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FOREWORD 

This preliminary report ls sulJmitted by the Aerospace Electrical Dlvtslon. 
Westinghouse Electric Corpol'ntlon, Lima, Ohio, on Alr Force Contract 
AF33{657)10701, PrCJJect No, 0128, Task No. 8128-06, "Development of 
High Temperature Alkali Meh\l Resishnt Insulated Wire". The contract la 
administered by the Air Forco Aero-P.ropulsion Laboratory, Research and 
Technology Division, Wright• Pntterson Air Force Base, Dayton, Ohio. 
Mr. Lester Schott ls project tH\Glneer. 

The work described in this report was carried out by personnel at the Re­
search and Development Ccnte1•, Department of Insulation and Chemical 
Technology, Westinghouse Eloctric Corporation, Pittsburgh, PennsylvanlL 
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ABSTRACT 

A ceramic coated conductor system was developed that was unaffected by 172 
hours exposure to K (potassium) vapor at 850 C. This system was Meleo 
201 zirconia, plasma sprayed on nicke'i. alw·1lnide coated Nickel clad Silver 
AWG 8 (Sylvania} wire. This syb!-.:..-,1, however, ls not suitable for electrical 
operation at 850 C since the resist.n1 \!£. of the zirconia coating drops to about 
5 ohms at 600 C. Overcoating the zirconla with aluminum nitride by a vapor 
pla~ing technique results in a resistance at 850 C in a,r gon for the multicoat 
of 1. 8 x 104 ohms. The alwninu;-:: nitride overcoated zir~onia is unaffected 
by 172 hours exposure. Post exposure electrical resistance measurements 
of the coating were not completed. However, no significant decrease in re­
sistance due to potassium vapor is ,:uticipated. A number of high purity in­
sulators were fowtd to be resistant to potassium vapor at 850 C. These were 
alwnina, magnesia, and strontium zirconate. A primary problem with 
plasma spray coatings of these materials is loss ef adhesion in the potassiwn 
vapor even when a nickel aluminide undercoat is used. Pre- and post-potas­
shun vapor (850 C) exposure resistance data on many materials was obtained; 
however, the electrical leakage resistance of the materials, while exposed 
to the metal vapors could not be properly meausred due to lack of a satis­
factory electrical test capsule. Data obtained on lead in insulators of test 
capsules indicates a decrease in surface resistivity, however, the lowered 
resistance of these insulators (104 ohms) is still in a useful range. stator­
ette adherence tests show several insulated conductors will withstand vibra­
tion, shock and acceleration conditions. 

Two insulated conductor3 were exposed to a nuclear envi;onment of 1019 
thermal neutrons and 10 rads gamma. The insulation 1·esistance decreased 
in both insulation coatings • 

A statorette coil of nickel clad silver wire was partially insulated with nickel 
alwninide, zirconia and alumina (98%) coating. The remaining portions of · 
the conductor were coated with nickel alwninide and very high purity alumina 
{99. 9%). The high purity alumina remained on the conductor after 172 hours, 
while the other insulating coating of zirconia (99. 9%), alumina {98%) cracked 
and came off. 
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L Introductloa 

Rotary power sources for advanced weapon systems based on nuclear re­
actors as energy sources utilize liquid metals as the working fluid to drive 
the turbines. Since the alternator used to supply the electrical energy is 
attached to the turbine shaft, its electrical insulation would be exposed to 
any of the metal vapor leaking through the seals. Present electrical in­
sulation will probably be severely attacked when exposed to high tempera­
ture mercury vapor or alkali metal vapor such as potassium. In order to 
provide rellable electrical power, the present insulation must be protected 
from metal vapor by stator canning techniques. 

Under this contract, a program was initiated to investigate insulation mater­
ials, electrical conductors, and coating methods needed in the development 
of a high current ( 4000 amps per square inch) round wire for advanced elec­
tromagnetic alternators that are exposed to mercury and alkali metal vapors. 
Saturated mercury vapor at 538 C was chosen to provide a realistic vapor 
pressure in tP.st cells. Saturated potassium vapor at 850 C was chosen as 
a representative alkali metal vapor condition, The design objective life of 
the insulated conductor in the metal vapor environment was 10, 000 hours. 
The resistance of the conductor at test temperature during its life was not 
to exceed 150% of the copper standard at 850 C. The room temperature 
tensile strength of the conductor was to be in excess of 30,000 psi. The 
initial purity of the potassium used in the exposure tests was 99. 7%. 

The conductor was to be insulated with a compatible high temperature insula­
tion, resistant to metal v~or attack, however, 1f this was not possible, then 
potting compounds compatible with the insulation and resistant to the metal 
vapor were to be evaluated. The electrical strength from conductor to 
ground should have a design objective of 1200 volts. U the insulated conduc­
tor ls potted, the electrical strength of the insulation should be at least 300 
volts per mlL 

The flnal ~valuation of the insulated wire was done 1n statorettes. The in­
sulated condu~or was placed in sfatorettes to investigate winding techniques • 
While in the statorette, the insulation system was &ubjected to metal vapors, 
temperature, thermal shock, nuclear radiation, vibration, mechanical shock, 
humidity and acceleration. 

Manuscript released by authors 15 April 1964 for publication as Technical 
Documentary Report. 
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IL SUmmary of Work Performed and Major Result• 

1. NlnetJ-elght specimens were exposed to K potassiwn vapor ~ 
850 C and thirty-five specimens were exposed to Hg mercury 
vapor at 538 C. The specimens included insulators, electrical 
conductor-a, brazing alloys, glasses, sealed joints and insula­
tion coated strips, rods and wires. A stainless steel Swagelok 
on a stainless steel tube was the only joint made at room tem­
perature that held leak tight at 850 C. 

2 • 

3. 

4. 

5. 

6. 

Metallurgical examination of conductor samples exposed to 
metal vapors show no significant attack on the Oxalloy 28 (stain­
less steel clad copper cQnductor) wire by either the potasslwn 
(172 hours at 850 C) or the mercury (340 hours at 538 C) vapors. 
No grain growth was evident in the copper core • 

The Ni clad Ag wire supplied by Sylvania was unaffected by 170 
hours exposure to K vapor at 850 C. The ends of the wire speci­
men were sealed by a 7 mil Nl electroplate. 

Oxalloy 28 was selected as the conductor for the mercury vapor 
service and Inconel clad and Nl clad silver as the conductors 
for the potr.ssium vapor service. 

Attempts to form zirconia and alumina coatings by evaporation 
of the pure metals in a reduced (lo-3 torr) atmosphere of oxygen 
(flowing) were not successful. No measurable coatings of zlr­
conia formed and the alwnina coatings contained some aluminwn 
mew layers. · 

Attempts to form an alumina cocliRg on a metal substrate by 
thermal decomposition of aluminum isopropoxide were unsuc­
cessful. The coating formed preferentially on carbon deposits 
in the reaction vesseL 

Initial re!ults from attempts to denslfy porous coating by mass 
transport of material from the outer coating to the conductor­
coating lnterf ace were very promising. About 0. 1 gram of 
alumina was transported across a thermal gradient distance 
of 15 cm in a dry HCl hydrogen chloride (10 atm.) atmosphere. 
Work on the approach was terminated prior to completion of the 
investigation because conclusive results were not obtained . 

The BN coating formed by thermal decomposition of trichloro­
borozole was found to provide some protection to surfaces 
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8. 

9. 

10. 

11. 

exposed to potassium vapor at 850 C for 172 hours. The coat­
Ing on wire specimens powdered somewhat during the metal 
vapor exposure, but the film remaining was nonconducting. 
Infrared spectra data on the coatings indicate them to be BN, 
but of varying crystallinity. Only films formed at tempera­
tures of 1400 C or higher had the desired hexagonal structure. 
Also, the coatings tended to hydrolyze and give off an ammonia 
odor while standing at room temperature in air. 

Powdered alumina in collodial zirconia produced adherent, uni­
form coatings on stainless steel, Inconel and nickel substrates 
when fired at 1000 C. However, the coatings disintegrated dur­
ing the potassium vapor exposures at 850 C. 

Al N (aluminum nitride) coatings were successfully formed at 
800 C on Mo (molybdenum) and W (tungsten) rods and on Ni (nickel) 
clad Ag (silver) wire precoated with zirconia (Meleo 201). The 
Al N overcoated zirconia was not affected by 1 72 hours expoaure 
to pota!'lslum vapor at 850 C. The Al N coatings would not ad­
here to Inconel, n!rkel or stainl-ess steel substrates directly. 

Plasma sprayed zirconia oi, Ni Al (nickel alurnlnide) (Metco 404) 
coated Ni clad Ag wire was unaffected by a 172 hour exposure to 
potassium vapor at 850 C. Uniform adherent coatings of various 
oxides were successfully applied to preformed coils of Nl clad 
and Inconel clad silver wire. The coatings applied were alumina, 
magnesia, zirconia and strontium zirconate. 

Three brazing alloys that wet sapphire were found that had fair 
resistance ~o attack by K vapor at 850 C. These alloys were 
95% Zr-5% Be, 68% Ti-28% V-4% Be, and 72% Ti-28% NL A 
number of leak tight electrical test capsule units were prepared 
using the 95% Zr-5% Be alloy to seal the OD of a sapphire disk 
to the ID of a tantalum tube. A Ta wire penetrating the center 
of the sapphire disk was sealed with the same alloy. All the 
units eventually failed on repeated thermal cycling due to 
cracking of the sapphire at the lead wire. stainless steel tubes 
were brazed to the tantalum t·Jbes using Nlcrobraze 30 and 130 
to form leak tight joints that were suitable for use with the 
stainless steel Swagelok units • 

A Lucalox tube to Niobium flat plate joint made with an alumlna­
calcia glass was not af facted by 172 hours exposure to K vapor 
at 850 c. 
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12. 

13. 

The average conductivity measured on chrome plated and iron 
plated OFHC copper wire aged in argon at 540 C for 500 hours 
was 97% and 87% re:i;pectively of that calculated for copper at 
540 C. The aging resulted in a permanent decrease in the con­
ductivity of the iron plated OFHC copper wire. 

Two specimens of Oxalloy 28 wire were aged in argon at 850 C 
for 500 hours. Conductivity of the two samples dropped below 
the minimu'U value (67% of Cu standard) after 400 ho~s and 
100 hours respectively. 

14. Pre-exposure of Oxalloy 28 to mercury vapor at 540 C for 360 
hours did not result in. any significant change in conductivity 
of t.he wire during 500 hours aging at 540 C in argon. 

15. The electrical conductivity of Sylvania's nickel clad (20%) sliver 
wire remained a constant 89% of the calculated value for copper 
during a 500 hours aging at 850 C in argon. 

16. The volume resistivity at 540 C was determined for seven in­
sulators, four of which had been pre-expo~ed to mercury vapor 
at 540 C for 260 hours. The resistance of beryllia decreased 
from 1010 to 104 ohm-inches. The resistivity of stronthun 
zirconate after vapor exposure was 1. 4 x 107 ohm-inches at 
540 c. 

17. 

18 . 

19. 

The volume resistivity at 850 C was determined for six insula­
tors, three of w 1ich had been pre-exposed to potassium vapor 
at 850 C for 165 hours. Hot pressed magnesia decreased from 
2. 5 x 106 to 7. 8 x 103 ohm-inches. The resJstivity of strontium 
zirconate after vapor exposure was 6. 5 x 10 ohm-inches at 850 C. 

Electrical leakagP. resistance in ai·gon at 850 C measured on an 
experimental lead in assembly was 9. 7 x 107 ohms. The assem­
bly consisted of a 1/2" dia. Lucalox disk brazed with 95% Zr-5 
Be into the ID of a tantalum tube and having a molybdenum lead 
wire sealed in a hole through the Lucalox disk of the same alloy. 

Electrical volume resistivity and leakage resistance at 850 C ln 
argon were determined !or a stainless steel clad, magnesia 
powder insulated OFHC copper conductor supplied by Advanced 
Technology Laboratory. The measured values were 1. 4 x 108 
ohm-inches and 9. 3 x 106 ohms per inch respectively. 
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20. Electrlc leakage resistance measurements were made on the 
five mercury vapor filled capsules incorporating the commer­
cial lead ln assemblies. All wu.ts developed leaks prior to 
attaining a temperature of 540 C. 

21. A t.est capsule consisting of a tantalum tube and sapphire disk 
was charged with potassium and the electrical leakage resistance 
of the sapphire was measured at temperakr~s to 850 c. At 850C 
the value was 9. 1 x 104 ohms as compared to 5. 7 x 107 ohm• 
when the capsule contained argon. The actual concencration of 
the metal vapor in the capsule is not known since there were In­
dications the tantalum Swagelpk used to seal the capsule began 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

to leak at 450 - 500 C. 

The electrical leakage resJ.stance of a plasma sprayed zlrconla 
coating (Metco 201) on a nickel rod was measured at tempera­
tures up to 850 C. At 600 C, the resistance had dt:creased to 
5 OhmL 

The electrical leak~·e resistance in argon was determined on a 
capsule formed by sealing Nb end caps to a Lucalox tube with an 
almnlna-calcia glass. A value of 2. 2 x 10'1 ohms was measured 
at 850 c. 

The electrical leakage resistance in argon of an Al N coating on 
a Mo rod was 4. 0 x 105 ohm at 850 C. The resistance under the 
same conditions of an Al N overcoated zlrconia (Metco 201) coat­
ing on Nl Al coated Ni clad Ag wire was 1. 8 x 104 ohm. 

Two insulated test coils formed from Inconel clad Ag wire were 
sent to Brookhaven National Laboratories for radiation exposure. 
One coll was insulated with plasma sprayed strontium zireonate 
and the other had a plasma sprayed alwnina (Metco 105) OV"3r 
plasma sprayed zirconia (Metco .201). 

A preformed coil of nickel clad silver wire, conductor size No. 8 
B & s, was plasma-arc coated with nickl!l alumlnide, zirconia 
(~9%) and alumina (98%). 

A second preformed coil or nickel clad silver wire, No. 8 slze, 
was plasma-arc coated with molybdenum, zirconia and alumina. 

These insulated conductors described in 26 and 27 above were 
su~jected to vibration acceleration and shock (50g) tests. The 
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29. 

30. 

insulating ceramic coating remained intact. A (100%) humidity . 
exposure of ten days caused the leakage current to increase 
from a v~ue of 2. 8 micro amperes to 96 inlcro amperes. A 
voltage of 500 VAC was used for these leakage tests. 

Twc, samples of insulated Inconel clad silver wire with different 
ceramic coatings were exposed to nuclear pile radiation. The 
total radiation dose roceived was 1019 thermal neutrons and 108 
gamma. The electrical resistance of both coatings decreased 
and 50% of the zirconia, almnina over molybdenum coating came 
off the Inconel clad silver conductor. 

A 11tatorette coil of nickel clad silver wire was partially insulated 
with nickel aluminide, zirconia and alumina (98%) coating. The 
remaining portions of the conductor were coated with nickel 
aluminlde and very high purity alumina (99. 9'1,). Electrical re­
sistance measurements of ~ conductor in 850 C potassium 
vapor was on the order of 10 ohms, however failure of the 
electrical terminal seals terminated the test. Post examina-
tion of this coil showed extensive attack on the zi conia, alwnina 
portion of the coating blt the high purity alumina resisted attack 
by the 850 C potassium vapor. 

31. The mercury vapor exposure of the statorette coil was not done 
as no satisfactory terminal seal was available. Test results 
on 538 mercury vapor corrosive eUects indicate very little 
if any, corrosion of ceramic coatings • 
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3.1 

Fundamental Cor.:;iderations of Corrosion Resistance 

Insulation 

3. 1. 1 Kinetic Processes 

The processes involved in the destruction of a material by liquid 
metal vapors are primarily solvent attack, corrosion or both. In 
general, both of these processes increase in severity with increas­
ing temperature and at a rate dependent on the type of liquid metal 
and the material being attacked. 

The depth of diffusion of a n~tal vapor into a solid is a Iunction of 
time. The crystalline struc:ture, porosity, products formed, pres­
sure and temperature determine the rate of diffusion. Since the 
depth of diffusion (1) is a fractional power of the rate times the time 

:ft (rate) {time) the process has a tendency to be self limiting. 

Diffusion rates for mt:tal vapor are important in this study in two 
cases, 1) when the insulating material is unaffected and 2) when 
any reaction product ls not removed from the surface. On the other 
hand, when a reaction product forms and ls removed by excess metal 
vapor, the rate of attack is otherwise controlled. Since the for mer 
are most important for metal vapor resistant insulation, low diffusion 
rates are necessary to maintain good insulation resistance on the sur­
face of the insulator. 

3. 1. 2 Micro structure, Micro Fissures, Phase Composition 

In considering insulating materials, the ideal structures for optimum 
corrosion resistance are single crystal inorganic compounds. A 
nwnber of materials are available as single crystals, but formation 
of single crystals on conductors is very difficult. Polycrystalline 
compounds are more easily obtainable and applied, but unless they 
are near theoretical density, they allow metal vapors to penetrate 
into the surface. Since single crystal and dens:: polycrystalline 
materials are relatively inflexible, they crack off or develop micro 
fissures on bending, allowing penetration of the metal vapors. When 
crystalline materials are applied to substrates, micro fissures can 
also develop during thermal cycling due to excessive stresses, re­
sulting from unequal coefficients of thermal expansion of the two 
materials. 
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3. 2 

---------

Materials Selection Based on TheorP.tical Considerations 

3. 2. 1 Non-Conductors 

The materials selected based on theoretical considerations were 
single crystal and polycrystalline pure oxides. The limited data 
available on resistance of oxides to me'" l vapors indicated pure 
oxides resist metal vapor attack better lnan multiple oxide crystal­
line materials or glasses. 

