-in)-diameter

182909
Figure 44. PLASMA-SPRAYED LANTHANUM HEXA-
BORIDE TEST PLATE BACK FACE EXPOSED TO
HYDROGEN FLUORIDE FLAME. {Run HF-173.)

182911
Figure 45. CONFIGURATION TEST CHAMBER EX-
POSED TO HYDROGEN FLUORIDE FLAME. (Run
HF-173.)

holes drilled on 5.6-mm {0.220-in) centers

served as a test specimen. Smoking was observed inside the chamber during the run,
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Figure 46. DEFLECTION RING AFTER EXPOSURE TO HYDROGEN FLUORIDE
FLAME. (Run HF-173.)

which eventually fogged
the sight glass and led to
incorrect readings by the
automatic optical py-
rometer. Apparently, the
surface temperature of
the nickel specimen was
1726 K, since the speci-
men showed signs of
melting as well as exten-
sive corrosion. Examina-
tion of the chamber
after the run showed
that the LaBg liner had
cracked {completely
through) in one area,
and there was partial
cracking elsewhere; how-
ever, the liner did stay in

. " 183085
position  inside  the  Figure 47. RETEST OF PLASMASPRAYED LANTHANUM HEXA-

chamber. Essent"a“y' the BORIDE PLATE. {Run MF-175.)

deflection ring had not

changed. In areas where the interior of the chamber had not been shielded by the
liner and deflection ring, there were signs of a reaction with the HF flame gases.

The liner was used in two subsequent runs (HF-188 and HF-200) described in the
Dense, Hot-Pressed Lanthanum Hexaboride section. Though the liner had been
cracked, it still remained in position inside the chamber throughout the runs to serve
as a protective shield.

Properties of Lanthanum Hexaboride - In view of the fact that LaBg is generally
unfamiliar to people in the materials field, a compilation of its properties is
presented in Appendix D. Thermal diffusivity,18 thermal conductivity,18 and




Table 4
MATERIALS WITH SIGNIFICANT WEIGHT LOSS ABOVE 1050 k(1)

Material (2) Run Anticipated Reaction-Product Fluoride!3!

Boron-Silicon-Carbide HF-82 BF3 (mp= 144 K, bp = 172 K);

{Boride V) SiF4 (subl = 184 K); CF4 (mp = 89 K, bp = 145 K}
SiaNg (MgO doped)i4) HF-127 SiF4q; NF3 (mp = 66 K; bp = 144 K);

MgF2 (mp = 1536 K; bp = 2500 K); OF2 (mp = 49 K, bp = 128 K)

80TaC-20H{C HF-20 TaFg (mp = 370 K, bp = 503 K); CF4
SiC HF-68 SiF4; CFq
w P-30, HF-15 WFg (mp = 274 K; bp = 571 K}
Mo (costed) HF-16, 18, 40 MoFg (mp = 291 K; bp = 370 K)
Ta HF60 TeFg
G4AWC-I6HIC P-20, HF 6 WFg: CFq; HIF 4 (subl = 1200 K)
CeO2 P-35, HF-52, 61 CeF4 (mp = 1280 K, bp = 2000 K); OF2
CaAl407 P-31, HF-§1 AIF3 {subl = 1545 K); OF2; CaF2-AIF3 {mp = 1095 K)

{CA-25) CaF2 (mp = 1675 K; bp = 2145 K)
BN HF-12 8F3; NF3
CeS P-29, HF-58 CeFy; SFg (mp = 222 K; bp = 337 K)

(1) The temperature, 1050 K, represents the lower limit of pyrometry used.

(2) Listed qualitatively in order of decressing stability besed on loss in height with time.

{3) Assuming highest valence fluoride forms, the mp (meiting point), bp (boiting point), and/or subl (sublimation point)
are shown when s perticular fluoride is first listed. Obtained from References 2, 10, 11, 14, and 22.

(4) X-ray diffraction snslyses indicated: mejor phase = 5-Si3Ng4, intermediste phass = a-SigNg.

184543

Figure 48. PLASMA-SPRAYED LANTHANUM HEXABORIOE LINER OXIDIZED IN

AIR.
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thermal expansion data on La8617 {plotted as a function of temperature) are also
presented along with comparison information on MgO, Al203, and Be0.12.19 in
addition to the properties listed, LaBg is not water reactive and has rather good
resistance to thermal shock, presumably resulting from its unusually high thermal
conductivity 18 since both its strength20 and thermal expansion17 are moderate.
However, while LaBg cylindrical samples withstood rapid flame heat-up, LaBg test
plate performance was poor; this indicates that a rather extreme thermal shock
condition exists with the test plates. Poor performance was probably the result of a
suspected presence of free boron.

Machining of Lanthanum Hexaboride - Attempts to fabricate a specimen—for testing
in the configuration test chamber—from a dense, hot-pressed LaBg plate, 8.1 mm
{0.320 in) thick and 99.89% pure (by spark-source mass spectrometry) were slow
and unsatisfactory. In the Y-12 Glass Shop it was possible to satisfactorily core disks
from the LaBg plate up to 102 mm (4 in) in diameter. Aithough the process was
slow, the coring was done with a brass cylinder using water with carborundum (SiC)
as an abrasive. Drilling the 36 1.0-mm (40-mil)-diameter holes, however, was not
successful. Diamond-plated mandreis (turned in a high-speed rotary grinding head)
were used for this operation. The mandrels or drills wore out or broke, and the job
was not completed. One factor which added to the difficulties was the presence of
hard inclusions in the LaBg. The plate was fully dense at 4.59 g/cm3—implying 5%
free boron, probably inclusions.

An attempt to part a 1-in-diameter LaBg cylinder down the middie with a plated
diamond parting wheel took 8 hours. The use of EDM to part a 1-in-diameter
cylinder also took 8 hours; a copper and tungsten electrode was utilized in this
instance.

To investigate alternative machining techniques, personnel from a Y-12 Plant
machine shop and the Y-12 Development Division visited a company{M) which
reportedly had good capabilities for drilling hard materials with ultrasonic-assisted
diamond-iocaded tools. These techniques were convincingly demonstrated. In fact,
the 20 or so remaining holes to be drilled in the LaBg plate were completed by them
in approximately 2-1/2 hours.

Attempts were made at the Y-12 Plant to reduce the thickness of a dense,
hot-pressed LaBg plate to facilitate drilling through the thinner section. To
accomplish this, ECG techniques were used. Under nonoptimum conditions, in a
period of 16 hours, an area of 89 mm (3.5 in) by 162 mm (6 in) was ground down
to 6.3 mm (0.210 in) from an original thickness of 8.1 mm (0.320 in).

Other Borides- One of the first borides tested, Boride V (Appendix B), which is a
boron-silicon-carbon composite, reacted rapidly and corroded extensively in the HF flame

(m) Bullen Ultrasonics, inc., Eaton, Ohio.




(Run HF-82). Since the material formed only volatile fluorides, there was no possibility that
a protective film would form.

Thermal analyses revealed a solid solution of strontium fluoride (2SrF2) and 1LaF3 with a
high melting point; and it has been reponed"-’1 that a continuous solid solution of the
borides, LaBg and strontium hexaboride (SrBg), exists. Thus, the composite
Lag 33Sr0.67B6 was prepared by reactive hot-pressing the mixture LapO3 +4SrO +808B.
About 25 wt % excess boron above the stoichiometric amount was used. Pressing at 2450 K
for 3 hours, under a pressure of 67.5 to 42.0 MPa (9.8 to 6.1 ksi), a specimen with a bulk
density of 2.82 g/cm3 and 87% of the theoretical density was obtained. The material was
tested {Run HF-161) and did experience some corrosion (6.2% weight loss), and some
formation of liquid on the surface was observed after having reached a maximum
temperature of 1802 K. Internal fluoriding had occurred, and the fluoride coating was not
very dense or adherent. Further testing of a dense specimen would be necessary to
adequately compare the behavior of this hexaboride solid solution to LaBg.

In an initial run, HF-87, with CaBg, which had a porosity of approximately 21%, the
specimen fragmented almost immediately upon exposure to the HF flame. Additional
specimens, having essentially 100% theoretical density were procured which had a bulk
density of 243 g/cm3 and zero open porosity. With a dense specimen, a protective CaF2
film formed during a test (Run HF-169); however, a weight loss of 4.5% occurred during an
exposure period of approximately 3 min at a surface temperature of about 1500 K.
Additionally, CaBg was found not to be as
resistant to thermal shock as LaBg (since
CaBg specimens required programmed flame
temperature increases) in < 200 K increments
above 1700 K.

Another experiment was conducted with a
dense CaBg specimen in an effort to
determine the breakpoint of the CaF, film.
Apparently, the CaF, film affords some
protection even above its melting point, up to
the temperature where its viscosity becomes
low enough to allow little substrate protec-
tion. As visually observed in Run HF-167, the
film was blown to the edge of the test
cylinder which allowed rapid corrosion. A
photograph of the specimen tested in Run
HF-167 appears in Figure 49. Here the CaF2
is seen as globules around the edge of the
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specimen and a a crescent-shaped layer g, 49, CALCIUM HEXABORIDE SPECIMEN

(facing upward) on the top surface. The EXPOSED TO A HYDROGEN FLUORIDE FLAME

: (TEMPERATURE EXCEEDING THE MAXIMUM SUR-
timeversus-temperature  curve for Run T ie e FOR NEAR ZERO CORRO.

HF-167 is presented in Figure 50. As  gioN). (Run HE-187.)
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Figure 50. TEMPERATURE-VERSUS-TIME CURVE FOR CALCIUM HEXABORIDE EXPOSED TO HYDROGEN
FLUORIDE FLAME. (Run HF-187.)

indicated by the pyrometer readings, a breakpoint occurs at 1661 K (1786 K with assumed
emissivity correction); and there is a subsequent temperature rise to a maximum of 1924 K.

Generat Discussion of Test Results

The surface temperatures achieved for a particular material in the HF torch environment
depend upon the balance of the heat input from the impinging flame, the heat input of the
fluoriding reaction(s) involved, the heat removal by conduction to the sample support, and
by radistion losses to the chember and gesss. The presence of 8 protective fiuoride film
significantly reduces the heat input from fluoriding. The degree of protection at.orded by
the fiuoride film depends upon the porosity, adherence, and mechanical integrity of the
fluoride film. Causes of film failure include meiting, vaporization, microcracking, or
speliation. With meiting, the remaining protection depends upon the viscosity end
vaporization cherscterigtics of the moiten fluoride. After film failure, the rapid rise in
surface temperature resuits fi'om the uninhibited exothermic fluoriding reaction; typically,
the AH of this fluorinstion resction would become the dominant hest source—supplying
over 4000 times the hest supplied by the torch.




