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I ETIM‘: DEVELOPMENT FOR COLUMBIUM AND TANTALUM
S

w Oxidation protection of columbium and tanta-
alloys by Cr-Ti1-51 coatings was the subject of
our-phase program at TR, Phase 1 was a
udy of basic factors asscciated with the diffuzion
tion and oxidation protection of vacuum pack
CP=T1 and Cr-Ti-5i coatings on unalloyed columbium,
3, and B-66 alloys. As-coated specimens repre-
sehting various stages in diffusion formation were
lyzed., Coatings were studied after various
dation exposures at pressures of 0.0l torr to
1l atm and temperatures up to 2700 E. An evaluation
the specimens showed that, during the chromium-
anium coating cycle, the diffusion zone and
rlay formed at equivalent rates. The latter was
aves phase of the form (Cb,Ti)Crp with a face-
centered cublc MgCu, type structure, containing
some beta titanium, especially in the case of the
D-43 alloy. The diffusion zone contained chromium
and titanium in solid sclution. Siliconizing the
coating resulted in the formation of a graded
disilicide of the form (Cb,Cr,T1...)Sip. Beneath
this layer were subsilicide bands of the form
(Co,Cr,Ti...)45ip and (Cb,Cr,Ti...)aS14. Some
silicon was ai’so_present in the diffusion zone.
During oxidation, chromium and titanium migrated
rapidly to the coating surface, During initial
exposure, the major surface oxide was Cry04.
Chromium subsequently vaporized to leave an oxide
rich in titanium and silicon, and ultimately
columbium, At reduced pressure, silicon vaporized
as S10. The study showed that three factors con-
tributed to eventual coating failures (1) loss of
chromium, (2) enrichment of the protective oxide
with columbium, and (3) depletion of chromium and
titanium from the diffusion zone.

The Phase II portion of the program resul ted
in a laborstory-scale development of a spray-
diffusion process capable of producing Cr-Ti-Si
coatings comparable both in microstructure and in
protective properties to vacuum-pack coatings., The
process consists of two cycles and uses the spray
deposition of a halide-activated metai slurry on the
substrate. Each cycle was followed by diffusion
anneals under 150 torr argon pressure,

In Phase 111 of the program, two concepts
were explored for protection of tantalum, D-43,
B-66, and Ta-10W alloys at 2700 to 3500 F. These
were (1) alloy modirication of existing Cr-Ti-Si
coating and (2) the barrier layer approach. Alloy~
ing the Cr=-Ti-Si coating with molybdenum and tung-
sten wes generslly unsuccessful. The potential of
the barrier layer costing system was well demon-
streted as tungsten/tungsten-silicon gave protective
1ives of 2 to 3 hours at 3400 to 3300 F.

Metallographic, oxidation, tensile, and cree
studies of the various coating-substrate systems
comprised the final phase, Mechanfcal-property
evaluations indicated 1ittle difference between the
vacuum-pack and slurry-coated columbium alloys.

AToo “epenii

Sylcor {s continuing studies of fused-slurry
silicide coatings for protecting D-43 alloy sheet.
On the basis of l-<hour cyclic oxidation tests (be-
tween 800 and 2500 F) in air, coating compositions
were optimized from 25 compositions chosen from the
Cr-Ti-Fe-V-Si system. Optimum compositions found
were S5i-20Cr-20Fe-10VSi2 and $i-20Cr-20Fe, which
respectively survived about 30 and 50 cycles at
99 percent reliability. Several compositions were
characterized using x~ray diffraction and electron »
microprobe analysis and by testing for wettability,o
faying surface penetration, and coating repair. ThE®
feasibility of using fused silicides as a one-step
coating braze was demonstrated. Use of Si-20Cr-5Ti
resulted in shear strength of about 5000 psi at
temperatures up to 2500 F and abput 2000 psi at -y
3000 F. Preliminary evaluations were made of th §°
utility of fused silicide coatings for protectin o
mechanical fasteners, gas-turbine components, anbgg
T-222 alloy sheet. ¢
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Iridium-base alloys have been explored by
Solar for use on tantalum alloys at temperatures a
above 3500 F.(4) In coating-alloy development, ™=
Ir-30Rh had the lowest surface recession rate, I to
4 mils/hour in plasma arc tests at 3850 F. Addi-
tion of 15 Os, 5Th0,-5Tay05, 10HfO3, 105105,
10A1504, 10ThO, 1OMgO* to iridium by src melting
or by powder metallurgy resulted in no improvement .
In other work, iridium coatings were electrodeposited 3’
on 125-mil-diameter tungsten rod, and an Ir-30Rh )
coating was prepared by alternate deposition of
iridium from fused salt and rhodium from an aqueous
bath. Pin holes that developed in both the iridium
and Ir-30Rh coatings caused premature failure
during self-resistance heating in air above 3%00 F.
In other studies, cursory attempts to use gold as
a fugitive solvent or HfO, for emittance enhancement
were not successful,
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Protective coatings for tantalum alloys in
hydrocarbon and hslogen combustion environments 1(
the subject of an 1IT Research Institute program,(5)
Emphasis was placed on hafnium-tantalum and composites
bssed on HfOp. Hf-20Ta clad Ta-10W nozzles and
throat inserts for rocket engines were prepared by
hot-spinning preclad plate. Results with the use ...
of tantalum or columbium diffusion barriers -é:nd
fnconclusive. Investigation of spinning vari
demonstrated that the system was promis
near 4000 F. Some of the hardware was ¢
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oxidation of the hafnium=tantalum alloy. The in-
fluence of temperature and effective oxygen pressure
on the size and distribution of microconstituents
was found,