When consiciering various oxide materials for resistance to metal 
vapors in electrical devices, their conductivity becomes important. 
An oxide which is resistant to metal vapor must also be an electrical 
insulator at the operating temperature. Thus a large number of po­
tential materials are eliminatPd, at least initially, because they 
have less than one megohm insulation resistance at either 540 C or 
850 C. In general, single crystals of an oxide are better insulators 
than polycrystalline forms. This is due to less ionic conduction 
and a lower impurity content in crystals. A multiple oxide compolDld 
is not as good an insulator as the best single oxide insulator in the 
compound. In considering any material from single crystals to com­
mercial multiple oxide ceramics, the insulation resistance can vary 
considerably due to the amount and type of impurity in the structure. 

Insulating coatings for condu,~tors should ideally be thin continuous 
single crystals which exactly match the cooefficient of thermal ex­
pansion of the conductors. Since metal vapor resistance, insulation 
resistance and conductor conductivity limits the availability of usable 
oxides and conductors, ideal conditions do not prevail. The mater­
ials considered for the insulating coatings are pure oxides previously 
mentioned. In addition, certain nitrides appear promising as insula­
tors. 

3. 2. 2 Conductors 

The approach taken with respect to the electrical conductor was to us~ 
the best available conductor rather than try to develop a special one. 
Data from other work, such as that of Anaconda from contract AF33 
(616)7473, indicated conductors were available for the temperatures 
being considered, but their compatibility with the metal vapors had 
to be determined. The conductivity and other requirements limit 
the conductor choice to either copper or silver. 
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When considering the metal vapor corrosion resistance of silver 
and copper conductors, the deteriorative effect of mercury and 
potassium vapors necessitates a clad conductor. The problem 
then rP.solves into a suitable cladding material which shows no 
destructive grain growth and low diffusion rate between the con­
ductor and cladding at elevated temperatures. Sufficient data la 
available on the liquid metal resistance of metals to select candi- (

2
) 

date cladding materials with some assurance of good performance. 

Grain growth must be considered in copper core conductors because 
excessive grain growth could rupture the cladd~ or dislodge the 
insulating material on the surface. The low diffusion rate of metal 
between the conductor and cladding, although not a problem of cor­
rosion, is important to maintain high conductivity in the conductor. 

3. 2. 3 Coating Processes 

In evaluating methods of coating conductors, the temperature limita­
tion on the conductor has eliminated fusion coating with single pure 
oxides. Therefore, the coating processes under investigation are 
directed towards forming thin polycrystalline coatings at temperature• 
of 1000 C or less. One fundamental requirement of all these pro­
cesses is that a dense, pore-free coating must be formed to resist 
penetralion of metal vapors. Another requirement is to obtain a uni­
form coaling on all sides of the conductor by a non-shadowing process. 
Since a flexible coating is not expected, the coating processes must 
be adaptable to preformed configurations. 

3. 2. 4 Hermetic Seals 

The corrosion problems associated with the hermetic seals necessary 
for electrical testing of insulators in metal vapor environments are 
basically the same as those discussed for conductors and insulators. 

The metal ~onductor and the insulating portion must be resistant to 
metal vapors. In addition to this, the bonding material between the 
metal and insulator must be considered. Many of the more common 
metalizi.11g ~naterials and glassy type bonding materials cannot be 
considered because of their known poor resistance to liquid metal 
vapors. 
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IV. 

4.1 

~ -· ::~:~:-: ~-:- :.:<-:· :-: :.:· :.~-~-=·=-:--

Experimental 

Metal Vapor Exposure, Mercury and Potassium 

4. 1. 1 Test Capsules Design and Fabrication 

Figure 1 contains a detailed drawing of the corrosion test capsulu 
and a flow diagram illustrating the techniques used to clean and fab­
ricate them. The ma,jority of the capsules were 1/2" O. D. • 025" 
wall thickness stainless steel, although a number of 1" O. D. cap­
sules were sealed during the program. One end is sealed by a 
crimping/welding operation while the other end, after capsule filllnc. 
is sealed in a vacuum with the use of a 1/2" Swagelok cap (Cat. 1810-
C-316). Early plans to seal the capsule by crimping were not sue- • 
cessful. It was foWld the crimped 304 stainless steel tube ends did 
not provide a vacuum tight seal. . 

A large dry box capable of evacuation to 1 x 10-3 torr was procured 
and installed. Dry argon was passed into the dry box from a Na][ 
bubbler operating at 600 F. It was also equipped with an electric 
wrench capable of tightening Swagelok fittings of 1" maximum diam­
eter remotely Wlder a high vacuum environment. The electric impact 
wrench was eventually discarded in favor of a vertical shaft passing 
through the top of the dry box and sealed to it through a four unit 
rubber o-ring seal. By equipping this shaft with the appropriate 
socket and bar arrangement, Swageloks could then be sealed man­
ually. The above modification was necessary because of frequent 
failures experienced with the electric wrench and excessive outgasamc 
during operation due to armature and stator winding deterioration. 

4. 1. 2 Sample Exposure 

The specbnens of material were tested in the as-received condition_ 
except for the conductor specimens where the ends were welded to 
prevent attack on the cores. The insulator specimens were of varied 
shapes and sizes since most of the candidate materials were only avail­
able in specUlc forms. 

Loaded capsules were placed in Undburgh furnaces. The potasslUDI 
vapor samples were aged at 850 C and the mercury vapor sample• 
were aged at 538 C. The temperature in the furnaces was controlled 
within ± 4 C. Capsule arrangement in the furnaces is such that none 
of them can shield any other from the heater bars. The listing of 
exposed specimens with weight loss data and remarks are contained 
in Tables 1 and 2. 
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304 stalnlea• 

1---- 4',• -----10.30" 

-F--· -----0-, 
Cleaned By 
Electropolishing 
Techniques 

Vise Crimp-\• Long 

Heli-arc Weld 

-E' • •=•• aaacw - -• a a a a a 3-
- -- - -- - ---
, ------ .- -----------

------------------
Notes Weld is leak checked with helium after heating to 

cherry red with oxy-acetylene torch. 

Ory Box BaJ<e out 
at 1 Micron 

300 C 
15 hrs. 

O · 
swagelok 
Tightening 

(Electric) 
(Wrench ) 

Liquid 
Metal 

Charge 
(l cc.) 

Ory Box 

Evacuatio 
(l micron) 

Pedestal 

Insertion 

swagelolt 
Cap 

Position 
Loosely 

I Specimen J Insertion 

Notes Pedestal, Sample & SWagelok baked out at 300 C -
l aicron 15 bra. c 

Figure 1 - Cleaning an~ sealing technique for corrosion teat 
capsule• 
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4. 1. 3 Sample Removal and Cleaning 

Samples were removed from capsules under argon while the potas­
slwn was in a molten state. This was necessary since ln many 
cases the sample was coated with potassiwn and adhered to the sup­
port when the potassiwn became solid. After removal from the cap­
sule, the samples were placed in a screw cap bottle and allowed to 
cool The samples were then removed from the dry box after filling 
the bottle with isobutanol. When gas evolution stopped, or after 15 
hours, (whichever was longer) the samples were washed first ln 
methyl alcohol and finally in water. Following. the water wash, the 
samples were rinsed in methyl alcohol and placed in a quartz tube 
which was then evacuated to 1 micron. After reaching the deptred 
pressure, the quartz tube was heated to near red heat for 5 minutes 
and the samples allowed to cool under the reduced pressure for one 
hour. Weight determinations were made following this treatment. 
The cleaning procedure for preparing specimens for examination 
after exposure to mercury ls aa follows: rather than subject the 
sample to a dilute nitric acid dip, it was decided to heat the samples 
to 350 C at a pressure of 1 torr to evaporate the mercury from the 
sample surfaces. This technique eliminates the possibility of form­
ing a nUrate on the sample surfaces. 

It can be seen from Table 1 that data on ten potassium vapor tests 
were lost due to heavy corrosion of the capsules. Figures 2 and 3 
show one set of such capsules on removal from the aging oven. It 
will be noted in Figure 3 that the bottom half of the capsules ls 
severely attacked. It is theorized that one of the capsules leaked 
due to a defective weld or Swagelok fitting, and the leaking potassium 
vapor oxidized and settled into the 1" 0. D. receptacles holding the 
remaining capsulrs. The higher corrosive oxide or hydroxide then 
attacked the type ~4 stainless steel resulting in eventual punctures 
of all tubes moW1ted in this way. The fact that two capsulei:: standing 
free along side of the holding block suffered no attack and remained 
tight supports this theory. 

4. 1. 4 Cover Gas Purification Facilities 

The argon used as a cover gas during capsule charging was purified 
in a bubbler using NaK 78 at 600 F. The resulting 02, N2 and H20 
content ls below the sensitivity of our mass spectrometer ( < 2 ppm). 
The potassiwn used ln the preliminary tests is obtained from MSA 
Research Corp. and has an oxide content of < 50 ppm. The mercury 
metal as obtained from the supplier is about 5 ppm contaminated. 
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4.2 

-- ------------

4. 1. 5 Sealing of Tantalwn Test Capsules 

Attempts to obtain a tantalum tube to stainless Swagelok joint that re­
mains vacuum tight up to 540 C, were unsuccessful. A stainless liner 
pressed into the tantalum tube before sealing increased the systems 
upper temperature capability to about 400 C. Since a number of 
promising metal to ceramic seals use tantalwn, a Swagelok fabricated 
from this refractory metal was obtained. It was believed that a tan­
talum tube to tantalum Swagelok would eliminate the 400 C leakprob­
lem experienced when materials of dissimilar thermal expansion co­
efficients were used. It was fowid, however, that this was not the 
case. The Ta/Ta joint again began leaking at a temperature of 400 C 
indicating that such a system is not practical as a vacuum tight Joint 
above this temperature. 

Electrical Cooductors 

4. 2. 1 Candidate Selection 

The available information on electrical conductors suitable for extended 
service at 850 C and 538 C was reviewed. Even though copper might 
present possible grain growth problems at 850 C as reported by Ana­
conda in their work on contract AF33(616)7473, the great limitation 
imposed on coating methods and materials by silver's low melting 
point (960 C) justified some consideration of copper cores for the po­
tassium Vctpor environment. The grain growth aff eels only the ultimate 
tensile strer.-5th of the conductor and would only affect the electrical 
properties if the grains slip one on the other to effect a reduction of 
cross secticn of area on the wire at isolated points. The use of re­
fractory metal cladding could prevent slipping at the grain boundaries • 
The larger diameter of the wire in this program ( #8 or #10 ver .: '1S 

the #18 and i 30 used by Anaconda) would provide a finer initial grain 
size due to fewer annealing treatments. In addition to OFHC copper, 
cores of zirconium copper and dispersion hardened (thoria, beryllia) 
coppel" were considered as means of preventing grain growth. 

Inquiries placed with Anaconda revealed that the cost and delivery 
dates on the dispersion hardened copper core conductors would not 
permit their use in this program. Nickel plated (10% Ni), nickel 
clad (28% Ni) and stainless steel clad (28% type 410) copper wire 
were chosen as candidates for the 538 C mercury vapor environment. 
Nickel clad and Inconel clad silver wire were chosen as caudidates 
for the 850 C potassium vapor environment. Lengths of • 050" and 
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.100" dia. OFHC copper wire were obtained for trials for making 
chrome plated and iron plated copper wire for exposure trials. 

4. 2. 2 Exposure Test Results 

Duplicate specimens of rJckel plated copper (10% Ni), nickel clad 
cower (28% Ni) and stainless steel clad copper (28% type 410) were 
e.,sed to mercury vapor at 538 C for 340 hours. Weight and ap­
pearance changes are listed in Table 2. The nickel plated copper 
conductors completely disintegrated during the test and portions of 
the copper r.ore in the nickel clad conductor disappeared probably 
due to pin holes in the cladding. 

Mlcrographs of the before and after exposure samples of the nickel 
clad (28%) and stainless clad (28%) copper conduc~or are shown 1n 
Figures 4 through 8. Sample WH3- B was a 340 hour rerun 1n mer­
cury vapor at 538 C. Intergranular cracking of the cladding was 
found to a maximum depth of. 0005 inches and an average depth of 
• 00025 inches over the entire circumference. (See Figure 5. ) 

Samples of the Ni pl.aed, Ni clad and stainless steel clad copper 
wires were also exposed to potassium vapors at 850 C for 172 hours. 
On sample WK3 (Figures 8 and 9) penetration of both cladding and 
core and extensive "gassing'' of the core were found. Gassing of 
the core and voids as a result of the reaction between K .md Cu ex­
tended about 25% of distance from surface of conductor to cente1·. 
There was also an extensive diffusion of nickel into the copper which 
would result in lowering of electrical conductivity of the section. 
Grain growth in the core was not appreciable, being about • 225 mm 
aver.age grain size both before and after exposure. 

FJgure 10 is a lOOX micrograph of nickel plated (10%) copper wire 
before exposure to metal vapors. Figure 11 is a lOOX micrograph 
of the same wire (WK-1) following 172 hours exposure to potassiwn 
npor ·at 850 C. The results are similar to WK-3 with gassing being 
more extensive. The cladding surface was eroded. Resistance of 
the wire to metal vapor was wisatisfactory. Since the nickel in the 
starting wire was plated on normal soft copper wire (grain size of 
. 040 mm average), the grain growth was appreciable, (about " 200 mm 
aYerage). This ~ itself is not objectionable. 

Figures 12 and 13 show the cross section of Oxalloy 28, stainless · 
steel clad copper wire before e.xposure to any metal vapCirs. Figure 
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Figure 4. Nickel Clad (28%) Copper Wire Before Metal Vapor 
100X Ni-Cu WH-3B C-1293 
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4. 3 

13 is a lOOX, micrograph of an unetched wire sho'Yfing a fault ir. the 
cladding and attack on the copper core after 172 hours exposure to 
potassium vapor at 850 C. Figure 14 is a lOOX micrograph of the 
same sample after it was ground down 1/32 inch and then etched. 
No sign of attack is visible. Figure 7 is a 250X micrograph of an 
Oxalloy 28 sample following exposure for 340 hours to mercury 
vapor at 538 C. Except for a possible slight roughening of the stain­
less steel cladding, the conductor was unaffected by both exposures. 
The isolated attack seen in Figure 13 is believed due to a fault pres­
ent in the cladding before exposure to potassium vapor. Grain growth 
was not significant. Average grain size was about • 200 mm before 
and after exposure. 

A 170 hour exposure of AWG No. 8 Ni clad Ag purchased from Sylvania 
to potassium vapor at 850 C did not produce any noticeable change in 
the wire. The ends of the wire had sealed by means of a 7 mil Ni 
electroplate. 

4. 2. 3 Tensile Strength Measurements 

The room temperature tensile properties of Oxalloy 28 were determined. 

The ultimate tensile strength was 44,000 '>Bi with a 15% elongation 
{dia. • 051"). 

The late delivery of the Inconel clad silver wire precluded a thorough 
metallurgical study of it. 

Electrical Tests 

4. 3. 1 Testing in Argon Environment 

4. 3. 1. 1 Test Method and Circuit for Conductors 

Conventional 4-terminal technique was used in measuring 
the electrical conductivity of all conductor samples. Fig­
ure 15 depicts the basic circuit. The potential and current 
connections were made with small &-tainless steel clamps. 
The conductivity measurements were made with an ammeter­
potentiometer and checked with a Kelvin bridge. Each con­
ductor tested was about 12 inches in length and the potential 
points were carefully connected 10 inches apart along the 
wire. The conductors were heated to temperature in a Vycor 
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Fig. 15 - Bridge Circuit for Resistivity Measurements 
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combustion tube. Figure 16 depicts the electrical meas­
urement set up. Each conductor sample was suspended by 
four nickel lead-in wires which in turn were supported by 
alumina ceramic members. A small tube was provided 
at each sealed-end to permit a contL'luous flow of commer­
cial high purity argon gas (lcfh) through the combustion tube • 

4. 3. 1. 2 Conductors for Hg Vapor Service - Conductivity 
Vs Temperature 

Pre and post the!'mal aging electrical conductivity-temper­
ature data was secured to 538 C for A WG 16 conductors of 
commercial grade copper, Oxalloy 28, chrome plated OFHC 
copper and iron plated OFHC copper. Information on the 
specific composition of each of these conductors is presented 
in the section covering "conductivity versus temperature 
aging". The conductivity-temperature data for bare copper 
and "Oxalloy 28'' conductor samples are shown on Figures 
17 and 18. Also plotted on the figures are the conductivity 
vs temperature data obtained after the samples had been 
aged at 530 C in argon for 500 hours. 

4. 3. 1. 3 Conductors for Hg Vapor Service - Conductivity 
Vs Temperature Aging 

Electrical conductivity measurements were made on samples 
of commercial grade copper, "Oxalloy 28", chrome plated 
copper, and iron plated copper as they were thermally aged 
at 538 C for 500 hours in atmospheres of argon. All samples 
were AWG 16 gauge and the commercial grade copper samples 
were Jncluded to check on our ability to measure electrical 
conductivity. "OXalloy 28" is a copper conductor cladded 
with 28% stainless steel. The surface plate on each of the 
chrome and iron plated copper samples was about two mils . 