The performance of different materials in the 2F2 and Hy flame was divided into three
categories: (1) those with no region of near zero(n) (insignificant) weight loss above 1050 K
{lower limit of pyrometry used) as

shown in Table 4; (2) those which Table §
failed by fragmentation as shown Fwomois;‘;:g::::i:g;f" FAILED ¥
in Table 5; and (3) those with a
measured region of near-zero(n)  Meteris  Run Anticipsted Reection-Product Fluoride(!) '
weight loss above 1050 K 35 g0, HF93 ScF3 imp= 1788 K; bp = 2026 K); OF 5
shown in Table 6. CaZrO3 HF-81 CaFy; ZrFy; OF2

YN HF49 YF3 (mp = 1421 K; bp = 2206 K); NF3

None of the materials in Table 4 " e o r— T o T e e ,

. L Assuming highest valencs fluor ms, mp ting point),
were protected significantly by a tp (boiling point], and/or subl (sublimation point} ere shown
fluoride film to prevent rapid when a particuler fluoride is first listed in Table 4, 5, or 6.

reaction. The rapid reaction of the Obtained from References 10, 14, and 18.

two cerium compounds (CeO2

and CeS) is attributed to the low-melting CeF4 which is favored by the excess fluorine.
Similarly, the low-melting fluoride eutectic, CaF2-AlF3, results in the low fluorine stability
of CaAlgO7. Fluorides of other materials in Table 4 were volatile above 1050 K in
agreement with available data2.10,22,23 affording no protection for the substrate.

Materials in Table 5 failed shortly after torch ignition. Failure was attributed either solely to

thermal shock (CaZrOg3) or to a combination of thermal shock and vapor pressure buildup

of entrapped fluorides (possibly for ScpO3 or YN). Two materials of high porosity (> 20%) ,
that fragmented were Y203 and CaBg, yet higher density specimens of these materials did

not fragment and are included in Table 6. Calcium, strontium, and barium oxides cracked

during tests but did not disintegrate and are included in Table 6.

Table 6 identifies the materials which formed a fluoride film that offers significant
protection above 1050 K. Breakpoint temperatures were adjusted for assumed emissivity
corrections of 0.4 for ceramic and 0.5 for metallics. The adjusted breakpoint temperatures,
Ty, represent the fluoride film failure point—a temperature below which some significant
protection is afforded. From the run data in the appendices and from observations during
testing, it was observed that, if the surface temperature is approximately 95% of Ty,
negligible corrosion occurs; this estimated upper use temperature is also given in Table 6.

The fluoride film-forming materials of Table 6 may be separated into two types:
(1) vaporizing fluoride formers and (2) meiting fluoride formers. Only carbon and AlO3
were exclusively vaporizing fluoride formers since their fluorides (CFxat and AIF3,
respectively) sublime. For graphite, when 1140 K surface temperature is exceeded, the CF
appears to sublime followed by evolution of either CFy or CF4; thus, in an excess fluorine,
controlied-atmosphere environment, the CF film is stable approximately 400 K above the
velue given by Ebner24 (726 K). For AlpO3, above 1246 K (1180 K excluding emissivity
correction), extensive corrosion occurs aithough (ss for graphite) oconfiguration is

(n) Less than 0.5% weight loss.
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maintained because of the uniform vaporization of the fluorides. Both carbon and Al>O3
had corrosion rates that increased uniformly with increasing temperatures above the film
failure points. After film failure, these two materials had relatively low corrosion rates when
tested beyond their breakpoints. For instance, after exceeding T¢ with a 1500 K specimen
surface temperature, carbon experienced a 6.7% weight loss per minute, and AlpO3 had a
12.3% weight loss per minute.

Most film-forming ceramic samples failed below the reported fluoride or fluoride and
substrate eutectic melting points, probably from vaporization or cracking of the film
followed by rapid exothermic reaction of the exposed substrate elevating the surface
temperature above the fluoride melting point. Comparing MgO and Al203 polycrystalline
and single crystal specimens, it appears that there is little effect of grain boundaries on the
upper use temperature.

The film-forming metallic specimens appear to fail close to the reported fluoride melting
points (or in between the melting points for intermetallics) with the resultant exothermic
rise in temperature causing melting of the substrate metal. Scandium metal, however,
exhibited film failure approximately 300 K below its reported fluoride melting point, since
failure was probably from fluoride vaporization. The utility of metallic specimens above
1400 K is limited because of their low strengths and low creep resistance above 75 to 85%
of their melting temperature.

Three materials could withstand surface temperatures of approximately 100 K above their
reported fluoride melting points before film failure occurred: BeO, CaBg,and LaBg. With
BeO, a high-viscosity glass-forming fluoride protects the substrate until rapid vaporization
causes failure,

With the borides, CaBg and LaBg, the initial formation of fluorides is quite rapid, as
anticipated. However, the films have good adherence and are very protective with CaBg
having greater weight loss above 1600 K surface temperature than LaBg. The CaBg still
exhibits a relatively low corrosion rate, however, of approximately 4.5% weight loss for
approximately 180s at a surface temperature of approximately 1500 K. For CaBg, the
molten fluoride film viscosity decreases rapidly and allows corrosion before complete film
failure. For LaBg, the fluoride film exhibits some flow above 1766 K (1635 K
excluding emissivity correction); but the LaF3 has a high viscosity; its film failure
point of 1876 K (1740 K excluding emissivity correction) represents the point at which
both rapid vaporization of the LaF3 occurs and the viscosity of the LaF3 decreases to
allow rapid flow.

Other materials protected by a LaF3 film were Lap0O3-SigNg and LaCrO3. The
oxynitride has film failure approximately 300 K below LaBg, probsbly from extensive
cracking or lack of adherence of the LaF3. Lanthenum chromite forms a thick, poorly
adherent film which melts more than 400 K below the LaF3 coating failure on LaBg.
Therefore, the nature (and protectability) of the fluoride film which forms is dependent on
the substrate precursor.




The performance of materials in Table 6 may be ranked by the estimated upper use
temperature (35% of Tg, rounded to the nearest 50 K) yielding: LaBg (1800 K) > CaBg
(1700 K) > Lap03°SigNg (1500 K) > [scandium, nickel, SrO, LaCrO3] (1400 K) >
[yttrium, Y203] (1350 K) > [NiAl, Y203 doped nickel] (1300 K) > MgO (1250 K) >
Al203 (1200 K) > [TiAl, BeO] (1150 K) > carbon (1100 K).

In addition to the stability of the protective fluoride film on a substrate, the density of the
substrate was shown to have a significant effect on performance (besides its effect on
fragmentation mentioned for Y203 and CaBg). For instance, the relatively porous
Lag 335r0. 6786 test specimens (87% dense, HF-161) and porous PS LaBg test plates (81%
dense, HF-173 and 175) exhibited more corrosion than dense (3> 95% dense, HF-69, 75, 76,
78,96 to 103, 141 to 143, and 171) LaBg specimens.

Considering test plate performance, it appears that the material behavior (with respect to
fluoride film characteristics) directly correlates with data for test cylinders. The thermal
shock conditions for test plates in the configuration test chamber are much worse than for
cylindrical specimens, since MgO, Ai203, and LaBg test plates cracked and only nickel and
graphite test plates survived the thermal shock conditions without cracking. With design
changes to reduce thermal stresses and by annealing test plates prior to use, it is expected
that LaBg can withstand these conditions, especially if pure LaBg (ie, no free boron) is
used. By comparing slots (with sharp edges) with holes in the graphite test plates, it was
determined that the presence of the sharp edges initiated corrosion.

The graphite configuration test chamber was shown to be protected by either a PS insertable
LaBg liner or a direct PS LaBg coating. Thus, chamber surface temperatures well above the
1140 K limit for unprotected graphite are possible.

There has been only one related study utilizing a torch test. In that study,24 Ebner included
air, limited testing to six refractories, and used surface temperatures well above all
reported fluoride melting points. Thus, no fluoride film protection could result, and direct
comparison with the current work was difficuit. However, when limiting comparison with
graphite and Alop0O3 (evaluated after film failure), the present study produced uniform,
relatively low corrosion rates in keeping with Ebner’s findings that graphite had the lowest
corrosion rates. Ebner did not investigate LaBg.

Above the temperature at which an adherent protective fluoride film might form (or
generally above the fluoride melting point), a simple theoretical analysis of material
behavior is possible. The very high surface temperatures required for nil film protection
occur when specimens are thermally insulated so that most of the hest from the flame is
absorbed by the specimen. Such high temperatures were used by Ebner.24 The kinetics of a
fluorine reaction with the surface of a material would then depend only on: (1) the number
of atoms required to be attached to the surface in order to form the most stable fluorine
rich fluoride (assuming a fluorine rich flame) and (2) the atomic density of the maeterial
(number of atoms per cubic centimeter). The difficulty of attaching a certain number of
fluorine atoms will vary directly with the number required for fluorine formation, and the




. 60

resultant vacancy in the lattice of the surface will depend on the atomic (or ionic, covalent,
or metallic) radii of the element evolved. The simplest method of calculating the kinetics
under these assumptions is as foliows:

m mM

A pNf’

where:

V is the volume loss {in cubic centimeters) on the material surface that is created
A when 10 fluoride atoms caused removal of volatile fiuorides;

m is the number of atoms removed from the material surface when 10 fluorine
atoms are appropriately attached to the surface;

A is the atomic density of the materia! in atom per cubic centimeters and is equal
to (pNf)/M;

p is the bulk density of the material in gram per cubic centimeter;
N is Avogadro’s number, 6.0236 X 1023 atoms per mole;

f is the number of moles per formula weight;

M is the mass (in grams) per formula weight.

Thus, a minimum value of V signifies the best corrosion resistance in a high-temperature
fluorine environment when surface temperatures exceed the film failure temperatures.
Therefore, for materials listed in Table 4 (with volatile fluorides) or for fluoride film
formers above the film failure point (as Ebner’s study),24 the relative performance ranking
can be calculated. This rather simple approach was used to some extent in selecting
materials which were film formers but had low values of V.