The measured and calculated conductivity values for the com­
mercial grade copper sample are shown in Ficure 19. The 
measured conductivity of OXalloy 28 is compared with the cal­
culated value for commercial copper in Figure 20. The cal­
culated conductivity of copper at 538 C and a corresponding 
67% limiting value are shown by the dashed lines. The 
measured conductivity of Ox~lloy 28 remained quite constant 
throughout the 500 hour aging period and the average value 
(1. 37 x 105 mhos per cm) is 77% of the calculated value for 
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pure copper. The light grey 1&~-etallic luster of the wire, 
prior to aging, changed to a dull dark grey. The conduc­
tor sample showed a weight gain of O. 03%. The pre and 
post aging conductivity temperature data obtained on the 
b:- ~ copper, Oxalloy 28, iron plated OFHC copper and 
chrome plated OFHC copper indicated no adverse effects 
due to thermal aging in 538 C argon for 500 hours. The 
surfaces of all sample conductors showed degrees of 
darkening; however, this apparently had little effect on 
their measured electrical conductivities. 

The calculated resistivity for commercial copper ls based 
on formulas and constants taken from the International 
Critical Tables of Numerical Data, Physics, Chemistry 
and Technology. An investigatlon·of the resistivity formula 
contained in the National Bureau of standards, Clrcwar 31 
"Copper Wire Tables", was also made. It is admitted by 
"NBS'' that their formula does not take into account the slight 
upward curvature of the resistance-temperature curve as 
observed by actual measurements. The resistivity formula 
taken from the "Critical Tables" does take into account a 
nonlinear effect and is probably more accurate than that of 
"NBS'', particularly at temperatures above 300 C. 

Results of electrical conductivity measurements of all con­
ductors are shown in Table 3. The conductivity value shown 
for each conductor represents an average of about 15 meas­
urements made during its thermal aging time. The respective 
electrical conductivities of each conductor i"emained quite 
constant throughout their 500 hour thermal aging periods. 

It is noted that the measured electrical conductivity of copper 
at 538 C and the calculated value agree within 2%. The close 
agreement with actual measurements justifies usage of the 
calculated electrical conductivity of copper as a standard to 
compare with measured values of other conductors. 

The electrical conductivities of all samples shown in Table 3 
are well above the lower allowable limit (67% of copper). 

A 5-inch length of "Oxalloy 28" wire (No. 16 gauge) previously 
exposed to 538 C mercury vapors for 360 hours was addition­
ally aged at the same temperature for 500 hours, in argon. 
Electrical conductivity data were secured for this conductor 
as it thermally aged in argon, and is shown in Table 3. 
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Average conductivity of the pre-mercury exposed "Oxalloy 
28" conductor is nearly identical in value to that fowld for 
unexposed "Oxalloy 28". It is concluded that the electrical 
C')nductivity of "Oxalloy 28" is unaffected by expo~ure to 
mercury vapors at a temperature of 538 C for a p l'iod of 
360 hours. 

4. 3. 1. 4 Cond1•.ctors for K Vapor Service - Conductivity 
Vs Tt n1perature Aging 

Three 12-lnch long wire conductors were thermally ag~d at 
850 C in purified argon. One conductor ls 20% nickel clad 
silver wire and is 128 mlls in diameter (No. 8 AWG). The 
second conductor is "Oxalloy 28", 28% stainless steel clad 
copper, and ls 51 mils in diameter (No. 16 AWG). Two 
samples of "Oxalloy 28" were tested. A No. 16 gauge com­
mercial grade copper wire was also thermally aged to pro­
vide a means for checkiltf; our ability to measure electrical 
conductivity at 850 C. 

The measured and calculated conductivity values for the com­
mercial grade copper sample are shown in Figure 21. The 
measured electrical com .uctivity of copper at 850 C and the 
calculated value agree within 3%. This close agreement with 
actual measurements justifies usage of the calculated elec­
trical conductivity of copper as a standard to compare with 
measured values of other conductors. The measured con­
ductivity of "Oxalloy 28" ls compared with limiting values of 
conductivity as determined from conductivity calculations 
for copper in Figure 22. It is noted that the conductivity of 
"Oxalloy 28'' decreased ,~ith time and fell below the lower 
allowable limit, 67% of the electrical conductivity of copper, 
after 100 hours of aging at -350 C. 

Results of electrical conductivity measurements of conductors 
are shown in Table 4. None of these conductors had previous 
aging in potassium vapo1·. The conductivity value shown for 
each conductor represents an average of about 15 measure­
ments during its thermal aging time. 

The conductivity of "Oxalloy 28" decreased with time and 
fell below the lower allowable limit, 67% of the electrical 
conductivity of copper, after 400 hours of aging at 850 C. As 
previously reported, a second test of a similar sample of 
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TABLE 4 
AVERAGE MEASURED CONDUCTIVITY OF VARIOUS CONDUCTOR 

SAMPLES WHILE THErtMAL AGING AT 850 C FOR 
500 HOURS IN ARGON 

Samples as Reveived 

Sample 

Bare Commercial Copper** 

Nickel Clad - Silver• 

"Oxalloy 28" 

*20% Nickel Clad - Silver 

Conductivity 
mhos-cm-1 

1. 35 X 105 

1.1 X 105 

Failed after 
500 hours••• 

**28% Stainless steel Ciad - Copper 

***Test of a second specimen failed after 100 hours. 
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"Oxalloy 28" failed after 100 hours of thermal aging. Elec­
trical conductivity of the nickel clad-silver wire at 850 C 
remained constant throughout the 5CJ0-hour aging period. 
The average measured conductivity of this conductor, 1. 1 
x 1Q5 ·mhos per centimeter, ls 89% of the calculated value 
for pure· copper at 850 C. Thermal aging had very little 
effect on this conductor as the pre and post conductivity­
temperature data agree quite well. 

4. 3. 1. 5 Test Method and Circuit for Insulators 

Figure 16 is a diagram of the insulation resifrtance measur-
ing apparatus. The ability of the apparatus to measure in­
subtion resistances to values of 1014 ohms was demonstrated 
by stepwise measurements of standard resistors of values 
from 107 to 1014 ohms. Moreover, the shunt resistance 
across the test specimen due to the test apparatus was meaa­
ured as a function of temperature to 850 C. Infinite shunt re­
sistance was indicated to 600 C and 1012 ohms at 850 C. The 
shunt resistance at 850 C was three orders of magnitude greater 
than the resistance of subsequent specimens measured and, 
consequently, n.o significant error in measurement came from 
that source. 

The leakage resistance measurements of each insulation ma­
terial was made while the sample was suspended within the 
vycor combustion tube. Evaporated gold electrodes were ap­
plied to each sample leaving a 1/4-inch space between. Elec­
trical coMections were made to the evaporated gold surfaces 
with gold foil held in contact by small stainless steel parallel 
jaw clamps. Prior to making resistance measurements, a 
vacuum (100 mic1·ons) was drawn on each sample and its tem­
perature raised to 135 C for three hours. The vacuum was 
br9ken with argon gas which was then continuously swept over 
the sample at a rate of about one cubic foot per hour. 

4. 3. 1. 6 Insulators for Hg Vapor Service - Resistance Va 
Temperature 

The ele.ctrical volume resistivities of seven materials were 
determined in an atmosphere of tank argon at 538 C ambient 
temperature. Resistance values were measured with 300 volts 
d- c between the electrodes. 
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The materials and their respective electrical reslstivities 
are shown in Table 5. Four of the material samples had 
been previously exposed to 538 C mercury vapors for 260 
hours prior to the electrical measurements in argon. 
However, only one material, beryllia, allows direct com­
parison of the effect exposure to 538 C saturated mercury 
vapor has on its electrical resistivity. Pre-exposing beryllla 
to mercury vapors resulted in a drastic reduction in its vol­
ume resistivity from 1010 to 104 ohm-inches at 538 C. Of 
the four materials previously exposed to saturated mercury 
vapors, strontium zirconate (Y-628) has the highest meas­
ured electrical volume resistivity, 1. 4 x 10'1 ohm-inches • 
Thls value is comparable to the "as received" hot pressed 
magnesia sample (1. 9 x 10'1 ohm-..inches). · 

4. 3.1. 7 Insulators for K Vapor Service - Resistance Vs 
Temperature 

Figure 23 shows the plot of resistance measurements made 
on a 1/2-inch diameter 1/16-inch thick sapphire disk in an 
atmosphere of argon to a temperature of 850 C. The inverse 
resistance-temperature characteristic measured ls essen­
tially a volume resistance. The resistance values shown 
may be converted to volwne resistivity in ohm-inches by 
multiplying by 10-1. The electrical volume resistivitles of 
five additional materials were determined in an atmosphere 
of tank argon at 850 C ambient emperature. These mater­
ials and their respective electrical resistlviUes are shown 
in Table 6. Three of the samples had been previously ex­
posed to 850 C potassium vapor for 165 hours prior to the 
electrical measurements in argon. However, only one ma­
terial, hot pressed magnesia, allows direct comparison of 
the effect exposure to 850 C saturated potassium vapor has 
on its electrical resistivity. Pre-exposing hot pressed mag­
nesia to potassium vapors resulted in a reducJion of its 
volume resistivity from 2. 5 x 106 to 7. 8 x 10 ohm-inches 
at 850 C. Of the three materials previously exposed to 

· saturated potassium vapors strontium zirconate (Y-628) 
has the b)ghest measured electrical volume resistivity, 
6. 5 x 104 ohm-inches. Strontium zirconate (Y-628) showed 
the highest resistivity of those materials measured which 
had been pre-exposed to mercury vapors at 538 C. 
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TABLE 5 
ELECTRICAL VOLUME RESISTIVITY OF VARIOUS MATERIALS 

AT 538 C IN ARGON 

Volume Resistivity, Ohm-Inches 
Material As Received Pre-e~osed• 

(CX-14) Beryllia 1. 7 X 1010 

(CH-14) Beryllia 1.1 X 104 

(CX-12) Sapphire 6.5 X lo9 

(CX-17B) Sintered Boron Nitride 6.0 X lo& 

(CX-10) llot Pressed Magnesia 1.9 X 107 

(CH-7B) Alumina (Coran) 3. 5 X 105 

(CH-18) strontium Zirconate 1.4 X 107 
(Y-628) 

(CH-19) Strontium Zlrconate 4. 2 X 104 
(Y-760) 

*Pre-exposed to 538 C mercury vapor for 260 hours. 
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TABLE 6 
ELECTRICAL VOLUME RESISTIVITY OF VARIOUS MATERIALS 

AT 850 C 1.t{ ARGON 

Volwne Resistivity, Ohm-Inches 
Material As Received Pre-exposed• 

(CX-12) Sapphire 1. 5 X 107 

(CX-14) Beryllla 6 6.0 X 10 

(CX-10) Hot Pressed Magnesia 2. 5 X 106 

(CK-10) Hot Pressed Magnesia 7. 8 X 103 

(CX-17B) Sintered Boron Nitride 6.0 X 105 

(CK-19) Strontium Zirconate 1. 4 X 104 
(Y-760) 

(CK-18) Strontium Zirconate 6. 5 X 104 
(Y-628) 

*Pre-exposed to 850 C potassium vapor for 165 hours. 
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nie electrical leakage resistance of a second sapphire c:lidt 
sample was made while it was heated to a temperature of 
850 C in an argon atmosphere. Tantalum electrodes were 
sealed to the 1/2-inch diameter sapphire disk with a 951, 
zirconium- 5% beryllium brazing composite. One of the 
two electrodes was located at the disk's periphery and the 
second at its center. The peripheral electrode consisted 
of a 1/2-inch diameter tanWwn tube which was 2.-1/2-
inches in length. The central electrode was a 1/32-inch 
diameter tantalum pin and it extended through the 1/2-inch 
thick disk. The measuring voltage applied to these elec­
trodes was 260 volts d-c. The leakage resistance at 850 C 
measured 5. 7 x 107 ohms. This value compares favorably 
with that previously found for the thinner (1/16-inch) but 
equal diameter (1/2- inch) sapphire disk and measured with 
a different electrode configuration, 1. 5 x 108 ohms. 

4. 3. 2 Measµrements in Mercury Vapor 

4. 3. 2. 1 Test Capsule 

The capsule for this work is similar to the corrosion test 
capsule except that the crimped--welded end is replaced by 
the lead-in insulator using a suitable seaL To pt>rmit 
charging the electrical test capsule witholt having the lead­
in insulator in contact with the liquid metal, two modifications 
have been made. The Swagelok fitting cap was modified to 
provide a 5- l0cc reservoir. Molten K can be placed in the 
reservoir and allowed to cool and solidify. The capsule can 
be assembled and closed by the normal procedure. For the 
Hg, which is liquid at room temperature, the modified 
Sw~~e lok would be used; however, a socket extension on the 
electric wrench will permit tightening the capsule in an in­
verted position (Swagelok at the bottom). 

Initial tests to determine the electrical characteristics of the 
lead-in insulator in argon and mercury vapor must be made 
prior to mounting the insulated conductor specimens in the 
capsule because the lead-in would be a parallel drcult. A 
five mil diameter nickel wire wrapped tightly around a 3/4-
inch long section of the insulated wire would sene as one 
electrode and the conductor itself as the other electrode ln 
the volume resistivity wd electric breakdown tests. The 
nickel wire would be spot welded to the capsule wall and the 
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insulated conduct•lr would be spot welded to the lead wire 
through the lead-in lnsulalor. 

Five test capsules were prepared in which commerclal lead­
in insulators were used. Three capsules incorporated Cer­
amaseal (Series 801 and 805) 85% alumina to Kovar seala 
(using 72% Hg-28% Cu). The units had alwnina insulator• 
that were in the shape of a cylindrical tube about 1/'I:' long 
1/2" outside diameter, and 1/4" wide inside diameter. A 
Kovar flange cap with a threaded stud was silver- copper 
brazed to the top and a Kovar flanged cylinder to the bottom 
exterior portion of the alumina tube. The lower flange wu 
hellarc welded or furnace brazed to 4- inch long stalnles• 
st\'.?el tubes which formed a reservoir for the liquid mercury. 
After charging the capsule with mercury, the steel tube wu 
sealed with a steel "Swagelok" fitti~. The test procedure 
used is the same as described in the corrosion test section. 
Two other capcules incorporated U.S. Stoneware Alite C-500 
cable end seals bellarc welded to 1/2" diameter nickel tube•• 

4. 3. 2. 2 Pre Mercury Vapor Exposure Tests 

The electrical leakage resistance of an Alite C-500 cable-end 
capsule seal was determined while heatlng to a temperatve 
of 538 C in an atmosphere of argon. The electrical character­
istic obtained from this measurement was intended to be com­
pared with similar data on modified and, or, mercury charged 
C-500 type sealed capsules. The measuring voltage was 285 
volts d-c. Electrical leakage of the insulation seal at 538 C 
was found to be 5. 1 x 106 ohms. 

4. 3. 2. 3 Testing in Mercury Vapor 

The measuring circuit described in Section 4. 2. 1. 5 for tests 
conducted on insulation in an argon environment was used 
for measuring surface and volume resistance of insulators la 
the metal vapor environment. 

A number of Ceramaseal {Series 801 and 805) alumina to 
Kovar seals were successfully welded to a 1/2" diameter 
stainless steel {304) tube. These assemblies were charged 
with mercury, sealed, a.,d submitted for electrical resistiY­
ity measurement over a 540 C temperature range. 
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Attempts were made to measure the electrical leakage re­
sistance of the five alwnlna-Kovar seals at a temperature 
of 538 C while one side of each seal was exposed to saturated 
mercury vapor. Figure 24 shows the test assembly. In 
every case mercury leaks developE:d, either in the Kovar 
flange or the alwnina- Kovar seal, prior to attainment of the 
desired .temperature conditions for electrical measurement. 

Mercury leakage occurred in one capsule, using a Cerama­
seal insulator, at 300 C. The resistivity of the insulator at 
this temperature was 5 x 108 ohm per square. Figure '-5 
plots the data obtained in this insulator in argon and mercury 
vapor. 

A second type of alwnina to Kovar seal (Alite cable end seal) 
was sealed to a 1/2" diameter nickel tube. The capsule was 
then loaded with mercury and sealed. Although exposure to 
high temperature mercury vapor did not cause leakage at the 
ceramic to metal joint, the assembly ruptured at an apparent­
ly weak Kovar to Kovar joint inherent in the design of the seal. 
This joint wr.s strengthened with a high melting brazing alloy 
(Incusil-Ag/Cu eutectic+ 15% In) after which the test was re­
peated. This modified mercury cbuged capsule developed 
a leak when its temperature was raised to near 500 C. In­
spection revealed that although the reinfor<"ed flange sustained 
mercury attack, the brazed metal- ceramic joint did not. 
Two other capsules incorporating Alite C-500 cable end seals 
started to leak about 400 C. Resistance vuues of 4 x 107 
ohms were measured prior to signs of leakage with an in­
sulate::! temperature of 400 C and a mercury reservoir tem­
perature of 380. C • 

4. 3. 3 Measurements in Potassium Vapor Environment 

4. 3. 3.1 Pre Potassium Vapor Exposure Tests 

The electrical leakage resistance of an alumina (Lucalox) 
disk incorporated as part of a tantalurn-alumina-r.1olybdenum 
seal was determined in an atmosphere of tank argon at 850 C. 
This metal-to-ceramic seal employs a 95% zirconiwn-5% 
beryll1urn brazing composite. A 1/32" diameter molybdenum 
pin extended through and was sealed at the center of this disk. 
A 1/2" tantalum tube was sealed to the periphery of the 1/16" 
thick alumina disk. These metal- ceramic seals were fo\Dld 
vacuum tight, prior to and after cycling to 850 C, with a 
helium-type leak detector. The measured electrical leakage 
resistance of this seal at 850 C in argon was 9. 7 ~ 107 ohm~. 
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The data is plotted in Figure 28. 

Leakage resistance of a similarly designed capsule with a 
1/2- inch thick sapphire disk measured 5. 7 x 107 ohms at 
850 C. (Se.e Section 4. 3. 1. 7). 

Electrical leakage resistance measurements were made on 
a cylindrical tube capsule of alwnina (Lucalox) sealed at 
each end with disks of niobium. The alumina tube is 3-1/2-
inches long between metal disks, 5/8-inch outside diameter, 
and 1/2-inch inside di1Uneter. A leakage resistance of 2. 2 x 
107 ohms was measured at a temperature of aso C in high 
purity argon. The data obtained is plotted in Figure 27. 

The electrical leakage resistance and volume resistivity of 
a commercially available insulation-conductor syf!tem from 
Advanced Technology Laboratory was determined at a tem•• 
perature of 850 C in tank argon. The 1/8" diameter copper 
conductor of this system was electrically insulated by a 
1/32" wall of magnesia powder which was packed in a con­
centric 1/4" diameter sheath of 304 stainless steeL The 
measured leakage resistance and volume resistivity of the 
magnesia in this system are 9. 3 x 106 ohms per inch and 
1. 4 x 108 ohms-inches, respectively. The electrical vol­
ume resistivity of magnesia as applied in packed powder 
form in this system is about 50 times higher than that previous­
ly reported for hot pressed magnesia at 850 C. 

A number of conductors prE:viously coated by plasma spray­
ing 01· vapor deposition of insulation materials were E.ub­
jected to electr.ical leakag~ resistance measuremrmts in an 
atmosphere of argon. Resistance measurements were made 
between the conductor core and an outer sheath electr .:xfe. 
The sheath electrode, usually 3/4-inch in length, was made 
by winding 5-mil diameter nickel wire in a close helix around 
the conductor insulation. Lo N leakage resistances were 
measured across plasma spra~•ed ceramic coatings of either 
zirconla or alumina. Three coats averaged 12 mils in thick­
ness. The low resistance values are attributed to surface 
irregularities in the flame sprayed ceramic coatings. The 
small diameter wire of the sheath electrode did not bridge 
all of the shallow areas of the ceramic film and thus low re­
sistance measurements remtlted. The data obtained on the 
zirconla coated Ni rod is plotted on Figure 28. 
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A rather dense, but thin, coherent coat of aluminum nitride 
vapor deposited on to a 1/8- lnch diameter molybdenum rod 
was mr:asured electrically. The leakage resistance between 
the rod and a 3/4-inch long sheath electrode was measured 
as the sample was heatP.d in argon to 850 c. 'rhe resistance 
decreased from 3. 2 x 109 ohm at 100 C to 4. 0 x 105 ohm at 
850 c. 

A nickel-clad sllnr conductor coated with a 1-2 mil coat of 
nickel-aluminide, 1-2 mil over-coat of zirconia, a.I)d a very 
thin evaporative final coat of aluminum-nitride was heated 
to 850 C in argon. The leakage resistance of this compound 
coating, to a 1/2-inch long sheath electrode, varied from 
6. 4 x 1013 ohms at 100 C to 1. 8 x 104 ohms at 850 C. 

4. 3. 3. 2 Testing in Potassium Vapor 

The capsule design for the electrical tests was similar to 
that for the corrosion tests except that the crimped-welded 
end is replaced by a lead-in insulator sealed to the capsule 
wall. The lead-in insulator is a disk machined to fit the L D. 
of the capsule and has a metallic penetration through it to 
provide for electrical connection. The sapphire-tantalum 
tube capsule, described in the last paragraph of Section 
4. 3. 1. 7, was charged with potassium. Due to the position 
of the capsule during charging, the surface of the sapphire 
disk was covered with liquid potassium and apparently re­
mained ''wetted" by the potassium when the capsule was in­
verted. The leakage resistance at room temperature of the 
charged capsule measured about 4 ohms at room tempera­
ture. Holding the tube vertical with the sapphire end upper­
most and heating to 100 C to flow-off the potassium coating 
was W1Successful and the resistance value remained at 4 
ohms. The capsule was placed in a Vycor tube and slowly 
heated in an atmosphere of purified argon to a temperature 
of 850 C. The electrical leakage resistance of the sapphire 
was measured during the heat up. Near 500 C a white tie­
posit started to form on the inside of the section of Vycor 
tube extending beyond the tube furnace. Opening of the tube 
furnace so as to see the test capsule revealed a white film 
building up on the Vycor tube opposite the Swagelok fitting. 
The tantalum Swagelok apparently started to leak at a tem­
perature only. slightly higher than the previously tested Ta 
tube/type 316SS Swagelok joint. 
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The deposit on the cool end of the Vycor tube continued to 
build up until the capsule temperature reached 850 c. As 
the capsule temperatul'e was raised from '150 to 850 C, its 
electrical leakage resistance increased from 6 ohms to 9. 1 
x 104 ohms. During this time, the temperature of the cap­
sule near the sapphire disk was about 5C higher than that at 
the opposite reservoir-end. 

Post examination of the sapphire-tantalum capsule revealed 
that it had lost all of its pre- charged potassium. The entire 
surface of the tantalwn tube and the periphery of the sapphite 
disk was encrusted with a heavy white deposit. The density 
of \ small sample of this white deposit was found to be 3. 8 gm/ 
cm • The electrical resistance of the deposit sample, as 
measured with a Triplett electronic multimeter (model 850), 
was infinite at room temperature • 

n is concluded .that potassium vapor adversely affects the 
electrical leakage rec~_s tance of sapphire. The leakage re­
sistance of sapphire ls decreased at least 625 times at a tem­
perature of 850 C in the presence of low concentrations of 
potassium vapors. 

Electrical Breakdown in Metal Vapors 

4. 3. 4.1 Electrical Breakdown 

The electrical breakdown voltage of mercury and potassium 
vapor have been reported and found to obey Pa.schen's law 
similar to other gases. The breakdown voltage of mercury 
vapor was given by Llewellyn-Jones (3) and for potassium 
vapor by Bratescu (4). These values are gil"en as a function 
of product of pressure and gap and are plotted in Figure 29 
and shown in the table below. The pressure of the metal vapor 
was obtained .from data compiled by the SoullJll-E:Sl Researcb 
Institute (5). 
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Properties of Metal Vapors 

Metal Temp. Vapor Pressure pd• for Breakdown 
in mm of Hg 1 mil gap Voltage 

Hg 538 C 9205 23.4 1330 volts 

K 850 C 1655 4. 2 540 volts 

•p in mm of Hg and d in cm of gap 

The voltage breakdown values appear to be high enough to 
prevent breakdown (flashover) during electrical resistivity 
testing. Electric strength measurements should be possible 
lf the samples are sufficiently thin so breakdown voltages 
are below flashover voltage for the pd product. 

The data for calculating the electrical conductivity of both 
mercury and potassium vapor has been obtained from various 
investigators. This conductivity ls important in measuring 
the ir.sulation resistance of .insulators in the metal vapors. 

Work done by J. F. Nolan and A. V. Phelps (6) of this lab­
oratory has produced data which indicates that saturated 
vapors may <:ondense out on insulators to drastically reduce 
their surface rest-stlvlty. In their work insulating te,·mlnala 
of various materials including single crystal almnlna and 
single crystal magnesht were held at ~ C while cesium vapor 
pressure was increased from about 10- torr to 1 torr (satur­
ated v3t><>r at 300 C ls about 1. 5 torr). As the vapor pressure 
of ceslum increased the resistance of the terminals decreased 
from 1013 ohms to 1000 ohms (Al203) and 2500 ohms (MgO). 
When the vapor pressure was decreased to about 10-5 torr 
the resista.,ce of the alumina rose to 8000 ohms and the mag­
nesia to 2. 0 x Jl)'l ohms. Of all the insulators tested only 
magnesia evidenced a recover)· of any major magnitude. Fig­
ures 30 and 31 show the drop in reslstance as a flDlction of 
terminal temperature and time. 

There was some concern that the saturated K and
0

Hg vapor 
would also condense out on the lead-in insulator. Initial tests 
in Hg vapor were attempted where the insulator resistivity 
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was to be determined as a function of vapor pressure. A 
special capsule was constructed that would allow the tem­
perature of the Hg reservoir to be slowly raised, whlle 
holding the insulator at 540 C. Unfortunately, the test runa 
were always prematurely terminated by leakage at the 
ceramic-to-metal seal or capsule tube to cable end unit 
seal. On Figure 25, a pronounced change in slope ls evident 
in the lower curve at the temperature at which mercury vapor 
leakage was first noted. A continuation of the initial slope 
would have shown the surface resistivity of alwnina, ln near 
saturated mercury vapor, to be 10 ohms per square at 550 C. 

4. 4 Ceramic to Metal Seals 

4. 4. 1 Wetting Tests with Brazing Alloys 

Wetting tests were initially made in argon, vacuum and hydrogen at­
mospheres. Small pieces of brazing alloy (100 Mg) were placed on 
small pieces of high purity alwnina (Lucalox). The specimens were 
placed inside a ceramic tube which, in turn, was placed inside a 
molybdenwn susceptor for induction heating to the desired tewpera­
ture. In the runs in vacuwn the unit was pumped down to 10- torr 
prior to heating the samples. Tables 7 and 8 list the results of most 
of the early wetting tests and Figures 32, 33 and 34 show several of 
the micro structures o~ the resultant joints. 

A group of "T joints" were made between Lucalox and tantalwn speci­
mens with the alloys which appeared most promising in the wetting 
tests. These specimens were placed in stainless steel capsules with 
potassiwn and held at 850 C for 170 hours, <Lnd the relative corrosive 
damage was noted • 

A list of the activ~ metal brazing alloy compositions tested and results 
of the wetting and potassium exposure tests are given in Tables 7 and 
8. 

Results showed that most of the titanium and zirconium alloys would 
wet pure alwnina; In some of the specimens cracks are formed in 
the alloy ih1elf or in the alumina upon cooling from the brazing tem­
perature (see Figure 35). The nickel base alloys did not wet the 
alwnina ln vacuwn, in argon, or in hydrogen. All the brazing alloys 
exhibit poor resistance to potassium at 850 C, except the following 
where some adhesion between the brazing alloy and ceramic was 
noted after exposure: 
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Figure 34. 
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: • · . . 

Micrograph (l00X) of Bra.zing Alloy Interface 
Exhibiting Bonded Structure 

IJ.icaloc 

Interface 

Brazing 
Alloy 

The btazing alloy {67% Zr-29% V-4% l< .. e) exhibibl a bonded structure, 
which probably consists of a solution of A1203 in the brazing alloy. White 
light and -unetched. 
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:r•igure 35. Micrograph (lOOX} of Lucalox Specimen Showing 
Crack Formed When Brazi.,g Alloy Cooled 

This specimen was wetted with 48% Beryllium-48% Titanium-4% Beryllium. 
Then cracking behavior was observed with several allows, and the cracks are 
probably cause·d by solidification shrinkage and difference in the thermal 
coefficient of expansion • 
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(1) 95% zlrconiwn-5% beryllium. Six specimens consist­
ing of "T Joints~• between tantalum and Lucalox were tested. 
Two or these showed some adhesion but could be separated 
after potasslwn exposure. 

(2) 63% titaniwn-27% lron-10% molybdenum. The brazing 
alloy did not separate from the alwnina during exposure, 
but could be separated from the main body C: alumina after 
test. Fracture occurred at the interface. 

(3) 68% titaniwn-28% vanadiwr.-4% berylliwn. The brazing 
alloy did not separate during potassiwn exposure, and the 
brazing alloy could be separated from the Lucalox but only 
willt difficulty. Fracture occurred in the Lucalox \Dlder the 
brazing alloy. However, cracks are formed i~ the alwnina 
wetted with this alloy so the crack observed arter exposure 
probably occurred in the brazing cycle. 

4. 4. 2 Electrical Test Capsule Preparation 

Lucalox to tantalwn tube and sapphire to tantalum tube seals were 
made. The ceramic was O. 5 inch 0. D. 1/16 and 1/8 inch thick, 
with O. 030 inch hole in the center. These were brazed to the tantalmn 
tubes with 95i Zr - 5% Be alloy. The tubes were 0. 5 lnch 0. D. , so 
that they had to he flared out to ohtain a satisfactory slip-fit of the 
ceramic disk. Th~ wall thickness of the tantalum was O. 020 inch. 
AO. 020 inch Ta wire was brazed into the center ht1!e for lead-in. 

Out of nine attempts, four brazed units were satisfactory; l. e. , they 
were vacuum tight on thermal cycllng to 850 C. Some tube Joints 
were also made with 68% titanium, 4% beryllium, 28~ vanadium, b~ 
the Lucalox disks cracked in each tube joint made. 

Two tubes v--ere prepared for use in electrical tests during potassium 
exposure. These consisted of a tantalwn tube brazed to a stainless 
steel tube \\ith a nickel base alloy (Nicrobraz 130) in vacuum. Both 
joint~ were foWld to be leakUght. Later, sapphire disks were brazed 
onto the tantalum portion of the tube and both Joint3 were leak tight, 
but the sapphire disks cracked during pre-exposure electrical tests 
in argon at 850 C. Our experience indicates that the single crystal 
sapphire dis..'-5 crack more easily than the ,i>Olycrysta1lin4! Lucalox 
in such tests. 
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Attempts at constructing Lucalox to Ta-tube seals with 28. 5% Nl-71. 51, 
Tl were unsuccessful due to cracking of the brazing alloy at the seal. 
However, prospects for successful seals with this system seemed 
excellent in view of the last attempts, which indicated that lower 
processing temperatures ( ~ 1100 C) and thinner fillet results in 
crack-fre~ seals with good bond. 

Lucalox to Ta-tube seals, using Mo-Mn-raetallized Lucalox disks in 
conjunction with Nicrobraz~ 130 alloy, were also unsuccessful. 
Prospects for success here was poor in view of the fact that the Mo­
Mn metallizing detached from the Lucalox wher.. the brazing alloy was 
fused onto it. 

4. 4. 3 Seal Formation Using Glasses 

Attempts at ,!onstructing Lucalox to Ta-tube seals for Hg vapor tests 
with alumimm silicate glass were unsuccessful, due to unfamiliarity 
with proces:., variables during the brief period spent on this type of 
seal. Since the brazing alloys for the K vapor exposure are resistant 
to Hg vapor, nQ further work was done on this glass seal. 

Work by another group on a "Nestinghouse funded program resulted in 
an alwnina-calcia glass {fi:..•es at 1500 C) that produces an alwuina to 
niobium joint that is not affected by 173 hours exposure to K vapor at 
850 C. The only successful joints made to date consist of niobium 
end caps banded to the end of an alumina tube. The high firing tem­
perature of the glass and the need to use the alumina tube-niobium 
disk configuration prevented immediate use of the development in 
the present program. 

The cracks which appear either in the brazing alloy or in the Lucalox 
may be attributed to the lack of ductility of the alloy during cooling; 
or it may be due to hot tearing because of low melting .ranges as the 
alloy cools, or to the difference in thermal expansion when cracks 
occur in the alumina. 

The 2ctive metals are reported to wet alwnina by a chemical reaction 
between the alumina and the active metal oxides. However, the typical 
layer of this reaction product cannot be definitely identified in the 
micrographs. The microstructure of the various active alloys at the 
alumina interface varies; some have a rather columnar structure and 
others have a banded structure. The latter structure may be a solu­
tion effect of the alwnina partially dissolved in the brazing alloys. 
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4.5 

. ---- ---------------

The results have shown that most of the titanlwn and zirconium alloys 
tested wi!l wet alwnlna. Leak tight joints between tantalum and 
alumina may be made with the zirconium-berylliwn alloy. Potassium 
exposure tests on small "T joints" indicate that none of the alloys 
have good resistance to potassium vapor. However, joints with long 
corrosion paths have not been tested. It is thought that such joints 
electroplated with nickel may exhibit sufficient resistance to potas­
shun to permit the tests to be made. A redesign of the joint configura­
tion and a change in brazing technique could minimize cracking of the 
ceramic disks. Also, the specimens coated with silica-frP-•_· molyb­
denwn- manganese ai-e expected to provide adequate resistance to 
potassium. Initial trials of diffusion bonding indicate that some suc­
cess may be obtained by this approach. Combined mechanical and 
metallurgical seals using stainless steel "0' rings and a top braze 
may also provide a leak tight se~. 

Wire Coatings 

4. 5. 1 Materials and Coating Methods Survey 

A survey of the available literature resulted in a list of 41 candidate 
materials that are good electrical insulators at temperatures above 
100 F. These data resulti,ng from the survey are presented in Table 
9. The data indicates consideral>le variation in Te values for some 
materials. This is primarily due to variations in impurities content. 
A comparison using nianufacturers data when available was made to 
prevent duplication and unnecessary testing. Single crystal and high 
purity polycrystalline oxides were obtained from various suppliers 
who were making these m4terials on a research or development scale. 