In reviewing the outcome of thermocouple experiments conducted with several of the
candidate materials, it was established that the use of thermocouples gave a good
representation of the behavior of the specimens during test. Comparison of the automatic
pyrometer measurements (read at the top center of the specimens) with the readings
recorded by the top center thermocouple (located below the position of flame heat
impingement) showed good agreement up to the breakpoint temperatures. In the case of
MgO and LaBg, the ATs between the thermocouple and pyrometer readings were higher than
for the other materials tested. These larger temperature differences were probably due to
the low heat conduction characteristics of the fluoride layers. Breakpoint temperatures were
readily recognized because of the sharp rise in the pyrometer recorded curve that shows the
onset of exothermic reaction. At this point, the ATs between the pyrometer and
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thermocouple readings tended to diverge. Errors in pyrometer measurements can be
introduced after breakpoint temperatures are reached because of the presence of fluoride
vapors and changes in emissivity characteristics of the test specimen.

FURTHER MATERIALS CONSIDERATIONS
Impregnation or Coating of Carbon with Fluoride

As a result of initial tests indicating that graphite had potential for application in the HF
torch environment, the possibility of impregnating or coating porous graphite with
high-melting fluorides was considered. It was felt the fluoride could provide a protective
layer allowing little or no corrosion of the graphite. Problems forseen with such a system
were the possible interactions of fluorides with carbon or with carbon fluorides (CFy or
CFg4).

Thermogravimetric analyses (TGA) of carbon mixed with CaFo in graphite or tungsten
crucibles were almost identical up to 1900 K. There was no evidence of reaction between
CaF5 and graphite—only volatilization of CaF9 occurred. Since there was no reaction of
CaF7 and graphite, the wetting behavior of CaF2 with graphite was qualitatively determined
by (1) painting porous (approximately 156%) graphite with an aqueous slurry of CaF2 and
(2) rapidly heating (approximately 100 K/min) to a temperature approximately 100 K
above the fluoride melting point in argon, holding for 15 min, and furnace cooling. This
revealed the fluoride to be nonwetting, as CaF2 beads had formed on the graphite surface. A
similar test with LaF3 showed the same nonwetting behavior.

To form a uniform fluoride layer on graphite, physical vapor deposition in a vacuum of
CaF onto graphite was used. A thin (approximately 1 um), adherent film of CaF2 was
formed on the graphite. On exposure to the HF torch, however, in Run HF-37, corrosion
was equa! to that of uncoated graphite.

Although the nonwetting behavior of fluorides on graphite presents problems with loading
carbon with fluorides, several approaches are being investigated,(i) including hot
isostatic-pressure impregnation; sintered or hot-pressed carbon-fluoride composites; and
sintered or hot-pressed carbon- or graphite-LaBg composites.

Thermal Analyses of Fluorides

In order to better understand the relative protection afforded by fluoride films, the behavior
of selected pure fluorides was studied by TGA and differential thermal analyses (DTA). The
former technique yields information on the fluoride volatilizable characteristics in vacuum
(<1.3X 10°3 Pa); whereas, the latter accurately defines meiting points from heating and
cooling curves. The data obtained are given in Table 7. Temperatures, T;, represent weight
loss initiation; Tg or T39 represents the point at which rapid weight loss occurs and
indicates the upper use temperatures of the pure fluorides in vacuum. The velues shown are




lower than the

considerably
breakpoints or fluoride film
failure points (see Table 6)
determined for materials which
form these fluorides. It is
suspected that the excess fluo-
rine (2F2 and Hg) may suppress
to some extent the fluoride
volatilization in the torch envi-
ronment; also, HF torch tests
are at 1-atm pressure, and Table
7 weight loss behavior is for
vacuum,

Since there was a citation to an
anomalous solid solution23 at
the 2SrF2-1LaF3 composition,
this mixture and the end-
members were examined by
DTA. The SrFp and LaF3
end-members melted within 5 K
of reportedw values. The
2SrFp-LaF3  mixture melted
65 K higher than LaF3 and 95 K
higher than SrF,. Subsequent
X-ray diffraction analyses re-
vealed only the SrFo with a
slightly shifted diffraction pat-
tern indicative of the solid
solution 2SrF2-1LaF3 (since no

Table 7
FLUORIDE CHARACTERIZATION BY THERMAL ANALYSES

Characteristic Weight Change
Temperatures(1) Melting
Point
Materigis{2) T;3) T4 708 (x)6)
AlF3 800 995 980
GaFg 1388 1580 15656 -
srFp 1456 1620 16806 1740
LeF3 1360 1640 1600 1766
25¢F2-1LaF 3 Solid Solution 1435 1580 1675 1835

{1) Determined from TGA dats using a thermosnalyzer, Mode! TA-1
from Mettier Instrument Compeny, Princston, New Jersey, with
uitrshigh temperasture (2773 K) furnsce using a vacuum
< 1.33 X 10~3 Pa (< 10-5 torr), » hesting rate of 10 K/min, and a
tungsten-tungsten, 26 wt % rhenium thermacouples, snd with tungsten
crucibles (no lids); temperatures rounded to nearest 5 K.

{2) Grester than 99.6 wt % pure by spark-source mass spectrographic
anslyses.

{3) Initistion temperature as indicated by the initisl change in slope of
the weight loss curve.

(4) Extrapoisted temperature of rapid weight loss s determined by the
intersection of tengent lines—one to the base curve and one to the
point on the curve where 10% weight (oss (based on initial weight)
sfter 1273 K occurred (or after 773 K for AIF3).

(5) Temperature at which 3% weight ioss (besed on initisl weight) after
1273 K occurred (or after 773 K for AIF3).

{8) Determined from DTA data using 8 thermosnalyzer, Mettier Mode!
TA-1, with high-temperature (1873 K) furnace, & flowing (5.1 L/h)
helium stmosphers, & hesting and cooling rate of 8 K/min, @
pistinum-platinum, 10wt % rhodium thermocouple, and molyb-
denum (Grade TZM) crucibles and lids; sverage of three peeks from
cooling curves.

free LaF3 was detected). This complete phase diagram is being determined, i) and the solid
solution region extends to 57 mol % LaF3 in SrF2 with maximum melting points in the
region 25 to 33 mol % LaF3 or the 2SrF2-1LaF3 composition.

Summarizing Table 7, it appears (from Tg or T3% datum) that, in @ vacuum environment,
the maximum fluoride use temperatures would be expected to be around 1600 K for
minimal weight losses or change in dimensions of a material protected by these fluorides.

Tetrafluoromethane Addition Experiments

Two runs were conducted to determine the effect of the addition of CF4 to the HF flame
on the corrosion behavior of ATJ graphite. The possibility was surmised, from preliminary
studies, of a significant reduction in the reaction of graphite with fluorine by the addition of
low-level CF4 (<1 mol %). The two runs (HF-172 and HF-176) were conducted with the
graphite configuration test chamber; each ATJ graphite test plate was 3.81 mm (0.150 in)




thick and was provided with 36 1.0-mm (0.040 in)-diameter drilled holes. The CF4 was
introduced into the flame nozzle through the hydrogen feed line.

In Run HF-172, the CF4 flow rate was 800 cm3/min so that it constituted 4.16 wt % and
0.53 mol % of the total inlet gas flow to the nozzle. In Run HF-176, the CF4 tlow was
7.89 wt % and 1.04 mol % of the total flow. Detailed data for these runs may be found in
Appendices B and C. The areas around the centers of the tested plates showed signs of
corrosion. This is readily seen in photographs taken of Plate HF-176, Figures 51 and 52. The

183327 183328
Figure 51. TETRAFLUOROMETHANE ADDITION Figure 52. TETRAFLUOROMETHANE ADDITION EX-
EXPERIMENT WITH GRAPHITE TEST PLATE EX- PERIMENT WITH GRAPHITE TEST PLATE EXPOSED
POSED FACE TO HYDROGEN FLUORIDE FLAME. BACK FACE TO HYDROGEN FLUORIDE FLAME.

hole diameters in Plate HF-172 had increased in diameter from 1.0 to 1.8 mm (0.040 to
0.070in); in Plate HF-176 the increase was from 1.0 to 1.2mm (0.040 to 0.046 in).
Furthermore, in Run HF-176, the test chamber had cracked and showed signs by its sooty
appearance of having reacted with the flame gases. A photograph of the chamber, which
cracked during the run, may be seen in Figure 53. In addition, the sapphire sight glass in the
chamber was etched, and this was an unusual occurrence. During the runs, it was noted that
the flame did not have its characteristic bluish color but, instead, was green to greenish biue.

Comparison of the above two runs with Run HF-146, in which no CF4 was added to the
flame, indicates the graphite corrosion rate in Run HF-176 was less than in Run HF-146,
0.709 g/min weight loss versus 0.969 g/min. Based on the work conducted thus far, the
addition of CF4 does not significantly improve the corrosion resistance of graphite to the
HF flame. The failure of the graphite chamber in Run HF-176 indicates CF4 addition can
introduce significant problems.




Fluorine to Hydrogen Ratio
Change

Consideration had been given
in this evaluation program to
the use of gas compositions
wherein the 2:1 Fp:H5 ratios
would be altered. Accordingly,
two runs (HF-178 and
HF-180) were conducted with
a 1:1 Fy:Hj ratio and one run
(HF-179) with a 3:1 Fa:Hjp
ratio. Dense LaBg cylindrical
specimens were employed as
the test material.

Specimen surface tempera-
tures attained with the 1:1
Fo:Ho ratio gas compositions
were 1416 and 1493 K. The
maximum surface temperature
attainable with the 3:1 F2:Hp
ratio flame was only 1103 K.
Evidently the excess fluorine

acts as a diluent and, com- 184545
Figure 53. CONFIGURATION TEST CHAMBER AFTER TETRAFLUORO-

bined with its high heat of  \per) \NE ADDITION EXPERIMENT. (Run HF-176.)
dissociation, results in lower

flame temperatures. In each

instance, dimensional changes in the tested specimens were low. One difference occurring in
the samples of the two experiments could be seen in the appearance of the resultant LaF3
layers. With a 1:1 Fo:H5 ratio, the fluoride layer appeared to be thin and light gray in color.
In the other case, the fluoride layer was white.