A survey of coating methods was made and a number of techniques 
were uncovered for coating wire that offered promise. These are 
described in detail in the sections that follow. The presence of the 
copper or silver core in the candidate conductors limited the maxi-
m um processing temperatures in any of the coating methods to about 
1000 c. 

4. 5. 2 Fusion Coatings 

Fusion coatings using high purity alumina, magnesia, or beryllia 
would require use of processing temperatures much in excess of the 
1000 C limitation set by the conductor. 
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The fw;iuil ui very finely dlvidt?d oxides is possible at much lower tem­
perature than with the same but coarser form of the oxide. The addi­
tion of very small amounts of silica have been shown to materially 
reduce this lower temperature even further. Although silica is gen­
erally considered detrimental to resistance to potassium vapor, 
Cowan of the Los Alamos Scientmc Lab. (7) reported that up to 11, 
silica in alumina was tolerable in cesium vapor at 2200 F. Since 
coating compositions of finely divided oxides could readily be contin­
uously fused onto conductors using a tube furnace or RF heating, 
this approach was looked at. The initial fusion coating trials were 
made using either collodial particles or particles obtained from de­
composition of metallo-organics. Table 10 contains a Ii-sting of the 
early coatings, their adherence and electric strength obtained using 
a Slaughter Company Leakage Tester Model 103/105. A mixture of 
magnesia and alwnina was coated on Oxalloy 28 and fired to 1000 C • 
Since this combination did not fuse, silica was added to reduce the 
fusion temperature. Successful coatings were obtained which fused 
at 1000 C. The coating properties of the mixture were very good. 
A thin uniform coating was produced on short lengths of conductor 
dipped in the slurry. The adhesion of the fired coating was good; 
however, bending the coated wire after cooling caused the coating 
to come off. The electric strength of the coated conductors ranged 
from 250 to 650 volts (conduct"r to ground). This coating, however, 
was found to contain a high percentage of titania and therefore would 
not exhibit the desired electrical properties at 850 C. A silica free 
fusion coating has not been obtained even at temperatures in excess 
of the maximum temperature allowable for the conductor material 

Very brief exposures of the various coatings investigated to 1400 C 
was attempted to obtain fusion b.-+ .-Jithout success. Even though this 
temperature was 450 C above the allowable conductor temperature, 
the short dw·ation oi the exrosure allowed the coating to reach a high 
temperature without the conductor exceeding its ma.""Cimum tempera­
ture. 

Very good coatings have been obtained using fine alwnina in a collodlal 
zirconia solution. The coating, when dried and fired to 1000 C, is 
adherent, uniform in thickness and will not rub off. This coating 
has been succ':!ssfully applied to stainless steel, Inconel and nickel 
substrates. Application to stainless steel has resulted in the coati,w 
pr,pping off or having blisters in certain areas after firing at 1000 C • 
Microscopic examination of the fired coating in the blistered areas 
bas shown the formation of an oxide coating on th~ stainless steel 
causing this blister effect. Firing Jn an inert atmosphere eliminated 
this problem. 
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Subsequent overcoating of the alumina- zirconia coating with ammon­
ium zirconyl carbonate has produced a very smooth, abrasion re­
sistant surface. Unforhm;itely, this overcoating on refiring pro­
duces enough shrinkage to form cracks in the coating. 

The alumina-zirconla fusion coaling on Oxalloy 28 (Sample PK-9) 
completely disintegrated during a 172 hour exposure to potassiwn 
vapor at 850 C. Since the high purity alumina and zlrconia are re­
sistant to the envlronmen.t, it is felt that no fusion bond had formed 
in the coating, llnly an amorphous interface that was readily attacked 
bY, the potassium vapor. Since the fusion coating method did not ap­
pear to be suitable for providing the den:,e, highly crystalline coat­
ing of ultra pure material necessary for adequate resistance to 
attack by potassium vapor, work on this approach was terminated. 

4. 5. 3 Formation of Boron Nitride Coating 

Thermal decomposition of B trichloroborazole in the vapor phase 
with deposition of boron nitride was investigated. Gaseous HCl is 
the other product formed. The deposition trials were carried out 
in a Vycor tube with radio frequency heating used to heat the sub­
strate to be coated and resistance heaters to vaporize the B trichloro­
borazole. In trials where a carrier gas flow was used, the substrate 
was located downstream of the vapor source. In continuously pumped 
systems, the substrate was between the vapor source and the vacuwn 
source. Ten initial coating trials were made. Eight are listed below. 

(1) A tungsten rod 3/16" in diameter and 2" long was sealed 
in vacuum together with several grams of Cl3B3N3H3 in 
quartz tube of about 23 cc volwne. The materials were posi­
tioned at opposite ends of the tube and heated. The rod was 
ta..1<:en to 1500 C and the trichlorobo1·azql~ to 113 C {vapor 
pressure of Cl3B3N3H3 = 61.1 mm). l8J A heavy white 
greyish non-conducting film was formed, which adhered to 
the rod welL 

(2) A coil of tungst~n \1,,lle was heated to 1475 C and the 
B3Cl,1N3H3 at 75 C (vapor pressure between 6. 9 to 12. 6 
mm. (8) Total time of the run was one hour. The wire 
was covered by a white, glassy, semi opaque, non-conduc­
ting film that showed little tendency to flake off. The sub­
strate following the heat treatment was very brittle and 
easily broken. The film remained on the broken pieces of 
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wire and showed crazing in the -area of the break. The 
film could be removed by mechanical stress or shock 
(Figure 36). 

(3) Several tests were made on stainless steel sheathed 
copper wire coils to determine the feasibility of coating 
the wire ~ith BN. The wire coils were heated with the~ 
generator :il a continuously pwnped vacuwn with no trichloro­
borazole present. The first coil melted near the center be­
fore a temperature reading could be taken. A second coll 
was taken to an indicated temperature of 1050 C as deter­
mined by an optical pyrometer. After several minutes at 
temperature, the coil developed a localized hot spot and 
melted through. Copper was vapor plated on the quartz' 
tube. It is possible that, at a slightly lower temperature 
and more critical temperature control, the sheathed wire 
can be successfully heated in this manner • 

(4) A platinum wire coil was used as a substrate and heated 
to 1375 C in the descdbed set up. The Cl3B3N3H3 was heated 
to a maxim um of 65 C (vapor pressure "-' 5 mm). {8) Total 
time of run was 1. 5 hours. The wire was well coated with a 
semi-transparent white coating which was an electrical in­
sulation. This film was comparatively strong mechanically, 
but it could be flaked off by applying pressure with the 
fingers. 

(5) A graphite rod 1/ 4" ln diameter was fired as a substrate 
at 1475 C. The trichloroborazole was heated at 40 C ( '-V'0. a 
mm pressure). (8) Run time was 1. 5 hours. The substrate 
bad an insulating coating ranging in color from colorless to 
opaque white. The film was greasy to lhe touch and excep­
tionally well bonded. Nothing flaked off or was lost. 

(6) Platinum cylinders, 3/8" in diameter, 1" long, and with 
walls 0. 001" thick were used as sub3trates. The cylinders 
were fired at 1300 C with a maximum pressure of Cl3B3N3H3 
of about 3. 7 mm. (lO) The first cylinder was fired for three 
hours under these conditions. The interior and exterior of 
the tube were coated with a transparent coating of insulating 
quality. After a twenty minute exposure to air the film be­
gan to pop off the cylinder. This glassy film came complete­
ly off the exterior surface of the tube after standing overnight 
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Figure 36. Boron Nitride Deposit on Ttmgsten Wire 
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in air. A second, shorter run of a half hour duration was 
tried to see if a thinner film would be less likely to flake 
off. Results were identical to the first trial on platinwn 
foil cylinders. 

(7) An Inconel slab about 1- 1/4·• x 3/8'• x 1/8'' was sand­
blasted to give a rough surface, then washed in acetone. 
This substrate was fired at 1150 C in vacuwn with the "B" 
trichloroborazole temperature at 50 C. After a 25 minute 
run, the RF generator cut ouL The surface of the slab 
was a light tan line with a few sparse crystalline white spots, 
small in size, which possibly could be condensed Cl3B3H3N3-
Testing the slab with a resistance mete_r showed metallic 
conduction. The run was repeated using a sandblasted slab 
of Inconel which was etched in HCl, washed and dried. The 
trichloroborazole was the same material used in the previous 
run. A three hour run with the substrate at 1135 C and the 
Cl3B3N3H3 at 60 C gave results similar to the first run ex­
cept that there were no white spots present. The slab was 
covered with a flaky deposit rav.ging in color from tan to 
brown which conducted an electric current. A third trial 
using a sandblasted, acid etched Inconel slab and fresh "B" 
trichloroborazole was made. After running for 4-1/2 hours, 
under the previous experimental conditions, similar results 
were obtained. A black film, which flaked off, was of in­
sulating character. The slab itsP.lf, colored in various 
shades of brown, was conducting. 

(8) Twenty mil tungsten wire, v.1ound in a shorted coil was 
heated to 1050 C for half hour in a vacuwn with trichloro­
borazole. The Cl3B3N3H3 was not heated. After cooling 
in the vacuum, the thin transparent film on the coil began 
to peel and pop cff t.he wire after a short exposure to alr. 
i\ six hour run was made with substrate heated to 1115 C 
and with the trichloroborazole heated to 60 C. The coil 
was again vacuum cooled. The film began to flake and pop 
a short time after exposure to air. The films deposited on 
the tungsten wire were transparent and insulating. Cooling 
of the substrate was slow to avoid thermal shock. Flaking 
and popping seemed most pronocnced on the outer surfaces of 
the smaller radius turns. 

Work was directed at getting continuous and hole-free boron 
nitride coatings on the substrates, stainless steel sheathed 
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copper and graphite rod. Only the rod and wire samples 
which showed the most continuous coatings were used in 
the K vapor tests. 

The reason for the selection of graphite as a substrate was 
that it is fairly compatible with the BN film and that it ls 
highly susceptible to attach by potassium vapor at 850 C. 
Previous tests showed that graphite rod exposed to the 
metal vapor was completely reduced to a powder. The con­
dition of a filmed graphite rod at the completion of the K 
vapor exposure tests would give some insight as to the 
abi 1.ity of the film to provide protection against potassium 
att<lck. 

results of the exposm·e of the filmed substrates to potas­
.;iwn vapor at 850 C for 172 hours seem to indicate some 
degree of l'esistance to the alkali metal attack. 

Figure 37 shows the appearance of several graphite rods. 
The top rod ls untreated, the center rod is filmed with BN 
but has no other treatment, while the tottom rod l"Jample 
RB24-1) had been exposed to K vapor at 850 C for 172 hours. 
The rod still retains a good portion of its mechanical 
strength and manifests alkali metal attack predominately 
at the surface, which has a flaked appearance. After 6 
weeks exposure to air, this flaked surface acquired a white 
grey cast. The rest of the rod remained black in color. 
This color change might be due to hydrolysis of the BN 
film remaining on the rod. There was only a slight ten­
dency of the rod to powder. Taking into consideration the 
fact that the BN coating «;>n the rod was not perfectly con­
tinuous and hole free to start with, there is some indica­
tion that the film afforded the graphite a measure of protec­
tion. 

Few deductions can be drawn from the run on stainless steel 
clad copp~r wire coil (sample RB371). The stainless steel 
sheathing appeared intact and had no obvious chemical attack • 
The film was opaque white to grey in color and is very easy 
to wipe off the conductor. The film remaining on the coll ls 
nonconducting. Figure 38 shows the coil after exposure to 
potassiu.n vapor at 850 C for 172 hours. Figuze 39 shows 
a boron nitride coated stainless steel clad copper wire. 
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The film, which ranges from transparent to opaque white 
in samples, ls transparent in this case. 

X-ray results on the films of some previously run sainples 
have been received. Table 11 lists the sainples, substrates 
and substrate temperatures during the pyrolysis of the tri­
chloroborazole. The X-ray diffraction values for these 
samples are listed in Table 12, along with the d values of 
BN and graphite from the ASTM index. All patterns were 
taken (with the exception of S13M) in 114. 6 mm De bye 
Scherrer powder ~ameras using nickel filtered copper radia­
tion. Sample RB241-B was a piece of the film from RB24-l­
A which was given an additional 3 hours heating in air at 
980 C. Sample R53R-2 was a fluffy white deposit on the boat 
holding the tungsten wire coil (sample R53R-1). The boat 
was relatively cool compared to the wire coil. 

X-ray diffraction patterns were obtair.ed for the coati~s. 
These patterns are shown in Figures 4J through 44. 

The samples are of a low order of crystallinity since bands 
were formed instead of sharp lines. The only exception is 
sample R53R-2 which is amorphous. The absence of hn­
purity Hnes does oot exclude the presence of impurities but 
merely indicates they are not present in a measurable de­
gree or that they are masked by the broad sample lines. 
Except for line width and sharpness, all patterns are idenU­
cal except R53R2 which is amorphous. Because of the shni­
larity in structures of BN and graphite, all samples with 
graphite substr:\te should be interpreted with caution. Sample 
St 3M was identified as hexagonal boron nitride. T.hese X-ray 
results agree with those described by Patterson. (9) Thf' 
iron oxides appearing in sample RBl lXl are from the momen­
tary f allu.re of the vacuum system. 

Infrared spectra of several samples from different suhst rates 
were secured. Hexagonal boron nitride has absorption JM'.tks 
at 7. 2 and 12. 2 microns. The spectra from the samples can 
be divided into 3 groups. 

A) Samples R291 (platinum substrate at 1300 C), R44~-1 
(Inconel subS'.:rate at 1155 C), RB271D, and RB271C gave a 
very broad maximum in the 8 and 9 micron region and a 
broad :tbF,orption peak at 12. 5 microns. Samples RB27-1-D 
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Sample 

RB241A 

RB18-1 

R500-1 

RB24-1 

R4401 

RD24-1B 

R53R-2 

RBllX-1 

R53R-1 

RB27-1 

R29l-1 

S13M 

- --- ,._____ ---- - -----

TABLE 11 
SAMPLE SUBSTRATES AND TEMPERATURES 

USED TO FORM BN COATINGS 

Substrate 

graphite 

platinum 

stainless steel clad Cu 

~.r.q,itlte 

inconel 

graphite 

(boat deposit) 

stainless steel rod 

tungsten wire 

graphita 

platinum cylinder 

platinum wire coil 
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Substrate Temperature ("C) 

1445 

1000 

925 

1445 

1155 

annealed at 980 C for 3 hrs. in air 

1005 

1950 

13'15 

1300 

1375 
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and RB27-1-C were fragments of a spalled film obtained 
by heating a graphite rod substrate at 1375 C in trichloro­
borazole vapors_ cooling, removing the rod, rotating and 
revolving the rod 180° and reheating in c1 3B3N3H3 vapors. 
The secondary coating flaked off the rod and was used for 
samples. It should be noted that this coating was formed 
at a lower temperature than indicated at the sw·!ace of the 
rod. RB27-1-C was submitted with no further treatment. 
RB27-1-D was heated in ~ir for 3 hours at 980 C. The in­
frared spectra data on the above samples are shown in Fig­
ures 44 and 45. 

B) Samples RSOQ-1 (film from tungsten were substrate at 
1450 C), S9F (hmgsten rod substrate at 1050 C and S53R-2) 
(a powdery while deposit in front of a boat containing a 
tungsten substrate at 1950 C) gave an absorption peak at 
7. 2 microns and a broad absorption peak at 12. 5 microns. 
Infrared spectra data on these samples are shown in Fig­
ures 45, 46 and 47. 

C) Sample S53Rl (deposit on a tungsten wire coil substrate 
at 1950 C) has absorption peaks at 7. 2 and 12. 2 microns 
and a broad absorption peak at 12. 5 microns. Infrared 
spectra data are shown in Figure 47. 

The infrared spectra indicate the samples to be boron nitride 
but of varying degrees of crystallinity. Sample S53Rl is the 
only one having heugonal boron nitride to an appreciable de­
gree according to the infrared results. The higher tempera­
tures of the substrate tend to give boron nitride of a more 
hexagonal crystalline nature. This is borne out by the X-ray 
data which shows a slight sharpening of the lines with increas­
ing substrate temperature • 

The majority of the BN filmed substrates gave off an odor of 
ammonia after b~ exposed to air for some time. There is 
a basic reaction with moist litnus paper held over the mouth 
of the vials. Poaszus (10) reported that on extensive boiling 
with water or acid solutions, boron nitride hydrolyzes to NH3 
and boric acid. Furthermore, it has been reported in the 
literature that t?1e chemical stability of BN ls dependent on 
the temperature at 'lhlch it is produced or later heated. Bor9n 
nitride produced at 130 C is easily decompos ed by moisture (ll), 
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F'...gure 45. Infrared Spectra For Specimens R2~-I, RB27-1D and RB27-1C. 
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l Figure 46. Infrared Spectra For Specimens R50Q-1, R53R-2 and R44-0-1 
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Figure 47. Infrared Spectra Fox Specimens S53-R1, S9F and 99.5% BN 
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while BN made at 800 C will begin to decompose after 
being exposed to air a short time, and that heated to 
about 1000 C showed only slight signs of decomposition after 
air exposure (12). Boron nitride heated at 1250 C ls not 
attacked by boiling water (13). Since our films are formed 
by induction heating of the substrate, the films are formed 
at a lower temperature than that indicated at the surface 
of the substrate. 

Chemical analysis has not been used because of the small 
amowits of the samples involved, the sample instability and 
analytical dilliculties. 