The differences in morphology of LaBg specimens exposed toa 1:1 Fa:Hpora3:1 FoiHy
flame is illustrated in Figures 54 to 57. Figure 54 (top views of the LaFg3 coatings) shows
that the top surface is microcracked and that there is approximately a factor of three grain
size difference in the fluoride films (since the 1000X and 3000X photos of 1:1 F2:Hp
exposed materials correspond to the 3000X and 10,000X photos of 3:1 Fp:Hp exposed
materials). Microcracking and grain size of this top surface for the 1:1 F2:Ho exposed LaBg
correspond to the 2:1 Fy:Hy exposed LaBg specimens examined (specimen after Run
HF-78 and specimen after Run HF-141).

Figure 55 illustrates the edge views of the LaF3 coatings. The 1:1 F2:H) exposed LaBg
forms a LaF3 coating with an apparent transition layer (sine wavelike band, 20 to 30 um
below the exposed surtace, of coarse grained material. The 3:1 F7:H2 exposed LaBg forms
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LANTHANUM HEXABORIDE SPECIMEN EXPOSED TO 1:1 F2:H2

{a) 3000X. SM£9533 (b} 1000X. SM-69534
LANTHANUM HEXABORIDE SPECIMEN EXPOSED TO 3:1 F2:H2

{c) 10,000X. SM69537 {d) 3000X. SM-69538

Figure 54. SCANNING ELECTRON MICROSCOPE PHOTOGRAPH OF LANTHANUM FLUORIDE COATINGS ON
LANTHANUM HEXABORIDE. (Top views of cylinders.)
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columnar-shaped (elongated) grains with a microcracked region where transition from LaF3
to LaBg occurs. The 1:1 F2:H2 exposed LaBg had a 35- to 90-u (approximately 60-um
average) LaF3 layer; the 3:1 F2:H2 exposed LaBg had a 35- to 50-um average) LaF3 layer.
The morphology differences are further illustrated in Figure 56 and 57. Both LaF3 coatings
are adherent and protective overall with minimal weight and dimensional changes resulting
(Runs HF-178 to 180).
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CONCLUSIONS

Resistance of materials to the HF flame depends on the formation of a protective fluoride
film with the following characteristics of the film being beneficial : .

1. An adherent, relatively dense, continuous film,

2. High melting point.

3. Sufficiently low vapor pressure.

4. No eutectic between fluoride film and substrate or else a high-melting-point eutectic.

Substrate protection deteriorates when the fluoride film melts, vaporizes, microcracks, or

spalls.

When the fluoride film fails to limit substrate exposure and to kinetically inhibit the }
fluoriding reaction, the surface temperatures of the substrate surge from the rapid '
exothermic reaction.

Atfter fluoride film failure, materials whose fluorides fail by vaporization (carbon, Al»03.
BeO, LaBg) have good configurational stability and, except for BeO, have relatively low
rates of corrosion, :

Melting point of the substrate is relatively unimportant (if it is above required use
temperatures) since performance depends primarily on the fluoride film characteristics.

Thermal-shock-sensitive materials can perform in the HF flame provided programmed
heat-up and cool-down cycles are employed.

A ranking of fluoride film formers with maximum use temperatures in the range 1800 to
1400 K is: LaBg > CaBg > La203°SigNg > (Sc, Ni, SrO, LaCrO3).

Plasma-sprayed LaBg shows promise of protecting substrate materials in an HF flame ’
environment. The concept of adding an intermediate layer between the substrate and the
LaBg layer, to sccommodate CTE mismatches, shouid be investigated.

Under test conditions existing in the configuration test chamber, dense LaBg test plates
were found to be thermally shock sensitive (possibly affected by free boron). Improvement
of its shock sensitivity, by forming composites with carbon, should be further
investigated.li) Also, test plate design might be modified to minimize thermal shock
conditions.

Further investigation is required to find materials containing lanthanum that are capabie of
survival in the HF fiame and thet have readily machineble characteristics. (i)
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APPENDIX

FACILITY DRAWINGS AND PHOTOS
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Figure A-1. NOZZLE AND REACTOR ASSEMBLY.
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APPENDIX A

Figure A-2. REACTOR DETAILS.
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Figure A-3. NOZZLE DETAILS.
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Figure A-4. SIGHT PORT DETAILS.
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Figure A-5. GAS CYLINDER STORAGE SHED.
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Figure A6. FLUORINE "PIG”
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“PIG” AND CHEMICAL TRAP. Figure A-7. HYDROGEN FLUORIDE TEST FACILITY.
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Figure A-8. CONTROL VALVE STATION IN HYDROGEN FLUORIDE
TEST FACILITY.
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Figure A-8. REVISED NOZZLE TIP FABRICATED
OF MONEL OR NICKEL. (Dimensions shown in
inches.)

5/16

Figure A-10. REVISED NOZZLE TIP SHOWING LOCATION OF HOLES|
FOR FLUORINE AND HELIUM INLET AND DISCHARGE OPENINGS.
(Dimensions shown in inches.)
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r 11/16 Desp  yrij| 16 0.057-in.-Dismeter
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intersect the 3/16-in.-Diameter

Holes, as Shown.

«—— = 13/16 Deep

View A-A

Dritl 3/18-in.-Dismeter Holes,
as Shown. When Bottom Holes
Mave Been Drilled, Plug and
Back Weld the Six Externsl
Side Openings.
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' Holes from Bottom to intersect
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~——2 16/16 Deep
+

View B-B
o 1[4 Drill 2 3/18-in.-Dismeter Hole from
Top and Three 1/8-in.-Diameter Holes
’ ’ from Side. When Bottom Holes have
been Drilled, Plug and Back Weid the
= 1-5/18 Deep Three Side Openings.
L—-— < & +
1/2 Bottom View
+ +
— +
T + +
0.33 . .
) OF HOLES Figure A-11. REVISED NOZZLE TIP SHOWING LOCATION OF HOLES
DPENINGS. FOR HYDROGEN INLET AND DISCHARGE OPENINGS. (Dimensions

shown in inches.)
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APPENDIX C
OBSERVATIONS ON TEST SPECIMENS EXPOSED TO A HYDROGEN FLUORINE FLAME
Tabie C-1
OBSERVATIONS ON TEST SPECIMENS EXPOSED TO A HYDROGEN/FLUORINE FLAME
Theoretical Duration Sampie Meagured
Flame of Surfece Loes in
Tempersture  Run Temperaturell) Lass (%) Height
Run Material (K) (min) (K) Weight Dismeter Height (mm)
; P14 20, ~ 2400 3 1850 NM NM NM .
P-19 Y203 2250 1.25 1138 NA NA NA
P-20 WC:HfC 2000 1.75 1493 NA NA NA
165:35) 2100 2 1676 NA NA - 9% = 1.02
P-23 A1203 1650 1 Modified NM NM NM
1850 0.5 Heat Up
2035 0.5 Cycie to
2080 2 Minimize
4 Thermal
Stress
P-4 Al203 1650 1.5 1706 279 6.9 16.7 22
1915 1
2150 0.7
2280 2
526
P-25 Natural 2280 2 1766 NM NM NM
Flake
Graphiwe
P-27 Fibrous Carbon- 2280 2.50 1747 114 NM NM
Carbon Composite
P-29 CeS 2280 <1 1980 NA NA 104 1062.7 NA
P30 Tungsten 2280 <1 > 1726 K NA NA 19 0.26
P-31 Cealcium Aluminate 1650 1.2 1671 NA NA 2010656 NA
Casment 1915 0.5
2150 0.7
2280 23
LN B
P33 Carbon-Cerbon 2280 2 1860 133 1.8 18 09
Composite
{Merquardt A)
P-34 Csrbon-Carbon 2280 2 1931 129 24 49 0.8
Compasite
{Merquardt B)
P36 Ce02 1650 1 1596 40.7 19 384 8.1
1918 0.58
2180 0.7
2280 2.17
a5
P38 Y203 1650 0.28 NA NA NA NA
P37 Fibrous Cerbon- 2280 2 1727 NM NM NM
Carbon Composite 2280 2 1747 14.7 NM NM




hxc

E

1
D TO A HYDROGEN/FLUORINE FLAME

Measured
Loss in
Loss (%) Height
Diamewr Height {mm) Remarks
NM NM Cracked in several places. Some material loss.
Holder kept sampie intact.
NA NA - Drisintegrated on heat up from thermal shock.
NA NA Smpll pieces tpaited from side on hest up.
NA ~ 9% = 1.02 Cracked into five large pieces on hest up from
thermal shock.
NM NM Appeasred intact. Decsion made to run sgsin.
] Sampie not removed from chamber.
89 16.7 2.2 Surface cracking but generally intact.
NM NM Survived with fest heat up without thermel shock.
Some srosion. Sparking on heat up. Costing burned
sway at = 1323 K.
NM NM Coeting formaed at lower temperature which burned
sway st = 1323 K. Consicersbie sparking beiow
"MK
NA 104 10 62.7 NA Immediate reaction on heat up. Moiten phase on
surface fiowed freely. Run terminsted.
NA 19 0.2% Sempie holder and supports meited. High conductivity
ot semple requires holder moditicetion.
NA 20t065.5 NA Extensive corrosion, fused 10 support.
.8 28 0.9 No shape dstortion. Mainsined configuration,
1 Coeting burned sway st 1323 K. Sparking < 1173 K.
24 49 0.68 No shepe distortion. Meintsined configurstion.
Costing burned sway &t 1323 K. Sparking < 1173 K.
Y g4 8.1 Severely corroded.
[
!
|
NA NA - Disinwgrawd 10 powdsr an heet up.
NM NM Cycied through heat up twice 10 prove that film
NM N formaetion and dissolution occurred on sech swp.

Lost = 3.3% on second run.

.7




oY

Tabie C-1 {cantinued)

Theorstical Durstion Sample Mess
Fiame of Surface Low
Temperature  Run Temperature!?) Loss (%) Hei
Run Mawrisi 13} {min} K) Weight Diamenr Height (o
. P-38 Naturst Flake 2280 2 1767 79 1.2 36 04
Graphite
HF-1  Pyrolytic Graphim 2280 2 1866 79 0.7 54 o4
{Atlantic Research) 09
HF-2 B8a0 1650 0.26 1611 NM NM NM
HF-3 ATJ Graphite 2280 2 1696 80 1.3 3.2 0.
HF-4 Poco Graphite 2280 2 1732 8.1 13 3.2 0/
HF-5  Al03 1650 1 1646 19.9 5.6 10 4.5 108 1.
1915 0.58
2150 0.58
2290 2
416
HF-8  WC:HIC 1650 1 1888 27.4 5.0 16.7 0 12.2 1
165:35) 1915 0.5 Ave
2150 05
2290 2.17
417
HF-7 MO 1650 1 1233 2.1 Top No No o
1918 067 1.3 Bot Change Change
2160 0867
: 2280 2.42
4.76
HF-8  isotrapic Carbon 2280 2 1858 16.5 28 8 04
j HF9 MO 1650 1 2008 NA NA NA
! 1918 0.58
| 2160 087
; 2280 1
: 32
i MF-10  Anisotropic 2200 2 1656 140 1.7 58 e
} Carbon
| MF-11  ATJS Graphite 2200 2 NA NM NM NN e
' 2280 2 NA 18.7 3.1 12
HWF12 BN 1650 1 1908 NA NA NA {
1960 092
260 092
22%0 2.17
so01
MF-13  Glassy Carbon 2280 2 1928 3.7 48 2.2 (
68 tor
* 12.7-me-Thick
Specimen




117
Tabie C-1 (continued)
Measured
Loss in
rell) Loss (%) Height
Weight Dismewr Height (mm) Remaerks
7.9 1.2 36 0.46 Maintsined configuration. Coating burned away st
~ 1323 K.
79 0.7 54 0.64 Maintsinad original square configuration. Coeting
09 burned off st 1323 K.
NM NM NM Reacted immedistely on heat up in flame. Viscous
moimen phase flowed freely.
8.0 13 3.2 0.4 Speris st low tempersture. Film burn-off st
~ 1323 K. Good configurational stability.
8.1 13 3.2 oM Specimen wxture changs on top and sides. Film
burn-off at = 1323 K.
19.9 561045 10.8 1.37 Good contigurationsl stability.
274 5.0 16.7w 12.2 1.96 Whiw residue on bottom. Obvious corrosion.
Aversge Texture change on top and sides. ‘
2.1 Top No No 0.0 Two thin samples stacksd.
1380t Changs Change
16.5 28 8 099 Very slight smount of sperking compered to
previous graphite spacimens. Whiw residue
remeined on bottom of the specimen. Specimen
changed wxture.
NA NA NA Two thin sempies resacted snd meited.
140 1.7 86 0.7 Specimen changad wxture. Botrom of specimen did
not resct.
NV NV NM [ X} Cycied through hest up twice. Specimen hed »
18.7 3 7.2 whiw residue on the bottom. Specimen chenged
wrwre,
NA NA NA NA Severely corroded. Nicks! from the support melwd
onto the specimen.
3.7 49 2.2 0.5 Thin wefer specimen. No sparking or whitish
6.8 for formaetion nowd during run. Underside of specimen
12.7-mam-Thick eteined is shiny appeeranes: top had & bluish
Specimen ooloration snd hed chengad wxture. Specimen hed
not crecied.

e e —— S — Y
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Table C-1 {continued)
Theoretical Duration Sample Me
Flame of Surfsce Loes in
Temperature  Run Temperature{1} Loss (%) Height
Run Mawrial (K) {min) (4] Weight Diameter Height (mm)
HF-14 SO 1650 1 1636 NA NA NA
1950 0.75
2160 0.7%
2280 2
4.5
HF-15 W 2280 2.75 1493(2) 120 21 6.2 0.7
HF-16 Mo with CM 500 2280 2 1870 15.1 19 5.1 0.66
coat (Rocketdyne)
W-WC Compasite
HF-17  ATJ Graphite > 1650 2 13980 6.3 0.8 2.2 0.30
HF-18 Mo with W 2160 217 1717 15.2 1.8 6.2 ~0.79
coat {(Rocketdyne) 1
HF-19  TaC:HfC[80:20 molar] 2160 0.26- =~1626 5.6
0.5
HF-20 TaC:HfC{80:20) 1650 1 1861 19.3 34 7.5 1.02
1915 1.286
2160 2
425 1
HF-29  Coors Alumina 1660 3.25 < 1138 0.02 0.0 0.0 0.0
1916 3
6.25
HF-22 Coors Alumina 1776 25 15676 59 ~04 3.18 - 1
from HF-21 2080 2.26 Average -1.22t0
27%
HF-23  Poco Graphite > 1778 2.76 <1138 0.3 0.0 0.0 0.0
AFX-5Q-2
HF-24 Coors Alumina 1775 2.83 NA 133 20 15 0.97
1900 3.42
2200+ 1.7%
8.0
HF-26  Graphite {(Y-12) 1775 2.7% 16563 16.2 25 75 0.97
MP 11 B-1 2000 2.08
4.83
HF-26  NiAI ~1778 3.26 1088 +0.004 0.0 +0.18 +0.03
Visual
HF-27 Seme Specimen 1890 3 1218 0.18 0.1t00.4 0.0 0.0 {
from HF.26 1970 3
2028 2
8
HF-28 ATJ Graphite ~ 1778 217 1463 483 03 20 0.28
HF-20  NiAl 2120 287 1203 0.08 0.1 0.22 0.03
2160 2
487
HF-30 ATJ Graphin 2000 217 1088 0.09 0.1 +0.2 +0.03
Visuel




Measured
Loss in
Height
{mm) Remarks
Specimen cracked and a portion of it melted; '
meited material was greenish. Specimen reached
temperature only within seconds of completing
the cycle.
6.2 0.79 Specimen showed signs of corrosion and reaction
with graphite hoider.
5.1 0.66 Specimen showed some signs of corrosion.
22 0.30 Specimen changed texture; underside had whitish
cost on it.
6.2 = 0.79 Corrosion on top of specimen was slightly uneven.
b - - Specimen cracked; run was terminated.
2.5 1.02 Specime: turned from brown to black on top and
sides. Vepor evolved from specimen during run.
0.0 0.0 No change in specimen. .
3.18 - Specimen not fully covered by flame; corrosion N
Average -1.22 10 +0.23 confined to 2/3 of top surface; some flow took
place. Some cracks noted.
0.0 <) Specimen not fully covered by fiame; portions not
touched had a whitish coat; 2/5 wes covered.
75 0.97 Fisme slightly off center. Lost process He during
third cycle; specimen cracked ss wmmipersture
quickly rose.
78 0.87 Bottom of specimen did not resct and had a bit
of whitish coating; other surfaces chenged mxture.
+0.18 +0.03 Specimen had derkened on top and sides; blue and
greenish coloration evident.
0.0 0.0 Specimen derk gray on top. Side and bottom had »
nonadherent whitish coat.
20 0.28 Specimen chenged xture on sides send top. Low
density specimen. f
0.22 0.0 Whitish costing on top flaked off. Whitish cost
’ siso on sides.
+0.2 +0.03 Whiwm costing an tap and side.

-
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Table C-1 (continued)

Theoretical Duration Sample
Flame of Surface
Temperawrs  Run Temperstrel(l) Loss (%)
Run Materisl {K) {min) K) Weight Dismeter Height
HF-31  ATJ Graphin 2216 2.5 1418 74 09 3.2
HF-32 ATJ Graphite 2120 2.26 1376 54 0.8 18
HF-33 ATJ Graphite 2045 2 1330 46 06 18
HF-34  ATJ Graphite 2000 2.37 1310 4.7 0.8 26
HF-36 ATJ Graphite 1800 4 1306 3.8 04 20
HF-368 ATJ Graphite 1810 5 1088 0.4 0.2 0.14
Visual
HF-37 ATJ Graphite 2000 2.37 1310 44 04 18
with 2 1 um
Coat of CaF 2
HF-38 Coors Alumins 1700 1 1223 6.1 08
1830 1.2
2000 4
6.2
HF-38 Coors Alumina 1700 1 <1138 0.18 0.1 0.12
1830 115 A
1900 4 {
8.16
HF40 CVDWon Mo 2000 2.07 1473 9.5 1.2 34
0.38
A
HF-41 Y203 Doped Ni 1900 237 <138 0.003 0.0 00
HF-42 Y203 Doped Ni 2000 417 <1138 - 0.0 0.0
HF-43 Ni 270 2000 417 <1138 0.02 0.0 0.0
HF-44 Ni 270 2280 4.03 1300 0.78 0.0 04
HF48 Ni 200 2200 2.3% 1438 100.0 0.
&mil-Thick Foil
HF 48 BeO 1700 1.27 =~1108 +0.7 +0.96 +1.31t0+3.0 +0.13
1830 138
2000 4.38
7.00
HF-47 8O 1700 1 1198 +0.2 +0.1 +0.98 to
1830 1 +0.42
2000 4
6.0
HF48 Co0O 1700 1 158 1.3 4085 +«098
1830 1
2000 4.8
LX)
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Messured
Loss in
Meight
Height mm) Remarks
32 oM Specimen changed to 8 black texture except on
the bottom.
1.8 0.23 Specimen changed to a black wxture except on
the bottom.
1.8 0.23 Specimen changed to a black texturs except on
the bottom.
28 0.33 Specimen changed to 8 biack texture except on
the bortom.
20 0.28 Specimen changed to 8 black texture except on
the bottom.
0.14 0.02 Entire specimen sxcept for a portion on the
bottam had a whiw coeting.
1.8 0.23 Specimen changed to a black ®xture except on
the bottom.
-1.36 to +0.03 Specimen corroded unevenly; hed slight cracks
on top and side.
0.12 0.02 Specimen had fine cracks on top and side.
Aversge
34 0.43 Golden coloration on side. Top had a grayish
(0.38 t0 0.53} appesrance.
Average
0.0 0.0 Specimen turned dark gray on top and partially
on the side. Top and bottom lavers seemed to be
separating.
0.0 0.0 Top lsyer and portion of side became derk gray.
Bonding of 1ayers ssemed OK.
0.0 0.0 Specimen became light gray on top and side.
04 0.08 Specimen turned to 8 light grayish sppearance
on top and side.
0.13 Foil burned sway within 2 min.

+1.3 w0 +3.0 +0.13 to +0.33

+0.98 to
+0.42

+0.98

+0.1 10
+0.08

Specimen had film built up on it which ssemed
fiaky; specimen had a big crack.

Specimen cracked in severs! places; top hed &
rough texture.

Specimen wes cracked and chipped.