Since potassium vapor resistant and thermally stable BN 
coatings could not bl! produced in the substrates at or be­
low the 1000 C maximum processing temperature, work 
in this approach was discontinued. 

4. 5. 4 Vapor Deposition in Reduced Ox) ;en Environments 

The equipment used in these coating trials -was a Consolidated Vacuum 
Corporation Metalizing Unit Model E 61184. The wtit has twin vertical 
stainless steel bell jars that are 18 inches in diameter and 24 inches 
high. The unit ls pumpe<;I with 6 inch oil diffusion pumps and can 
achieve a pressure of about 5 x 10-5 torr in relatively short pump 
down times. 

Evaporation of Al metal in about 10-3 mm. Hg 11ressure of 02 leads . 
to deposition of what are apparently suboxides of aluminum, and 
these oxidize to AI203 on exposure to air (14). Rate o! deposition 
is about 1-5 AO /sec in coating thickness. Total thicknesses of 875A 0 

are reported. This is a "shadowing" process. Presumably the 
films will not be flexible in any appreciable thickness. Also, ad­
hesion to substrates other than alumlmun ls uncertain. 

Attempts to deposit zirconium oxide using a ~ure ductile Zr source 
at up to 1200-1400 C in an atmosphere of 10- torr of (flowing) 02 
yielded no measurable deposits in 2 hours. Source temperature 
was limited by loss of mechanical strength and consequent sagging 
of the source (zirconium is known to get quite weak above 862 C). 
Te:nperature was measured by optical pyrometer. 
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Similar de~osition of Al2O3 from an Al source at about 800 C in an 
atmosphere of 10-3 torr of flowing~ did yield insulating deposits. 
These were very thin {wiweighed) and apparently dense {microscopic 
investigation). The rate of deposition was lower than expected (15). 
such films could be deposited on a substrate suitable for testing in 
K-vapor, but this was not done because of other troubles with them. 
It was fowid that in the atmosphere stated the Al source also be­
came coated with oxide. As this oxide coating forms, thermal con­
duction from the heater - - vmich was either a tungsten wire loop or 
a tungsten wire coil heating an alumina crucible -- got poorer and 
evolution of Al slowed down. Under these conditions, oxide is de­
posited on the target, but slowly. Then the oxide coating on the 
source would break due to thermal motion of liquid Al and permit 
the metal to touch the heater, which had meanwhile risen to a higher 
temperature. The resulting puff of Al vapor would rapidly deplete 
the 02 atmosphere, which led to deposition of conducting coatings 
on the target. Such conducting layers were probably composed of 
Al2O3 mixed with Al. No good way of avoiding this phenomenon 
was fowid. In view of these difficulties, the work on vapor deposi­
tion was terminated. 

4. 5. 5 Formation of Alumina by Thermal Decomposition 

Several wisuccessful attempts were made to vapor deposit alumina 
on spirals of tungsten and platinwn wire by the same technique used 
with the BN. The source material was aluminum isopropoxide which 
has a melting point of 119 C and a vapor pressure of about O. 3 mm 
at 100 C. The isopropoxide was used because it contains the re­
quired amount of oxygen to produce Al2O3, it is relatively volatile 
and a pure sample was available. The apparatus consisted of a straight 
quartz tube in which was placed one porcelain boat cc:1taining the 
isopropoxide and anoth1:r, about 8 inches farther downstream in the 
tube, containing the wire spiral. A heating tape was used to heat 
the portion of the tube containing the isopropoxide, while the wire 
spiral was heated with a radio frequency coil which surrounded thP. 
quartz tube at the location of the spiral. 

Initial runs were ma® using an argon flow lo carry the isopropoxide 
vapors across a tungsten spiral heated to 1400 C. One possible and 
desirable mode of decomposition of aluminum isopropoxide is given 
by the following equation. 
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As the lsopropoxide decomposed upon coming ln contact with the hot 
wire, the alumina might be expected to deposit on the wire while 
the hydrocarbon and water would be carried off in the argon flow. 
Further cracking of the hydrocarbon might occur giving methane 
and acetylene or ultimately carbon and hydrogen. Apparently severe 
cracking did occur because considerable amounts of carbon collected 
on the relatively cool quartz tube and porcelain boat. Most of the 
carbon growth was covered with a white deposit which no doubt was 
alumina. Conditions of the experiment (rate of argon flow, rate of 
evaporation of the isopropoxide and temperature of the spiral sub­
strate) were changed in several experiments but no insulating film 
was obtained. A cross section of the wire showed that there was 
some attack on the tungsten surface, probably by carbon. 

With the intention of preventing the formation of carbon, similar ex­
periments were carried out using an oxygen flow in place of argon 
and a platinum spiral in place of tungsten. The amount of carbon 
formation was lessened but was still very much in evidence and 
again it was covered with what is believed to be AI2o3• No insulating 
film was formed or. the wire. 

Use of alwnlnum methoxide as a source material was considered as 
a means of minimizing or eliminating the carbon problem. Another 
possibility was blowing the fairly volatile aluminum chloride over 
a hot substrate by moist argon might deposit Al203 on the substrate. 

Wltb the intentkn of eliminating the carbv,1 formation problem ex­
perienced with aluminum isopropoxlde, a qua:1tity of aluminum 
methoxide was prepared. This compound has a much lower carbon 
content and does not contain the relatively easily cracked isopropyl 
group. A cfu.advantage found with the methoxide is ils very low vola­
tility. To p-.u,s aluminwn methoxide vapors over a hot substrate, it 
will be necessary to incorporate into the deposition apparatus, a 
vacuum source capable of 10-5 torr. 

Investigation of this technique was terminated to concentrate effort 
on the AIN formation investigation. 

4. 5. 6 Formation of Aluminwn Fluoride 

A process for coating an alwninum substrate with AlF3 by reaction 
with F2 and/or HF has been developed by Bell Laboratories (9)(10). 
such coatings are flexible and not limited in thickness by diffusion 
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rates as in Al2O3 formed by direct Al oxidation. Coatings of 5 A• · 
thickness have been made by Bell Labs. Such coatings can be oxi­
dized to Al2O3, over the outer 1000th of their thickness by heating 
to 550 C in air. They might possibly also be converted to AlN by 
heating in NH3. All of these reactions are non- shadowing and could 
be carried out on essentially finished wound coils. According to 
calculations, the AlF3 itself would be thermodynamically unstable 
to K-,·apor above about 550 C, but the Al2O3 of AlN might protect it. 

AlN in the reasonably pure, dense state has a specific resistivity of 
about 106 ohm-cm at 850 C {16). Sintering temperature for AlN is 
1950 - 2050 C, as reported by Alcoa Labs. Expl!riments in crystal 
growing on AlN from vapor elsewhere in these labs have not been 
successful. Also, of course, one may e~ect AlN to be rather sensi­
tive in its resistivity to doping with impurities • 

Equipment for treatment of Al films QR Inconel substrate with NF or 
F2 at 500 C was set up. (Th is process was developed by Bell Labs. 
and is at present reported to be worked on by Allied Chemicals.) 
The action intended is: 

Al 0 + 6HF ~ AlF3 + 3H2 

The AIF3 layer ls reported to be a good insulator probably up to 850 C. 
It is reported to be flexible. However, calculation has shown that 
AlF3 is thermodynamically unstable in K-vapor. Therefore, it was 
intended that the AlF3 formed will be partly or wholly converted to Al2O3 
by direct oxidation. It was hoped that a thin layer of AlF3 left wider 
the converted Al2O3 will serve as a flexible "slip layer" to equalize 
expansion coefficients, yet be protected from K-vapor by the Al203-
Work on this approach was terminated to pursue the more promising 
AlN formation approach. 

4. 5. 7 Densification of Porous Coatings 

The high sintering temperature required to produce high density struc­
tures of high purity is a major problem presented by most of the prom­
ising candidates. Since the rate of sintering at any given temperature 
is generally limited by the rate of material transport, rate increases 
may be possible by use of an intergrain medium in which the material 
to be densified has relatively high solubility and mobility under the 
experiment conditions allowing it to follow a thermal or other energy 
gradients. The principle is used in "hydrothermal" crystal growth 
of Si~. A possible solution has been found to the problem of accel-
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erating material transport rates of refractory oxides to achieve 
dense structure without raising telt!perature above the limits of 
the wires to be used. Work done at Westinghouse Research bJ 
Dr. T. L. Chu indicates that reaction equilibria such as: 

Al2o3 (solid) + 6HC1 (gas)~ 2 Al Cl3 (gas) + 3H2O (gas) 

are able to achieve rapid transport. The equilibriwn constants 
for the above reaction ai·e: 

800cK 
lOOO°K 
1200'°K 

10-20 
10-16 
10-14 

For BeO with HCl the equilibrium constants are: 

800CJC 
l00O°K 
1200°1:t 
1400CJC 

3. 2 X 10-9 
5. 7 X l0-8 
1. 8 X 10-6 

2 X 10-S 

Both groups of data indicate that the refractory oxide will be trans­
ported from a hotter to a colder region of the system. The trans­
port rate will be a function of the hot-cold temperature differential, 
distance or path length, and HCl pressure. Apparatus was set up 
in which a wire coated with finely divided refractory oxide will be 
placed in HCl gas at 10-15 atmospheres of pressure. The aggregate 
would be heated from the out.£ide (periphery of the coated wire) and 
the end of the wire would be t ai-;en out to a cool zone so that a temper­
ature gradient will exist acros s the granular insulation. What was 
expected in the system is a n-et transport of refractory oxide from 
the outer granules of the coating to the inner, cooler layers where 
it will deposit as crystalline or at least dense material. 

One preliMinary experiment has been made. A quartz tube of 1" L D. 
and 30 cm length was loaded ·..nth 6 g of Al2o3 powder (Alc,Ja Cl-6, 
99. 5 + % Al2o3, 0. 03% Fe) at one end and a holder for three quartz 
slides at the other. The tube was charged with tJ. Ii g dry HCl and 
sealed. The charge was calculated to yield a pressure of about 10 
atm. at 800 C. Half of the t t:.be was stuck into a tube furnace and the 
other half with the target slic~s left outside. At 400 C and 700 C in 
the furnace reaction was very slow. At 1000 C hot end temperature 
an estimated 0. 05-0.10 g of ,hlte solid was transr-orted to the cool 
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lubt! end, a minimum distance of 15 cm. The target slides showed 
0. 015, 0. 008 and 0~ 004 g deposit, in order. The deposits on tar­
get slides and tube wall were not dense or transparent. The re­
mainill{J A12O3 source powder was not sintered, but had turned dark 
grey. 

Analysis of the material transported toward the cooler side in the 
thermcl gradient system involving the equilibrium 

Al2O3 + oHCl ~ 2Al2O3 + 3H2O 

showed it to be Al2O3 in form of rather large crystallites. The 
crystalline portion comprised over 90% of the sample. The trans­
ported material contain~ 1. 20% Fe whereas the source material only 
contains 0. 03% Fe. The transported material also contains a resi­
dual 1. 2% of CL 

The AI2o3 used as source material had changed color to dark grey 
after the transparent experiment. This color was traced to contamina­
tion with carbon of wtlmown source. Our conclusions are: (1) trans­
port of Al2o3 to a desired location does take place at a useful rate, 
(2) the transported Al2O3 is deposited largely in the crystalline form 
{which is probably necessary, fm• resistance to K-vapor), (3) iron 
present as an undesirable impurity is transported even more rapidly 
than AI2o3 and probably by a similar mechanism, (4) the. Cl found 
can be removed by after bake of the sample, (5) an unk~,own, prob­
ably organic, contaminant is present in the system and acts as a 
source of carbon. 

The apparatus was set up to try transport of Al2O3 on a wire mock up. 
The simulated wire was tantalum to prevent an7 attack by the HCI 
environment. A porous Al2O3 coating was applied to the Ta rod from 
a slurry. The baked out coating on simulated Ta wire popped off on 
cooling due to oxidation of the Ta in the furnace. The N2 and A2 
cover gases were apparently contaminated. Reruns produced ad­
herent, porous AI2o3 coatings. 

Investigation of this technique was terminated to concentrate effort 
on more promising solutions and more pressing problems such as 
the metal-ceramic seal for potassium vapor applications. 

4. 5. 8 Formation of Aluminum Nitride 

It has been reported by The Renner (1 8) that films of aluminum nitride 
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can be deposited on a graphite disc by p~sing vapors of the 
}JClf NH3 addition compoW1d over the disc heated to 1000-1700 C. 
Films deposited at the higher temperatures have better formed 
crystal structures, are whiter, and are more chemically stable 
than those found at lower temperatures. Renner states that whit!! 
AlN is hardly attacked by hot water, dilute or concentrated HCl, 
HNO3, H2so4 or aqua regia. It is decomposed by hot concentrated 
NaOH as represented by the equation: 

AIN + OH- + 31120 ~ Al (OH)4 + NH3 

This addition compoWld was prepared by passing anhydrous ammonia 
ove!' A1CI3 at about 150 C W1til the gross composition of the reaction 
mixture was AlC13-3NH3• This is a mixture of compounds contain­
ing various ratios of alwninum chloride to ammonia. It was then 
heated to 350 C for several hours. In this treatment, excess am­
monia is driven off giving a composition corresponding to AlCl3° NH3. 
This was purified by distillation at 170 C/0. 02 torr. The product 
is snow white solid with a melting point of about 125 C. It is sensi­
tive to moisture b~ is quite thermally stable up to its normal boiling 
point of 420 C. 

The apparatus consisted of a straight 30 mm diameter quartz tube 
in which wa-s placed one porcelain boat containing AlCl3· NH3 and 
another, about 6 inches farther downstream, containing the substrate. 
A resistance heater was used to heat the portion of the tube contain­
ing the source material while the substrate was heated with 2. radio 
frequency coil which surrounded the tube at the location of thl~ sub­
strate. All depositions were carried out in a continuously pumped 
system at a pressure of about 10-2 torr. Time of a typical run was 
about 4 hrs. 

Vapors of the source material were passed over graphite rods heated 
at 1000 to 1550 C. The temperature of the source material was varied 
from 125 to 200 C corresponding to vapor pressure of about 10-2 to 
10-l torr. At this higher temperature, the materii l showed little 
tendency to deposit on the graphite, but at 1000 C, well bonded con­
tinuous insulating films were obtained. Unsupported films of the 
coating were obtained by heating for several hours at 700 C a coated 
graphite rod which had been cut in half. The rod was partially burned 
away so that it was easily separated from the film. Portions of this 
film were soaked in water and dilute HCl for several weeks with no 
appa. ent deterioration. A very small amount of gelatinous precipitate 
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formed in a sodiwn hydroxide solution in which a piece of the film 
was soaked for 3 weeks. Elemental analyses are being determined 
on the film. 

An X-ray diffraction pattern was obtained on a portion of the coating 
which chipped from an unusually h.?avily coated end of a graphite rod. 
The rod and separated disc are shown in Figure 48. The diffraction 
pattern corresponds to a hexagonal wurtizite crystal structure which 
aluminum ritride is known to have • 

An alwninum nitride CC"ated graphite rod and a piece of unsupported 
AIN film have been suomltted for potassium vapor exposure tests. 
Tne wt~upported film of AlN, sample CK-27, was unaHected by the 
1 ·ttnour exposure to K-vapor at 850 c, however, the AIN coated 
graphite, sample CK-28, disintegrated during some period of ex­
posure. The AlN coating on the graphite was evidently not a con­
tinuous, pin hole free one. 

A 20 mil molybdenum wire coil was heated to 935 C in the presence 
of AlCI3• NIJ3 vapor. A thin adherent insulating film was found on it. 
A 20 mil tungsten wire coil was heated ta 970 C in the presence of 
AlCl3° NH3 vapor. The coating was about 1 mil thick. Several at­
tempts were made to apply alwninum nitride to coils of Oxalloy 28 
but all were w1successful. Any coating which was formed chipped 
off as the wire cooled. A ph,otograph of one such coil is shown in 
Figure 49. During runs with Oxalloy as the substrate, a cloudy 
yellow film formed on the quartz tube. This might indicate that the 
source material is reacting with the wire E iving a surface to which 
the AlN will not adhere. To determine whether a metallic chloride 
was being formed on the wire surface as a result of reaction with 
AlClJ° NH3, an Oxalloy coil, which had been exposed to the addition 
compoW1d at 900 C, was put into water. However, a test for chloride 
ion in water was negative. While the coil was in water, a loose 
rusty sediment formed on it. This did not occur in a similar coil 
which had not been exposed to AlClf NH 3 at 900 C • 

An Oxalloy 28 wire coil which had been plasma sprayed with about 
25 mils of alumina was expose~ to AIC13- NH3 vapors at 875 C. Two 
anticipated troubles with this experiment did not materialize. It 
was feared that the difference in the thermal expans ion of the wire 
and alumina would cause spalling of alumina at 875 C. This did not 
occ'..a". Another anticipated problem was that the interface between 
the alumina coating and the wire would make it difficult to bring the 
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alumina up to the temperature. However, no diffl~ulty was en- . 
countered in heating the alumina surface to 875 C. Apparently it 
is well bonded to the wire. 

As the vapors of AlClf NH3 were brought into contact with this 
alumina cor.ting, areas of a green film formed on the alumina. These 
were somewhat conductive. They seemed to originate at cracks in 
the alumina coating. Figure 50 is a photograph of this coll. Another 
coil with a thhmer alumina coating, without apparent cracks, was 
also exposed to AlClf NH3 vapor at 875 C. A fairly uniform dark 
grey coating covered the alumina. It was not conductive. Figure 51 
shows this coil alone with another alumina coated coil which was 
not exposed to AlCl;f NH3 vapor. 