Table C-1 (continued)
Theoretical  Durstion Sample Measured
Flame of Surface Loss in
Temperawre  Run Temperature!1) Loss (%) Height
Run Matwerial (K) {min) (K} Weight Dismeter Height (mm)
HF49 VYN 1700 10s
HF-50  Yttrium 2280 4 1148 +0.1 0.0 0.0 0.0
HF-51 CaAlq07 1700 1 1350 125 15 136 1.73
1830 1
2000 4
6.0
HF-52 CeO2 1700 1 1333 338 4.2 12.7 244
1830 1
2000 4
6.0
HF-83 Y203 1700 1 No
1830 1 Indication
2000 4 <1138
30
HF-54 Y903 1700 145
HF-56 CeS 1700 1 1566 216 1.5 8.01023.5 097 t0 28
1830 1 ]
2000 15
35
HF-5+  Alumins 1700 1 No 09 1.0 04 0.06
1830 1 Indication
2000 5 <1138
1830 1
1700 ~1
9.0
HF-58 Alumina 1700 1 1438 26.0 NA NA
1830 1 ost
2000 25
2110 3.0
1830 1
1700 1.17
987
HF80 Tentalum 2000 4 1696 224 49 11.8 1.5
HF-81  CeO2 1700 4 1245 8.2 +0.98 33 0.38
HF682 80 1700 4 No +0.6 +0.3 0.2 0.025
Indication
<1138
HF83 SO 1700 1 1143 +0.2 +1.0 +1.74 to +0.2 10
1910 4 +1.99 +0.26
1700 L
6.0
HF87 MgO 1200 1 No +0.07 0.2 ut'd0 0.08
1830 1 Indication Average
2000 4.5 <1138
1830 1
1700 L
8.5




RPN

Measured
Loss in
Height
{mm) Remarks ¢
- Specimen fell apart into eight pieces during
tost. *
0.0 Shiny top of specimen turned gray; rest of
specimen also turned gray. ’
1.3 Flame burned with a yellowish color. Specimen B
turned gray and was surrounded by a whitish
meited layer.
244 Specimen wes cracked. There was a light tan
coeting on the t0p and side with s derker tan
on the bottom.

- Specimen broke into ~ 10 pieces.

- - Specimen broke apart.

t0 23.5 0.97t0 26 Run terminated; corrosion quite evident. Light
gray costing on specimen.

| 04 0.05 There was some white residue on the bottom; very
fine visible cracks,

NA NA Specimen corroded; broke into two pieces.
118 1.5 Side had a silver coat plus some bluish gray
corroded aress; top looked bluish gray. Aluming
support wafer cracked.
33 0.38 Coasting flakes off.
0.2 0.026 Whim coating flakes off.
Mo +0.2 to Specimen had cracks and fell spart sfter handling.
+1.99 +0.28 Surface hed changed texture.
A\ ]
ut'd0 0.08 Specimen seemed to be intact; had derk brown

Aversge coloration on the underside. .
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Table C-1 (continued)
Theorstical Duration Sample
Flame of Surface
Tempersture  Run Temperaturetl) Loss (%)
Height

Run Mawrial 1K) {min}) (K) Weight Diameter

HF88 SiC 1700 1548 27.2 43 11.9 t0 20.5 18
1830
2000
1830

1700

F QN
o

Q'-. -
o

HF89 LaBg 1700 <1138 0.08 0 0.0
1830
2000
1830

1700

_&

& = -

O] = =
[ ] ]

HF-70  ATJ Graphite 2000
Rerun 1700
1830

1468 . . . 4
1473 31.5 5.6 173

138 0.001 +0.05 +0.2 ﬂ

Nwo
38

L
N
et

HF-72  MgO - Rerun of HF-67 1700
1830
2120
1830
1700

'&-.-h
o

cor. -
o

HF-73  MgO - Rerun of HF-72 1700
1830
2215

1158 40.016 +0.15 0.04 oﬁ

s
[+ ]

HF-74  MgO - Rerun of HF-73 1700 1757 NA NA NA tﬁ

8

3
Ol= = OV = = pl-..
'OI o

HF-78  LaBg - Rerun of HF-69 1700 1260 0.1 0.1 04
Aversge

g
& = -
o0

w'- -
ol

HF-B  LaBg - Rerun of HF-76 1?.$ 1238
1

s
1830

1700

S - -
3
~

l--n

2
~

HE-77  ATJ Grephin 2280 1568

»
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Measured
Loss in
Height
Height {mm) Remariis

11.910 205 161027 Specimen was gray on top and on the sides; was
black on the bottom. Corrosion was evident.

Tested specimen had a white film on top, the
side and partisily on the bottom.

Specimen showed signs of corrasion.

Specimen had white coating on top; brownish
coloration on the bottom.

Specimen still had white coating; fine cracks
wars visible which may be in the film itself;
brownish coloration on the bottom.

Specimen failed sfter approximately § min and
50 s; temperatures rose when this took place.
Specimen was costed with what had been moiten
material. Apperent breakpoint was 1248 K.

Top of specimen nad & brownish spot in the center
which wes surrounded by a white costing.

Top of specimen had a brownish spot in the center
which was surrounded by 8 whiwm coeting.

Specimen changed texture except on the bottom
side.
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Tabte C-1 (continued) y
Theorencal Duration Sample Messured |
Fiame of Surface Loss in
i Temperswre  Run Temperawrell} Loss (%) Height
Aun Mawrist K} {min) (K) Weight Diamewsr Height {mm)
HF-78  LaBg - Rerun of HF-76 1200 1 1350 0.07 ~0 +0.34 +0.04
1830 1
2320 45
1830 1
1700 1 A
85
HF-79 AlI03 1700 1 1646 424
1830 1
2280 45
! 1830 1
1700 l_
8.5
HF-80 Al903 (TRW) 1700 1 <1138
1830 1
2000 4.25
0 058
6.83
HF81 CaZ2rO3 1700 1 <1138 -
1830 1
2000 4.42
1830 1
mo 1
842
HF-82 Boride V 1700 1 1443 28.1 5.1 119 1.78
1830 1
2000 4.33
1830 1
1700 1
HF-83 AI903 (TRW) 1700 1 Visual 0.04 Length Width 0.0
1830 1 < 888988 0.0 0.0
2000 433
1830 1
mwo 1
8.33
HF-84 AlI903 (TRW) 1700 1 Visual 0.1 Langth Width 0.0
1830 1 < 888-988 0.0 0.0
2000 433
1830 1
mo 1
833
HF-85 Aly03 (TRW) 1700 1 1088 0.18 Length Width 0.0
1830 1 Manus! 0.0 0.0
2000 4.5
1830 1
170 097
847
HF-88  Vitreous Carbon 1700 1 < 1038 0.02 Diagonat Width 0.0
(TRW) 1830 1 Menuasl 038 0.79
2000 4.17
1830 1
0 3
8.17




tﬂ)

Measured
Loss in
Height
Height {mm) Remarks
+0.34 +0.04 Brownish ares on top had incressed; some grayish
ares exists on the bottom; belance of specimen
had white costing.
- - Specimen had corroded in nonuniform fashion and
had split into three pisces.
- - Specimen cracked sarly in the run.
- - Specimen cracked and broke apert into severs!
pieces.
19 1.78 Specimen appesred to be corroded; top had 8
whitish costing.
Width 0.0 Specimen appeared to be intact.
0.0
Width 0.0 Specimen sppesred to be intact.
0.0
Width 0.0 Specimen appesred to be intact except for a
0.0 corroded saction on the edge pointed towerd the
fiame.
Width 0.0 Canter sres contacted by flame wes derk, sdjacent
0.79 aress had 8 light whim costing.




Table C-1 (continued)

Theorsticel Duration Semple Meas
Flame of Surface Lo
Tempersture  Run Temperawrell) Loss (%) Heiy
Run Mawrial K) {min) (Ki Weight Dismeter Height {ovu
HF-87 CaBg 1200 10 -
HF-88 SrO 1700 1 2015
1830 1
2320 2.47
Yy
HF-90 Al03 1700 1 1478 11.3 1.4 3110128 041w
1830 1
000 482
6.92
HF-93 Scy03 1700 1 No
1830 1 Indication
2000 1.25 <1138
3%
HF-96 LaBg, HF-78 1700 1 1328 0.07 0.0 0.0 [+
1830 1
2400 4.67
1830 1
1700 L
8.67
HF-97 LaBg, HF-96 1700 1 1350 0.04 0.0 0.0 0.4
1830 1
2450 4.75
1830 1
1700 1
875
HF98 LaBg, HF-97 1700 1 1416 0.06 00 0.0 0.4
1830 1
2535 4.75
1830 1
1700 L
8.75
HF-99 LaBg, HF-98 1700 1 1410 0.05 0.0 0.0 (Y]
1830 1
2815 4.7%
1830 1
1700 1
-
HF-100 LaBg, HF-99 1700 1 1463 0.02 0.0 0.4 oL
1830 1
2690 5
1830 1
1700 1
90
HF-101 LaBg, HF-100 1700 1 1488 0.2 0.0 04 04
1830 1
2770 483
1830 1
1700 1
(¥4




b continued)

Messured
Loss in
Loss (%) Height
Dismeter Height imm) Remarks
N . Specimen cracked and fell spart.
- Specimen meited.
14 3110128 0.4 10 165 Dishing effect and fine crack lines were evident.
Center thermocouple hole became visible.
Specimen sppesred to be cracked after 1 min;
broke apart after spproximately 2-1/2 min,
0.0 0.0 0.0 Brownish area on top lessened.
0.0 0.0 0.0 Brownish area stil} visible.
0.0 0.0 0.0 Brownish area still visible.
0.0 0.0 0.0 Brownish area still visible.
0.0 0.4 0.06 Brownish area feint.
0.0 0.4 0.08 Brownish ares incressed.
/ |
' J‘l/ :
-~ — -
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Table C-1 (continued)
Theoretical Duration Sample Measured
Flame of Surface Loss in
Temperature  Run Temperaturel1) Loss (%) Height
Run Material {K) {min) K) Weight Diameter Height {mm)
HF-102 LaBg. HF-101 1700 1 1672 0.96 0.2 +18t0-16 +0.231t0-0.20
1830 1
2840 10.75
2840+ 3.42
16.1
MF-103 LaBg, HF-102 2840 3.75 1213 0.06 [ 0.1 0.3
HF-108 NiAl, HF-27 1700 1 Manual 0.13 0.0 0.0 0.0
1830 1 1138
2215 4.77
6.77
HF-109 NiAl, HF-108 2400 5.33 1591 34.3 4.1 298 4.1
2535 4.52
9.85
HF-110 Ni-270, HF-43 2400 4.25 1544
25356 5.25
2615 30
2690 20
2840 1.5
16.00
HF-111  Yitrium 2400 2.75 1576
2535 1.12
387
HF-112  Aig03 (TRW), HF-84 1700 1 1576
1830 1
2218 4.08
2400 1.08
7.16
HF-113  AI203 (TRW), A-10206 1700 1 Manus! 0.45 Length Width Width
1830 1 < 1068 00 0.39 0.03
2000 4.5 062 0.03
1830 1
1700 1
85
HF-114  AI204, HF-113 1700 1 1447 39.7 Length 26.0 1.7
1830 1 0.0 51.6 2.
2120 4
2215 226
1830 1
1700 1
10.25
HF-1156 MgO (TRW) 1700 1 <1138 0.16 Length 04 0.03
1830 1 0.0 0.0 0.0
2218 38
100
HF-1186 MgO (TRW), HF-118 1700 1 Manuel
1830 1 > 1410
2850 33
1.22

; - y



Messured
Loss in
Height
{mm) Remarks

Height

+18t0-16 +0.2310-0.20 Partiai meiting of the fluorice leyer took place.
Specimen had a glazed appearance.

0.1 0.3 Coasting on specimen turned from gray 10 wine
after exposure to room ar.
0.0 0.0 No change.
298 4.1 Melting and corrosion of a specimen took place.

Meiting on specimen surface per manual pyromeer
appesred at 1488 K.

. Specimen corroded and fused to Ni specimen
support. Reaction st top surtface started st
1390 K.

Specimen meited. Meiting and film burn-oft
starwd at 1365 K.

- - Specimen corraded; one small section left.
Extensive corragion noticed st 1478 K.

Width Width Littie change.

0.39 0.03

062 0.03
280 1.7 Specimen corraded snd thinned down.
518 21

04 0.03 Top edge slightly rounded.

00 0.0

Specimen corroded; appeered to burn in two perts.

e
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Tabie C-t (continued}

|
Theorsticsl  Duration Sample Messuredi
Flame of Surface Lossin
Temperswure  Run Temperature(l} Loss (%) Height
Run Mawrisl (K} {min} X) Weight Dismeter Height (ram)
HF-118 Scandium 2400 333 1336 +4.4 +2.1 +108 +1.4
2550 2.78
6.1
HF-119 Scandium HF-118 2690 0.77 1576 - |
MF-120 Sapphire Single Crystal 1700 1 No 0.5 0.5 06 008 |
1830 1 Indication ]
2000 5 <1138 1
1830 1 ;
1700 1
9.0
HF-121 Sapphire HF-120 1700 1 Manual 74 04 5.4 089
1830 1 1126 Average Aversge Averags
2105 5
1830 1
1700 A
9.0
HF-122 LaCrO3 1700 1 1493 14 +2.0 +34 +043
1830 1
2215 3.83
2320 187
2395 4.17
1830 0.83
1200 1.0
138 [
HF-123 LaCrO3, HF-122 2395 233 1338 03 0.0 0.0 0.0
3
HF-124 TiAl, {(AFML) 2218 393 1732 10.0 16 39 081
HF-125 Ls203-SigNg 1200 1 1656 135 104 +0.4 0.08
1830 1
2218 4
1830 1
1700 0.88
k2 |
HF-128 Al203 1700 1 1254 24 0.0 37
1910 0.8 Average
2180 0.58
2200 2.08
2180 Sa
1910 0.68
1700 1.0
648
HF-127 SigNg, MgO Doped 1700 10 1631 393 6.1106.6 139
1080 1.0
208 4.0
18530 1.0
1700 1.0
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C-1 (continued)

Measured
Loss in
Lass (%) Height
Digmewr Height imm) Remarks
+108 +H.4 Whiwe coating on side of specimen. !
Specimen meiwd. Started to go at 1395 K.
06 0.08 Specimen sppeared to be etched el over.
5.4 0.69 Specimen had cracks in it, but did not fall
Average Aversge Average spart.
+34 +0.43 Specimen had whiw coating all over except for
smait ares on the bottom; simost one-half of top
surface had a giaze and showed evidence of melting.
Apperent breakpoint 1356 K.
0.0 0.0 Some cracking evident in the coating layer;
condition of hesic structure not visible.
39 081 Specimen had a black nonadherent costing.
+04 0.08 Specimen cracked simost immediswly upon flame
ignition; white costing did form on main portion
of specimen. Apperent breskpoint 1493 K.
3.7 0.48 Specimen corroded unevenly.
Average Average
6.1t068 139 1.78 Apperent breskpoint 1388 K.

N ) . o AW ——
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Table C-1 (continued)

e e AW ————

Theoretical Duration Sample Measured
Flame of Surface Lo in
Temperaure  Run Temperaturel1) Loss (%) Height
Run Material {K) {min) {K) Weight Dismeter Height {mm) !
HF-128 AI03 17200 1.0 1514 1.7 2.2t 1.7 83 19 |
1910 0.58 Average Average v
2150 0.58 )
2280 267 :
2150 0.58 i
1910 0.58 ;
1700 10
6.99
HF-130 AI203 1700 1.0 1048(3) 0.07 0.0 0.0 0.0
1900 7.25
1700 10
9.25
HF-131  Ai03, HF-130 1700 1.0 109513) 0.39 0.0 0.2 0.03
2000 8.0
1700 1.0
100
HF-132 AI203, HF-131 1700 1.0 1326 5.99 14 101 13
2090 8.33 Max Max
2216 396
1700 1.0
HF-133 BeO Nationsl Berylia 1700 1.0 1318 63.3 124 326 3.2
1830 1.0 Aversge Average
2215 6.33
23956 333
1830 1.0
1700 1.0
13.66
HF-134 Be0 (Y-12) 1700 1.0 1267 18.6 28 10.3 1.2
1830 1.0 1288 Average Average Average
2216 3.17 Manusl
1830 1.0
1700 1.0
HF-138 AI03 1700 10 1446 176 4.0 8.1 1.0
1910 0.58 Aversge Average Average
2180 0.58
2200 458
2150 0.58
1910 0.58
1700 1.0
132
HF-137 Single Crystsl MgO 1700 1.0 1692 NA 09 99 13
1830 1.0
280 28
1830 1.0
1700 1.0
(X3
HF-138 MgO 1700 1 1200 0.02 0.0 0.0 0.0
1830 1
s i
.17



Messured
Los in
Height
{mm) Remarks
1.1 Fiame apparently off-center; uneven corrosion;
Average visible creck lines.
0.0 Thermocouple experiment. No apparent effect on
specimen.
0.03 Thermocouple experiment. Seversl whiskers
appeared at top outer edge of specimen.
1.3 Thermocoupie experiment. Two-thirds of top surface
Mex wat corroded; center thermocoupie hole became
visible, some cracks abserved.
3.2 Specimen corroded.
1.2 Spacimen corroded; swck to support because of

Average melting.

1.0 Specimen corroded unevenly,
Aversge
13 Specimen meltwd on top snd cracks develaped.
0.0 Thermocouple experiment specimen cracked verticelly
in plens pessing through drilled thermoacoupie
holes in sbout 3 min.
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Table C-1 (continued)

Theoreticel  Durstion Ssmple Measured
Flame of Surface Loss in !
Yemperawure  Run Temperaturell) Loss (%) Height
Run Meterial (K} {min) K) Weight Diameter Height {mm) !
HF-139 ATJ Graphim 1810 7 1471 10.7 1.5 56 on
1900 337 Aversge ‘
1037 i
HF-140 Ni 270 2395 4.05 1680 - - -
HF-141 LaBg 1830 1 1671 0.16 +0.1 +0.1 +0.01
2395 3.76
2560 3.26
2890 333
1830 1.18
1248
HF-142 LaBg, HF-141 1830 1 1720 +0.12 0.0 04 0.06
2560 38 At Center Onm
2883 3.33 !
2863+ 0.82
1830 1.18
9.83
HF-143 LaBg 2580 233 1834 0.096 0.0 0.0 0.0
3.17
1.23
873
HF-144 ATJ Graphite, HF-139 1900 3.1 1643 8.1 0.8 59 0.7
HF-148 ATJ Graphite 1700 56 No +0. 24 - - .
Indication
HF-148 ATJ Graphite 1900 742 1762 58 0.0 16.3 064
Max Max
HF-147 MgO Single Crystal 1700 3.25 1421 .
1830 187
1910 20
2000 1.5
2108 2.7
2218 1.75
2000 1.17
1910 1.0
1830 10
1700 1.0
17.00
HF-148 ATJ Graphims 1830 20 1676 109 16 44 10868 0.4
2218 1.58

1830 142
500




Diameter Height {mm) Remarks

5.6 on Thermocoupli® .xperiment; specimen surface changed
to a black velvet exture.

. - - Thermocouple experiment; specimen melted; nickel
sheathed thermocouples fused to the specimen.
Apparent breakpoint 1418 K. .

‘.1 +0.1 +0.01 Thermocouple axperiment. Top surface of specimen
became grayish; bottom had a white coat.

04 0.06 Thermocouple 8xperiment; spacimen was gray on top
At Center Only with a white film on the bottom.

0.0 0.0 Specimen turned gray on top and had a white
layer on the bottom.

5.9 0.7 Thermocoupie experiment; specimen corroded; two
top thermocouple holes became visible.
. - - Test chamber run. There was 3 white coating on

both sides of the test plate in ares containing
the holes. Rest of assembly appeared to be

untouched.
16.3 0.64 Test chamber run; area around holes in test piate
Max Max corroded. Chamber sssembly sppesred to be untouched.

Holes incressed from 1.016- to 2.26-mm and up to
2.79-mm diameter in center of plate. Breakpoint
temperature resched after approximstely 4.3 min
in the run.

- - . Thermocoupie experiment. A portion of the specimen
meited; corrosion was uneven. Center thermacouple
hole becsme visible. Apperent breakpoint 1279 K.