The Oxalloy 28 wire coil which had been plasma sprayed with alumina 
and then overcoated with vapor deposited aluminum nitride (sample 
CK9) was exposed to potassium vapor at 850 C for 170 hours. During 
this treatment much of the alumina chipped off, leaving unanswered 
the question of how much protection is offered by the AlN. A disk 
of aluminum 'litride, about 15 mils thick, which had been obtained 
by burning away its graphite substrate, was also exposed to potas­
sium for 170 hours at 850 C. It suffered no ill effects. 

Coatings of AIN vapor deposited on Oxalloy wire always chip off upon 
cooling. X-ray diffraction analysis of t he chipped material show 
that AlN is present. Also present ls another material having an iron 
oxide pattern. Spectrographic analysis is being run on this material. 
Such an oxide could be present on the surface of the wire. This may 
be reacting with the vapors of the source material (AlCl:r NH3) to 
give the yellow film on the quartz tube, the presence of which was 
reported ear lier. 

Results of vapor deposition of AIN on nickel clad silver wire at 800 C 
were similar to those with the stainless steel clad copper wire. Even 
very thin coatings chipped off. The ends of the wire had been plated 
with about 7 mils of nickel to prevent the silver from vaporizing. 
This was effective for 2 hours at 850 C but at 900 C, a mirror of 
silver was plated on the quartz reaction tube • 

In view of the fact that thin films of AlN have been successfully 
applied to graphite, molybdenum and tungsten but not to stainless 
steel, Inconel or nickel, it appears that the coefficient of thermal 
expansion of the substrate, as compared with that of AIN, might 
be the controlling factor in the successful vapor deposition of 
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alwninwn nitride under our conditions. 

Several attempts to apply aluminwn nitride films to alumina or zir­
conia coatings which had been plasma sprayed onto nickel-clad 
silver wire were initially unsuccessful. The plasma sprayed coat-
ing chipped off upon cooling to room temperature from the aluminum 
nitride deposition temperature of 800 C. Some success was achiev'~ ,1 
with zirconia coatings which had an widercoat of nickel aluminide 
applied to the nickel- clad silver wire before spraying with zirconla. 
Alwninwll nitride was successfully applied to a straight piece of wire 
which had been coated in this manner. It was also applied to three 
coils of wire which had been coated with zirconia in the same m·anner. 
The alwninwn nitride partially chipped from two of these three coils. 

The straight le1~h of wire with the aluminum nitride overcoat on 
the plasma sprayed zirconia was exposed for 1 72 hours to potassium 
vapor at 850 C. Although pinholes in the end beads of the wire re­
sulted in loss of the silver core,. the coating remained intact and a 
purple discoloration was the only change noted. The sample was 
submitted for resistivity measurements at 850 C in argon. In addi­
tion, similar resistivity measurements were ma.de on AlN coated Mo 
rod and on an unexposed version of the AlN overcoated zirconia coated 
Ni clad Ag. 

4. 5. 9 Plasma Spray Applied Coatings 

All plasma spray coating of substrates was done using a Meleo Model 
1B Plasma Spray Unit equipped with a staooard nozzle for ceramics. 
The carrier gas used was argon and L,itial spray trials were made 
usil~ internal nozzle injection of powders. Various oxides were 
plasma spr~.yed onto several substrates to optimize processing param­
eters and obtain samples for adherence tests and metal vapor exposure 
tests. A list of the materials plasma sprayed and substrates on which 
they were sprayed are given in Table 13. 

Satisfactory coatings were obtained with all materials used. The sub­
strate, when properly prepared by solve .• t cleaning and light sand­
blasting was easily coated in .Jl cases. 

Samples of each oxide on an Inconel subs!rate were subjected to thermal 
cycling to 850 C. The samples were heated from room temperature 
to 850 C over a period of 1-1/2 hours and allowed to cool in still air 
to room temperature. No evidence of separation of the coating from 
the substrate was found on any of the samples. 
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TABLE 13 
PLASMA SPRAYED MATERIALS AND SUBSTRATES USED 

Oxides 

Modified Alwnina 
(Metco 101) 

Pure Alwnlna 
(Metco 105) 

Zireonia, Ha!niwn Free 
Lime stabilized 

(Meleo XP-1115) 

Zirconia 
(Meleo 201) 

Magnesia 
(Norton) 

Non-oxides 

Niekel-Alwninide 
(Meleo 404) 
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Substrates 

Ineonel Strip 
Nickel Rod 

lneonel strip 
Ineonel Clad Copper 
stainless steel Clad Copper 
Nickel Bar 

Inconel strip 
Nickel Bar 

Inconel strip 

Ineonel strip 
Nickel Bar 

Inconel strip 
Nickel Bar 
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A system was devised and built for hoJ.ding preformed coils of 
wire in a fixture which could be continuously rotated during the 
plasma spraying operation. Using this equipment, a preformed 
coil of nickel clad copper was plasma coated with alumina (Metco 
105). The above coil was used for initial coating tests beeause it 
was available from another project and was very similar to the 
statorette coils. A photograph of the coated coil is shown in Fig­
ure 52. The coating generally was very Wliform and ru:lherent. 
One small area which had excessive build up of the oxide cracked 
when the coil was compressed. This crack appeared at the apex 
of the acute angle on the end of the hexagonal coil. Additional coils 
preformed to the exact size to be used on the statorettes were con­
structed using A WG No. 8 nickel clad silver wire. .These coils 
were coated with alumina (Meleo 105) and again had a very uniform 
thin coating. When these coils were compressed, . no visible crack­
ing or loss of coating occurred. Better adherence is expected on 
these latter coils since the ends of the coil have a uniform radius 
and therefore do not concentrate the bending stresses at the ends 
as do the initial evaluated hexagonally shaped coils. 

The plasma coated oxides on Inconel substrate were subjected to po­
tassium environment tests. The results of these tests are give'l in 
Table j, (Sec. 4. 1). The alumina Meleo 101, was attacked prc.babl:, 
through the titania additive in the material. The pure alumina Meleo 
105, seemed to be intact and unaffected but separated from the lnconel 
substrate. The hafnium-free zirconia, Meleo XP-115, was virtually 
unaffected and no change in appearance occurred. The calcia stabil­
ized zlrconia, Meleo 201, remained as an insulating film a!ter ex­
posure but appeared from weight loss and colvr change to have lost 
the calcia. 

The sample of zirconia sprayed onto an lnconel substrate looked suf­
ficiently good after exposure to K-vapor at 850 C that a coil was pre­
pared with this coating. The conductor consisted of nickel clad 
silver wire preformed into the shape of the statorette coil. No diffi­
culty was experienced in applying a uniform one mil coating. 

Three inch long samples of nickel clad silver wire were plasma 
sprayed with alumina, magnesia and zirconia. These conductor 
samples had previously been nickel plated on the ends to prevent 
attack on the silver by the potassium. Two samples were prepared, 
one with the insulating coating completely covering the entire wire 
and the second with the insulating coating covering all but 1/ 4 inch 

129 

.. .. ' .. .. . .. .. . . . .. _ ..... ..... .. • , 

-· . .. · .. · .... .. ... · .. .. _ -
- ........ - ... .. -
.. .... _ .. -,.· .... .. -• , 

.. ... 
.. .. ... . " ........ · 

.. .. .. '- . 

. ·. -

.• ; -~-~ - . . -:-·.:-.. ~:~•-~1.-
. ·. .... ... .. 
.-_ .·:-.-:--c-_.. · .. .... -. · .. _ .. 
.- .. "\. .. -.. .. · .. .. ....... . 

• • .. - ... . "4, .. ..... . -- .:· . .. .. ~-- ' • " -:!" ... , .. ,,.. .. . 
~ •.. . .. ~ ~ · ... " 
lo,·... ... '\. : .. 

.... ·· :· .. . .. . .: 

' I 
I 

1 

·-

L .J-.. 

• . . . . ! ..... . _\. . -· 
. - : · -· _. .:--· ... . . . - ,. 

.. .. .. . 
• •• • .. "' .. • 1,,• I 

: ....... ·. --: .. \ ---:. 
' :-.. :--.: .:-; . .. .. .. -. _-. .. ·. : , . 
· .. ·,·. ·_-.\·.' 
1~ -• • • 

\_·.· .· ..... ~-· . 
.. · . ... 

~: .:..·· ~·-.. ... _ .. .i::i·· 

• '.· <·-· .... ~ 
' . . "' .. · .. ·\_· .. \ -... . . .. .. ... • ...... .. 

' .. "" ·.' , - __ .. 0 ,. • • • .. • ... - • ,. - . • • .• -1-.,"_ .. ... • _ .. ...... -.. ·. - ... __ .. --·.,: -·_1 .. ·.-.. --_: -:: .. _: :::-:~-~J .. .. . , , ... . .. ~ - ... - '\ . ·- ·.· .... - ._ .. - . - .... - .. . -,_ .. .. -..... -_-.. -.. . -- . - .... _-.. --.---·,-./··. -_ ... .. _• ... -'".•_.·_ .. ·_ - · . "..: · .. · .. ,.. ... .. . .. 
: • - : • .. • , _• .,~ ... ~\ --~• .... ,. : .. • . ... ~ .. : .... -....:. . ; • .. :-• ..... ,. ... ...... •- '-• .. • ,_ "' ... .. .,. :• -\..• , •• .. ., , ... '-. r._ .,_ .. •,._ • ., _ • ' • • .. ~ .... ., - • .. 



1 
• 

t 
I 

..
. 

,-
. 

.... '.
, ..
 

'-
,'

 

J 
•
•

• 
'

' 
•
•
 

' 
•

•
.
•
 
·
-

• 
, 

.•
•

•
•

•
•
•
.
 

-
~-

-
•
•
•
•
•
 
·
,
 

•-
· 

• 
.,

 
.

-
•
•

• 
-

• 
\

J
_ 

... 1
 

• 
•
•
 

•'
 

•
' 

..
. 

I 
...

 •t 
:~ 

,r
 
•
•
•
 

• 
'"

• 
.

"'
 

•
,
 
•

•
1\

 
•'

 
••

.
,•

 
••

.
4•

. 
,-

. 
'•

 .
. , 

t• 
• .

....
. ,.

,-•
. •

 .. .
._;

r1
••

~ 
••

 \
 

•-'
 ,

_·
.,11.

_.'
•.

' 
,_

'-
••

 • 
.,

 
• 

.....
. 

i-
-1

 
~
 

-

, 
. 

'.
 

' ..
. ,,

 
~ 

..,-
t 

• 
• 

·'
 •

• 
... 

,-
C

 
••

••
•-

:a
, 

• 
r•

 ..
 , 

..
. ·.

 
.· 

.. , 
., .

.... -,-
--..

... -..
.....

 ~
--

; ....
.. -,

 ...
. -.. 

,-
.. -

.--
1"

 
f 

,'
 

,'
 

,1
,•

_ 
.
.
.
.
.
 ·-:

_•
_,

•_
,•

••
.•

&
 ... 'I

• 

·~
-.. 

.
.
.
.
.
 r

 
,,•

 1
 

..· •
.:_,

.·_•
: ,:

.--:
, :~•

 

·::1
:: 

-
­ ' 

._
_ 

.....
. 

-- -
~
 
~
 

..:::
:-

.. •
, 

.....
 

, 
'· 

.. 
'· 

a'·
 

·. '
• 

·,-
· 

.... ~
 

. . 
. ..

 • .
•·

 
. 

. 
. "''

""
'-·

 .. ~
 .. ..

.._
. 

:.. 
1

-~
'-~

•-:
J .

. 
~ 

.,
~

,._ 
Y

.,
ic

~
· 

~7
-"

-•'
 . 

. . -
-·!.<

 :./
'~ 
~>'

1 
. \·

 ... 
,.

d
1 
.
.
 

;,
 ..

 
:~~

-~~~
 

••
 

~
-.
..

 ~•
•
:

·:
.

,_
-,

·~.
..

:~_
·•_

·-
_,•

• _
 

_
.
 _

_
_

_
 

..
..

..
 •~•~

-:"°--
=-~

-----
\ 
. 

-~~
y:

. 
__

 ____._
_..

.,..
.__

 
,· .

. , 
-

6 

. ·.
,."

 ~
,,

 
..

 
,··

 

:r
s=

-::
:z

c .
... m

::
s

"' 

""
--

-,
 .. "'-
-
~

~
 

;-~
~

~ 
-~~-

-= ""·
-
-
~

~
;;

i.
,,
-

~·
 · ... 

·..::
....

..a
 

CS
::?

-:·
· 

•·•
-•

•-
·-

w
-•

-,
(~

.-.
 

~-·
~ 

-
t 

• 
_;a

_.
._

 

~-
--

a
._

 

' r_ 
-•

 
F

ig
ur

e 
52

. 
P

re
fo

rm
ed

 N
ic

ke
l 

C
la

d 
C

op
pe

r 
C

ol
l 

P
la

sm
a 

C
oa

te
d 

w
ith

 A
lu

m
in

a 

., . •,-
' • ' 

•1 
t•

·t
 

·•
·

' 
'

,•
 

' 
'j ,,,

-,;~·
 •·•· 

•,·
~

 • :
•

. 
: 

• 
r 

•, 
•: 

,; 
.1 -

' 
_•

,1 

'•
 

• 
ll

~
1 

~,1
~/

.r~
y
•~

• 
,,'

:,•
.•,, 

• .. ·
, 

;r'
,;\

,•_',
:•

, ... ~
1/

'.,4
',;.

' 
l•J

ll_'
•,,.

.:r
,~,

_,.
~ 

• 
•-

• 
• 

_., 
• 

•
. 

, 
.'

-
-
.-

•J
 

1.
._

"l
t.

'"
!L

 
1

• 
.,-

• 
~

' 
r 1 

.a;
• 

•,,-
1 

1.
,,

.-
1,

11
 

I
• 

I 
I
•
,
 

• 
I

f 
If

',
--

',
 

1
,
_

,r
• 

, 
• 

1
1 

.
' 

,
1 

I
• 

•
• 

1.
4 

1
1 

• 
• 

' 
•

. I 
• 

• 
• 

t
..,,.

 ,
 ...

 ,l
 -I

 
t"

 
.,•

 
(""

 
1>

/ ..
 , ..

.. I 
.1

,.
 

•,
..

 
'.1

 
11

 
• 

• 
. 

. 
.-

. 
-'.

,--
"r

 .
. , 

"
,.

-'
,,

.'
,-

',
 

A
 

;_
:,

, 
__ 

J 
·'

 
,.

• 
• 

.:.
 

..
 • 

.· .. ·
 .. · ..

 ·. ·.
•. ·.

,. 
•

•
I

! 
I•

 I•·
 

... .
, .. 

.,.,
.._

_ ..
. 

• 
'
,
 

0 
I 

• 
I 

I 
I 

1 
• 

• 
f 

.I 

,·
 /

..
, 

...
 ,

' 
,,

 .
> 

• 
••

 ',
 •

,.J
 .. 

'· 
'-,-

-' 
.· ,

• 
•" 

.'
 
·' 

,' 
,"

 
..

,J
. 

-'
. 

••
 

,
..,

...
..

, 
'.

.-
'1

1
•..:

. 

• 
'T

 
) 

>.
' 

t 
: 

~
·:

 :
•. 

••
.:

 •
• 

• .
_. 

.1
 e

1 
•,,'<

.<·
·.:,•

.:-\
: 

,..,
, ~

r
.-
.~

 .• 
:•,

 .....
.. ··

:,-
..,.

~
. 

:-•_
,,,~

 •/ 
•, 

_', 
/r;

,-'
.,~

: 
,"',

_I
,,,

,'
'•

.'
_ ...

 : 
.. ,~

i" 
' •

. •
 t

 
,· 

· 
'·

 .
J1

\. 
•

,._
 

.:_
 '.

 
,,

..
-y

 1
 

- _.·,
::-

<·-
-:-

.✓-
::·

.~·
·
 

.
~
:.

. •
• 

• 
~

.
• 

•
•

• 
•

: 
l

r 
•
,
:
 
I
~

 

.:
",~

··
 .

-·
.:

 
•. ~

:;
· •

• -✓
~)I

i 
, .

 . 
. ,

_ .
 . 

I 
•
•

••
• :

 ,
_: 

..
. _

 ••
 •-

J 

I I I I I I l I I I 

f: 
'· 

·,.
', 

~
~ ~- ,;
 [I r 
-
-l I ·l 



. . . . - - .. - ... - . - . - . . . - - . -- . - . . . . -. . .. ._" .-. -... . .\ 
--:.· .. .,,.,_.,,,....,.. . ..,.,,..._...-,.,..,.,,... ___ .~~ ~ -- . .. . ·"•·~· . . . . ::~, -::., .. · .. . ' :: . •,.-· ... :- ·. ~-\ . ·-:~:' ,~rr;, .. . .... ~--. . (·.>-:-:.\ 
'. :. · , e ... ts , • • ·n:. W' ,A. · , • i 2 lj • ·P. ::t:, 01c ; •;p ¾ .. i.,~: ' V, v:tiesncti• • ,w ;i&~f:"'(W?-fit4 ws··ns· ·,ei16i ' 4·:Mt:iis:+ ,it1 ·tNl!iti+ 'ieY·:icJ a 5t ta r-d,;tlf • ... j,;;qp, f ' ,A • ±""' 2• \. • " · I. 

l· . .. . . 
• .. , .. 
• 

-. . , .. . . 
-·, .· 
...... 