8 4410686 0.84 Fiame calibration run. Specimen corroded.
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Table C-1 {continued)
Theoretical Duration Sample Measured
Flame of Surface Loss in
Temperasture  Run Temperatwrell) Loss (%) Height
Run Material (K) {min) (K} Weight Dismeter Height {mm)
HF-149 NiAl 2320 3.25 1646 3444 0.97 1.5 0.2
HF-150 Ta-LaF3 1700 3.1 1697 16.9 03
HF-151 Ta-LaF3, HF-150 1830 267 1845 379
1910 1.58
2000 2.05
2218 1.03
733
HF-152 TaLasF3 1700 5.12 1548 199 +201t0-1.0 +0.21 +0.03
HF-153 Graphite Sprayed with LaBg 1700 1.0 1624 498 04 14 0.18
1900 233
2215 2.25
2320 1.25
2395 2.25
2320 1.0
2218 1.0
1900 1.0
1700 1.25
1333
HF-154 Graphite Sprayed with LaBg 1700 1.00 1529 16 0.0 13 0.2
HF-166 MgO Plaw
HF-168 ATJ Graphite Plate
HF-157 Ni 200 Piats
HF-188 ATJ Graphits Plate
HF-180 Alumina Piste
HF-181 SrBg LaBg Mixture




—

Measured
Loss in
Height
Height {mm) Remarks

r 1.5 0.2 Thermocouple experiment; the TC3 nickel sheathed
thermocouple and nickel specimen support reacted

with the specimen. Bluish coloration on top of

] specimen.

b - - A white, thick, flaky, nonadherent costing formed.

- - White, soft, nonadherent coating formed; some
i evidence of melting.

i +0.21 +0.03 White nonadherent costing formed approximately
0.33 t0 0.5t mm {13 to 20 mil thick).

14 0.18 White nonadherent coating formed.

ey

13 0.2 White LaF3 layer appearsd to be adherent;
bottom of specimen not having a LaBg coating N
reacted.

+0.7 - Test chamber run; specimen cracked into several
pieces. Holes in piate were eniarged. Apparent
breakpoint 1247 K.

9.9 0.38 Test chamber run. Slots were widened in test
piate t0 1,016 to 1.778 mm (40 to 70 mil).
Breakpoint temperature reached in spproximately
38s.

0.8 0.03 Test chamber run; slight corrosion sround center
of plate with an increase in some of the hoie
dismeters from 1.016 to 1.067 mm and to 1.219 mm.

11.2 043 Test chamber run; siots were widened from 0.46 to
1499 mm end to 1.981 mm. Corrosion had occurred,
perticularly in center of the plate. Breakpoint
temperature reached in approximately 4.3 min.

- - Test chamber run; plete cracked snd portion of ‘
it was lost. Some corrosion had occurred,

18 0.26 Fluoride layer thick on top but porous; some
indicetion of meliting.

, -




Table C-1 (continued)

Theorstical Duration Sample Measured
‘i Flame of Surface Loss in
Temperature  Run Temperaturell) Loss (%) Height
, Run Maerial (K} {min) (K) Weight Diameter Height (mm)
HF-162 Y203 1700 3.33 1663 +0.3 0.0 3.0 0.28
1830 1.88
s
HF-163 Y503 1830 7.0 1486 - - - .
1900 4.25
2000 1.18
1243
HF-164 Ni 270 Sprayed with LaBg 1700 267 1462 0.16 +0.29 +0.19 +0.03
2000 45
7.27
HF-165 CaBg 1700 3.0 1542 6.1 0.2 0.8 0.08
1900 228
2000 226
2100 1.26
7413 3.58
1233
HF-166 CaBg 2218 s - - - - -
HF-167 CaBg, HF-165 1700 1.7 1924 4.1 08 -7.5t0 +2.1 0.74
1900 242
. 2100 2.76
2320 2.68
w0 22
1.7
HF-168 Poco Graphite 1700 2.17 1510 03 0.1 06 0.08
Sprayed with LaBg 1900 20
2100 3.0
7.17
HF-169 CaBg 1700 142 1627 4.5 2.0 08 0.08
1900 1.83
2100 3.7
1900 1.17
1700 1.0
9.17
HF-170 W-Ni-Fe Sprayed with LaBg 1700 192 1428 0.5 0.1 0.2 0.03
1900 233
Fral) 4.18
843
HF-171 LsBg 2208 242 2041 9.2 2.2 33 0.48
2650 1.7
2883 |
2883+ 683
11.0
3 HF-172 ATJ Graphite Piate with 1900 6.5 1677 2.02 - 88 0.23
1.016-mm (38- to 40-mil)- Max

Dismewr Holes




Messured
Loss in
Height
r Height {mm) Remarks
3.0 0.28 Specimen split, meiting occurred to weid the two
pieces together,
b - - Specimen cracked into three pisces after breakpoint.
f Apperent breakpoint 1340 K.
1 +0.19 +0.03 LaF3 costing on side had cracks; costing on

top seperated.

0.8 0.08 Specimen had a white sdherent film except in sree

of verticel support pasts.
. . Specimen broke into three pieces.
-7.51t0 +2.1 0.74 Fluoride film had mostly meited off the top
surface; some meit adhered to the side. Apperent
breskpoint 1661 K.

06 0.08 Fluoride lsyer cracked on top in a ring
spproximately 1.50 mm (1/16 in) from OD; probsbly
occurred during cooldown.

ns 0.08 Specimen had whitw adherent coet on it, except
on bottom.

0.2 0.03 Top LaF3 wes cracked and wes pesling oft.

Botom mey heve rescted since it hed not been
sprayed.

33 048 Droplets were seen before breskpoint wes recordad.
Specimen support and thermocoupie meited. No LsF3
cbvious on specimen. Specimen hed metaltic snd
copper-colored fumps on it. Apperent breekpoint
1738 K.

- 5.8 0.3 CF 4 experiment in graphite configuretion test

chamber. Holes in plew incressed from 1.018- to
1.778-mm (40- to 70-mil}- dlamemr. Breskpoint
wmperature reached sfter approximesly § min in
the run. Apperent breskpoint 1143 K.

78

129
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Table C-1 (continued)
i
H Theoretical Durstion Sample Measured
Flame of Surface Loss in
Temperature  Run Temperawrell) Loss (%) Height
) Run Mawrial K) (min) K) Weight Diamewr Height {mm)
i HF-173 LaBg Pissmae-Sprayed Piste 1700 2.92 1567 0.78 . +2.5 +0.1
! with 1.016-mm (36- to 40-mil)- 1900 18
! Diametsr Holes 4.72
;
HF-174 LaBg Pimsma-Sprayed Disk 1700 3.17 No
with 1.016-mm (38- to 40-mil) 1900 4.28 Indicstion
Dismeter Holes 745
HF-175 Piaste from HF-173 1700 25 1493 1.14 +0.0071w0 002 311061 0.13100.286
1900 1.83
2100 4.00
X
HF-178 ATJ Graphite Pigte with 1900 6.78 1429 Max 13 0 5.7 0.23
1.016-mm (36 10 40-mit)-
Dismetwer Holes
HF-178 LaBg, Dense 1700 to 167 1416 0.03 [+] +0.18 +0.026
~ 3300 6.3
800
HF-179 LaBg, Dense 17200t0 11.0 1103 0.13 0 0.18 0.025
- 1383
HF-180 LaBg, HF-178 ~ 3158 6.76 1493 0.36 o 0.0 0.0
HF-187 Ni-200 Piate 1700 5.83 (5)
1830 217
00
HF-188 Denee LaBg Plate 1700 2.38 No
indication
HF-200 Denee Lallg Plaw 1700 3.08 1588
2000 1.92
800
HF-201 Ytwia Doped Nickel 1700 187 1442 1.08 V] 0.41 0.06
1830 7.33
9.00 ]
MF-202 Yrtrie Doped Nickel 1700 283 ‘N 16.3 - . - \
1900 4.00
2000 287
9.80

(1) Window corrections sdded range from 18 o0 40°C.

(2) Low reading due 10 dirty sight glass.

3) Higheet thermnacoupie reeding in center of specimen st point neersst the top surface.
4) Includes tip of thermosouple.

(8) Piaw showed signe of melting: nickel meiting point is 1728 K.




Meassured
! Loss in
Height
i Height {mm) Remarks ¢
+2.5 +0.1 Configuration test chambser experiment: graphite

chamber was plasma spraved with LaBg. A crack N
1 developed in the plate and holes enlsrged to

spproximately 1.09 mm (43 mil). A portion of LaBg

coating in chamber pesied off; LaBg coating on

defiection ring separawd.

Specimen cracked in about 4 min and same pieces
fell to bottom of resctor. Conducted in plasms-
sprayed graphite test chamber,

3.1106.1 0.13100.256 Configuration test chamber experiment —unsprayed
graphis chamber. Vapors obeerved inside chamber
during run. Crack had incressed in size. Holes
incressed in size 10 1.17-mm (46-mil)-diemerer.

‘ 8.7 0.23 CF 4 experiment with graphite configuration
test chamber. After 5.75 min, a siow burn-off of

the white film was seen. Hole diameters increased
to an average of 1.17 mm (48 mil). Apperent
breakpoint 1195 K. Chamber had cracked; sapphire
window had etched; chamber looked as if it had
reacwd with geses.

+0.18 +0.026 Specimen had a thin, light grey coating except
for two sreas on the bottom where it rested on
LaBg chips.

0.18 0.028 Specimen had a whime costing except for two
unreacted aress on the bottom.

0.0 0.0 Specimen had a thin, light grey coating except .
for two unrescted aress on the bottom.

- - The 1.016-mm (40-mil)-diemeter holes were enlarged
t0 2.29 to 2.41-mm (90" to 96-mil)-diameter;
corrasion and some melting of the plate occurred.
Pissme-sprayed LaBg liner in chamber had cracked
but remained in position. LaF3 lsyer on
defiection ring cracked.

Plate appeered to crack immediately and had

ssversl cracks; one crack originated st 8 bolt
hole. The LaBg liner had additions! cracks.

Plam split into two simost immedistely. Cracked
LaBg liner remained in position.

0.4 0.06 Flame wes off-center. A small area on the top
surfece hed probebly been molwn and slightly ran
over the edge of specimen. Top surface beceme
gray with large greins evident.

- - Specimen melwd st 1881 K, drops were rolling
over the edge of specimen; oneet of fluidity
spproximenly 1200 K.
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