, I 

• 

.. 
•.' 

• , . . . 
/ · 

r 
I 
I 
I 
I 
I 
I 
r· 

r 

r 
L 

I 
L 

I • . 

I 
I 

,:~:~<:>:~:- ~,O , .. • - ~ - - ~ : -~: .. . :M • } ·:-

of one end. These were submitted for potassium test to determine 
the adherence and resistance to potassium of these insulations 
when on actual conductor materials. 

The adherence of plasma sprayed coatings to nickel clad silver wire 
is not as good as to Inconel strip. Both substrates were sandblasted 
to promote adherence but the coatings cracked or came off the nickel 
clad silver when cycled to R50 C. The higher coefficient of expansion 
of the silver is undoubtedly the cause of the cracking. 

The failure of the coated wire sa."llples in potassium, as indicated in 
Table 1 (Sec. 4. 1), was attributed to adherence failure. The coat­
ings which lifted were examined under a micrQscope and no attack 
on the coatings themselves was noted. To alleviate this problem, 
all subsequent wire test specimens have been precoated with the 
Metco nickel aluminide alloy before application of the oxide coating • 

Several specimens of the nickel clad silver wire were coated first 
with the nickel alwninide then zirconium oxide or aluminum oxide. 
These specimens were used as the base for application of aluminum 
nitride. 

A new source of plasma spraying grade of strontium zirconate was 
located and a trial lot of the material obtained. Direct spraying of 
the strontiUrh zirconate onto Inconel substrate did not provide suffi­
cient adherence to pass the R50 C thermal cycle test. The use of 
nickel aluminide pre-coating again provided excellent adherence and 
specimens could be cycled to 850 C with no loss of adherence. 

In order to interpret the results of the potassium environmental tests 
on ·\farious insulators, it was necessary to know the impurity content 
of the m4terials us~d. Table 14 has been compiled to show the 
chemical analysis of some of the materials tested. An analysis on 
all materials was not readily available from the suppliers. On those 
materials th.µ failed to pass the potassium environmental tests, the 
chemical analysis will not be obtained. 

4. 5. 9.1 Plasma-Arc Graded Coatings 

Fifteen coils of the nickel clad silver wire, (No. 8 wire size), 
were preformed into a typical generator coil configuration. 
Four of these coils were then etched by a 1: 1 chemical solu­
tion of 50% acetic acid - 50% concentrated nitri~ acid. This 
etched surface was then degreased with acetone before 

. . . 
... ·.· ·.· . 
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plasma-arc spraying. Molybdenum was sprayed on two 
of the coils over the nickel cladding. This molybdenum 
was plasma-arc sprayed using an argon plasma and powder 
carrier gas. An inert argon atmosphere chamber was not 
used, hc.wever, no evidence of oxide could be found on the 
molybdenwn surface. 

Nickel alwninide was also plasma-arc sprayed on nickel 
clad silver coils. This created a surface to which the zir­
conia, alwnina would adhere. The compositions of these 
insulated conductors are as follows: 

1. A two mil coating of molybdenum followed by a three 
mil coating of 99% alumina. 

2. A two mil coating of molybdenum, two mil coating of 
alumina and finally a two mil coating of zirconia. 

3. A two mil coating of nickel aluminide, two mil coating 
of 99% zirconia (Hafnia free). The final coat was two 
mils of alumina (99%). 

4. A two mil coating of molybdenum, t.wo mil coating of 
zirconia, followed by a two mil coating of alumina (99%). 

Figure 53 shows examples of coated and uncoated nickel clad 
silver conductors. 

Discussion of Coating Methods 

In consideration of the technical problems in coating conductors and the resulta 
of the potassium environment tests, the choice of usable conductor insulations 
is very limited. The plasma sprayed zir<'.:onia appears to be the best coating 
as far as resistance to potassium vapor, but dnP.s not have as high an insula­
tion resistance at high temperatures as the other insulating materials. The 
use of an AlN overcoat on the zirconia appears to raise the resistivity value 
to an acceptable level (1. 8 x 104 A-) at 850 C. Electrical data on the insula­
tion system after exposure to potassiwn vapor at 850 C for 1 72 hours was 
not obtained because the loss of the silver core during exposure formed a 
somewhat conductive layer on the coated wire. 

The favorable values (4. 0 x 105 .n.. at 850 C) of the thin AlN coating on the 
Mo rod indicate that precoating the Ni or Incoool clad silver condud.or with 
Mo and using only AlN as the insulation, has promise. 
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Plasma sprayed alumina is another candidate and may prove successful on 
round conductors. The alwnina would be a better electrical insulator but 
adherence to the metal substrate dttring exposure to potassiwn vapor has 
been a problem. The fusion coating of alumina and zirconia has failed to 
pass the potassium vapor test even though the basic materials are resistant 
to K-vapor. 

The work on AIN coating formation did not progress to the point where AlN 
could be applied uniformly to the size and configuration of coil needed for 
the &latorette tests. Largest coils successfully coated were 3/4" diameter 
spiral coils about 1-1/2" long. The statorette coils would require modifica­
tion of the test appar_atus substrate heating system and possibly modification 
of the deposition technique. Based on the experience gained to date, it is 
felt that use of a Mo undercoat with high purity plasma S})ray applied strontium 
zirconate or alwnina would p:-ovide a potassium vapor resistant insulation 
good for 850 C. An overlayer of zirconia could be used to provide an additional 
barrier layer to the potassium vapor. 

The BN coating also offers promise where a conductor could be used that can 
withstand a temperatw·e of 1450 to 1500 C. 

4. 7 Adherence Testing - Cerai,iic Insulation 

Samples of two ceramic insulated nickel clad silver wire coils were subjected 
to vibration, shock, and acceleration. The description of their fabrication 
is as follows: 

1. A preformed coil of {23%) nickel clad sUver wire No. 8 {. 128" O. D. ), 
plasma-arc sprayed with nickel aluminide, zirconia (99%) and alumina 
{98%). 

2. A preformed coil of {7. 3%) nickel clad silver wire, No. 8 wire size, 
plasma-arc sprayed with molybdenum, zirconia and al•.unina • 

One inch pieces of the insulol.ted wire described as No. I were used to space 
and securely wedge a coil ol No. 2 (preceding description) into a statorette 
made of 4 mil Hiperco punchings. This assembly was then bolted to a test 
fixture. Figure 54 shows the statorette test assembly. The following test 
conditions were imposed on this assembly. 

4. 7. 1 Vibration 

The statorette was subjected to cycling vibration from 80 to 2000 
cycles with an input acceleration of 20 g. The rate of change was 
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logarithmic and such that one hour was required to proceed from 80 
to 2000 and back to 80 C. P. S. The cycling test period for each of 
the mutually perpendicular axis was two hours, making a total test 
time of six hours. This testing was conducted at a laboratory am­
bient temperature of -., 23 C. 

4. 7. 2 Shock 

A mechanical shock of 50 g was applied to the statorette in each direc­
tion of the three mutually perpendicular axes three times for a total 
of 18 impact shocks. The machine used was a Machine Dynamics 
Inc., Model D59-4. 

4. 7. 3 Acceleration 

The acceleration testing was conducted on the statorette assembly in 
accordance with Procedure 1, Mil- E-5272C. 

The electrical leakage at 500 volts 60 cycles of 2. 8 mlcroamperes 
was determined before the adherence tests and did not change after 
vibration, acceleration, and shock testing. 

4. 8 Humidity Testing 

A nickel clad silver wire coil coated with molybdenum, zlrconla and alumina 
was exposed to 100% R.H. for ten days. An electrical leakage determination 
on this coil before exposure was 2. 8 micro-amperes at 500 volts, 60 cycles. 
One hour after completion or exposure to humidity for ten days., the ·leakage 
was 96 micro- amperes at 500 volts. 

4. 9 Potting Compounds 

Potting compounds !n this program have been considered initially as a back up 
in case wire coatings are not satisfactory. However, in addition to a back up 
material, added protection from metal vapors would be given. Other advantages 
are more evident on statorettes or actual equipment. The resistance to 
damage by vibration and mechanical shock are greatly improved by potting 
the conductors. A very definite improvement in thermal conductivity ls also 
obtained. 

Several potting compounds were suggested as candidates for use at tempera­
tures up to 850 C because of their good insulation resistance. These are the 
first five materials listed in Table 15. Since there ls some indication that 
the binders for these compounds might be affected by potassiwn vapor., other 
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compounds (6 through 9) were formulated using collodial oxides as binders. 
Samples have been prepared for tests in the two vapor environments. 

The samples of potting compoWld exposed to the potassium vapor are listed 
in Table 1 (Section 4.1) as PK-1 through PK-5. The sample PK-1 was zir­
conia bonded magnesia. PK-2 and PK-4 were Sauereisen cements No. 30 
and 9 respectively. The PK-3 and PK-5 potting compo\Dlds were Westinghouse 
compositions using phosphate bonds. The last four materials had been tested 
prior to this program and were, in our opinion, the best avaUable for eval­
uation in potassium. However, it was believed that most bonding materials 
for potting compounds would be attacked to some degree. The compound 
PK-1 was developed and used because it contained only known potas~iwn re­
sistant materials. (At least in their desne fused state.) All samples failed 
by disintegr~ion, probably from attack of potassiwn on the bonding material. 

4. 10 Radiation Tests 

Two insulated conductor coils were sent to Brookhaven National Laboratories 
for exposure to a nuclear pile radiation environment. The total dosage given 
these insulated conductors was 1. 8 x 1019 thermal neutrons and 5 x 108 rads 
gamma. The results of this radiation exposure are given in Table 16. A 
comparison of the electrical resistance before and after irradiation shows a 
decrease in electrical resistance in both insulation coatings. 

4. 11 Potassium Vapor Exposure - Life Tests 

An Alite cable end seal was obtained that had been fabricated from materials 
previously shown to be resistant to K vapor at 850 C. The weak spot in this 
seal was the copper braze between the "A" nickel metal piece and the metal­
lized ceramic. This was protected by an over spray of nickel aluminide. 
The seal was then welded into a half inch Swagelok adapt~r. Potassium was 
loadec! in this electrical test capsule. Electrical resistance measurements 
were conducted on this caps ule terminal seal at various temperatures to 
850 C. The results of this experiment are shown in Figure 56. 

A statorette test capsule for potasslwn vapor exposure of a n\ckel clad silver 
coil was fabricated from three inch stainless steel pipe, type 316. 

Alite terminal seals, prepared as previously described for protection against 
the corrosion by potassium vapor at 850 C, were used for electrical terminals 
in this test capsule. A coil of nickel clad silver conductor No. 8 AWG was 
inserted in a Hiperco statorette. This conductor was previously coated with 
nickel aluminide, zirconia and alumina. The silver exposed at the ends of 
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this conductor was protected from the corrosive action of 850 C potassium 
vapor by first nickel plating, then shrinking a stainless steel rod with a 
hollow end over the conductor ends. The joint was then over-sprayed with 
nickel aluminide followed by zirconia-alwnina insulation. This assembly 
is shown in Figure 55. 

Twenty grams of MSA purified potassium containing < 50PPM of oxygen 
was introduced into this test capsule via a fill tube. The sealing and filling 
operation was conducted in a vacuum dry box at 10-3 torr. After charging 
the capsule with potassium, it was placed inside an argon-vacuum furnace 
for life testing of the conductor. 

The furnace was evacuated then flushed with purified argon. The test at­
mosphere in the furnace was argon at __, 4 inches of water pressure. 

Electrical leads were atta.ched to the terminal end seals and capsule so 
electrical measurements could be conducted at temperature (850 C). 

The electrical resistance measurements at temperature were on the order of 
1 x 104 ohms, however, the furnace failed after eight hours terminating this 
exposure. The furnace was repaired and testing resumed for approximately 
172 hours. The results of the experiment art! inconclusive, as the potassh' : 1 

had attacked the seals severely and reacted with the furnace lining at some 
time during this exposure. 

The test capsule was cut open after first neutralizing the potassium with 
methanol for safety considerations. Figure 57 shows the effect of the oxidized 
potassium vapor on the coil. 

The joints that had been oversprayed with nickel aluminide and alumina were 
not severely attacked. The insulation around these joints was intact and had 
a breakdown voltage of 500 volts with an a. c. leakage of 40 micro amperes at 
500 volts. 

The coating aroW1d the surface of the clad conductor was attacked at the inter­
face of the nickel cladding. This attuck may be visually obse.rved in Figure 57 • 

Although the terminal end seals were still intact, inspection of the metallized 
surface showed attack at the interface of the molybdenum-manganese metal­
lizing and OFHC copper brazing. The nickel alurninide protective coating th.'11 
was plasma-arc sprayed over the copper braze was not attacked. The potas­
silun apparent.ly had gone through pinholes in this protective coating and re­
moved the coppP.r braze causing the seal to leak. 
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Argon Test 

Decreas1ng-----.., 
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Resistance vs Temp. Test 
of Alite A-610 Capsule. 
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Figure 58. Ambient Temperature, Centigrade 
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Figure 57. Insulated Coil and Statorette After 
Potassium Exposure at 850 C 

144 

.. . '.' " .... _ ·. ".:·. -_ 
«:2 Ba : ,. ,·::t,' • ... .. , .. 

.. ·- ·. · . .. . 
.. • • "1 .. . ' 

' . . \ . 
,.· . . ·, . · •, . 
_ ....... · .. · 

• • I .. l . 

• .. 

l 
\ \ 

., 

... 

. .... 
.. · ,to . : · .. 

.. . .. .. '. 

• • ,.. ... .. • 

.... . - . 
' ... . ' . . -r- _. _ ... _.....__ 

·- .. ·. -· .. .. _ . ...... 
.. _ -.. ... _ .. , ... .. .. .. . - ...... . . .. - .. - . . .. .. 
.... · ~' -: · ... : -. ·:-,. ~ 
·.·.·.•. ·. ·.-.·.·.·1 .. .. . . . . 

• • . . · .. -....... .. · .. -· 
.. .. _ . - • - • .. • • ... 

. . ·: .. ·: ." · ... .. · .. · 
.... · :· ~-:: : :::-:~:-:·:::: :-;.:,:. :<-~ < \:·_. :,: :-:: ~-:: :-:: ~ ~-~-/• :. ~ :: :-:: _-:: :- :: :-::.' .· > :-:-: ·. -: ·: ': •:. :<-:· :: : -:: : ::: <:: ·:: ~ ·.: 2: :: 



.. 

, 
I 
~ 

I 

[ 

I 
I 
_I 

I 
T 

1. 

r 

L 
[ 

l 

I 

"'l!'"l""'~:Wt •!1 --- -.-.... -~ .!,.,.. .. ,,.....,. ...... ~ - !l!'.tt,......,'7"":~7""~ ~-:.--,-..-- --:~ . 

. . . . . . . ~-- : . '/-
:i "W•~si>c :1 :>'- S::, ·_; sirths~ :1w.1..,·r~ ,&, 1 ··1 ~ii: ,·i \r · 

The insulated coils were not electrically tested in mercury vapor at 538 C 
as no electrical terminal seals resistant to mercury at 538 C were developed 
during the pre :ram. 
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V. Conclusions and Recommendatl9n• 

The following conclusions may be drawn from the experimental results. 

1. Nickel clad silver and Inconel clad silver conductors have 

2. 

3. 

150 percent of the resistiv1.ty of OFHC copper at 850 C. 'l'"hese 
conductors are resistant to aaturated potassium vapor at 850 C 
for 500 hours • 

Oxalloy 28, a 410 stainless steel clad OFHC copper conductor, 
is resistant to 538 C saturated mercury vapor for 172 hours. 

Ceramic elect:.-ical insulators of aluminum oxide, zirconia oxide, 
aluminum nitride and boron nitride must have a purity greater 
than 99% for good corrosion resistance to 850 C potassium vapor. 

4. Strontium zirconate may contain up to four percent sillca aa 
silicon dioxide and still show good potassium vapor corrosion 
resistance. 

5. 

6. 

7. 

8. 

9. 

10. 

Ceramic to metal electrical terminal seals can be fabricated, 
using active metal brazes, that show limited resistance to 850 C 
potassium vapor. 

Molybdenum coated nickel clad silver wire can be coated with a 
potassium resistant ceramic, such as alumina (99%) to form an 
insulated wire by plasma- arc spraying techniques. 

Plasma-arc sprayed nickel aluminide can be used to form sur­
faces to which a ceramic oxide, such as high purity alumina, 
will adhere. 

Vapor decomposition of an aluminum chloride-ammonia complex 
can be used to form an electrical insulation on a metal surface 
of aluminum nitride that is resistant to 850 C potassium vapor. 

Nuclear radiation of 1019 thermal neutron appears to be detri­
mental to electrical resistance of plasma arc sprayed insula­
tions such as aluminum oxide or strontium zirconate. 

No ceramic to metal electrical terminal seals exist at this time 
that will allow electrical tests to be conducted in potassium vai>0r 
for 500 hours. 
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11. 

- . - - -- -------

Conventional inorganic potting compounds are not resistant to 
potass~wn vapor at 850 C. 

Recommendations 

It is recommended that more study be given to corrosion .resistance or high 
purity ceramics, development or a good potassium resistant electrical 
terminal seal, longer life exposure tests of conductor:; and insulators ln po­
tassium vapor at 850 C and actual operation of an e , -1~a1 d.:avlcr. in J>Otas­
slwn vapor at elevated temperaiures. 
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