Texas Instruments is investigating the chemi-
cal vapor deposition process for coating refractory
metals and has demonstrated the feasibility of coat-
ing B-66 alloy with Cr-Ti-Si of controlled composi-
tion.(6) One process utilized a two-stage deposi-
tion in which the metal alloy chromium-titanium
coating was followed by silicon deposition. A
second method involved simul taneous deposition of
all three elements in 10 minutes. The effecis of
process variables were evalusted. On the basis
of air oxidation tests zt 2300 and 2500 F, the per-
formance of the coatings appeared comparable to the
Cr-Ti-S{ types produced by other method:, Scale-
up to larger and more complex shapes were recom-
mended.,

Electrophoretic coatings f?r Ta-10W alloy
haua haan {nvestigated by Vitro.l7) Coatings of
ZrBy, ZrBy-10MoSiy, and TaAlj were unsatisfactory
because of interdiffusions and substrate embrittie-
ment on sintering at 3100 F, Satisfactory ad-
herence and ninimum contamination were obtained
with TaSip, MoSip, and WSi2 when the average
particle size was less than 10u. Then, a dense
gradated binary oxide overlayer was applied. A
typical oxidation life of 15 minutes at 3500 F in
air was obtained with WSip/Alo03-4Mg0, WSiy/ThOp,
WSi5/21r09-21102, and WSi 0 coatings. Failure
was due to edg2 and corner defects, or to inter-
action with the setter material.

In a companion study, Vitro(a) investigated
other coatings for protecting T-222 alloy. On the
basis of cyclic oxidation tests from room tempera-
ture to 1500 or 2400 F, Hf-27Ta, TaAl,, 2rBy, and
ReSi coatings were eliminated. Also, tungsten and
rhenium barrier layers were eliminated because of
silicide formation during sintering. Effort was
concentrated on single-phase and binary silicides.
When post-siliconized and preoxidized, the coat~
ings WSi, MoSiz, MoSiz-3VSiz, and MoSiz-3TiSip
behaved erratically and were susceptible to pest
failure at 1500 F. The concentration of second
phases, VSiz, CrSiz, and TiSiy, was increased to
10 to 30 percent. MoSi2-30VSi2 gave the best per-
formence. Two specimens survived 600 hours (in-
cluding 30 cycles to room temperature) at 1500 F
and at 2500 F without failure, while others failed
at 12 to 100 hours. WSi2-30VSi behaved well at
2400 F, but failed at 1500 F.

Protection of fered by a series of coatings on
Cb-1Zr alloy was evaluated in 4 cubic feet per hour
(STP) argon (contsining 1 to 3 ppm oxygen and <10
ppm H20 for 24 hours, then 1 to 3 ppm) at 2000 F
for 500 hours.(9) The coatings consisted of Sylcor
Sn-Al, Chromizing Corp. Durak KA, Pfaudler single-
and double-cycle silicides, Vitro Cr-Mo-51, and
MoSi with a S-mil-thick molybdenum barrier layer.
Evalustion was based on ‘astallography, hardness,
bend tests, and electror-microprobe snalysis. The
most protective coating sppesred to be MoSizg/Mo.
Tin-sluminum of fered adequate oxidation resistance
despite spalling. The other coatings were less
satisfactory since Cr-Mo-S{ allowed chromium diffu-
sion into the substrate, and the Pfaudler and
chromizing coatings permitted some substrate oxids-~
tion.
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COATING DEVELOPMEN: FOR TUNGSTEN

Iridium-base coatings for tungsten have been
studieo oy the IIT Research Institute.(3) In con-
sideration of phase relations, rhenium was choian
88 the most suitable barrier to rsise the minimum
melting point in the system. Interdiffusion studies
indicated that in the sbsence of surface diffusion
effects, about 3 mils rhenium effectively limited
interdiffusion for 1 hour at 4000 F, Satisfactory
iridium coatinys were deposited from a slurry using
copper as 3 fugitive vehicle.

A model was developed for the determination
of temperature-dependent stresses in tungsten
nozzles that were plasms sprayed with HfOp-tungsten.
Tensile properties, elastic moduli, and thermsl ex-
pansion were determined for the sprayed materials. -
Residual stress measurements on as-fabricated multi-
layer nozzles were in reasonable agreement with
predicted values.,

COAT ING_DEVELOPMENT FOR CHROMIUM_ALLOYS

!
smc§d.,\‘°) aluminide,(11) and nickel-
chromium(12 coatings for chromium alloys for use
up to 2400 F in air are being studied under NASA
sponsorship. In each of these programs, a
Cr-5W-0.1Y alloy is; used ss the substrate.

Solar(10) investigated silicides as well as
coatings based on V-(Ti,M0)Si. The latter intended
to serve as an interstitial sink to control nitrogen
ingress into the substrate. Vanadium was best
appiled by low-pressure pack cementation, titanjum
was deposited from nonelectrolytic fused-salt bath,
molybdenum by chemical vapor depositions, and
silicon from an argon high-pressure pack.

Cyclic oxidation tests on vanadium-silicon,
vanadium-mol ybdenum-siiicon, vanadium-titanium-
silicon, and vanadium-titanium-molybdenum-silicon
coatings showed the presence of vanadium and/or
molybdenum beneath the silicide layer caused cata-
strophic failure at 2400 F not encountered in the
uncoated alloy. In contrast, simple silicide coat-
ings produced a chromiume-rich disilicide which was
protective for %00 hours at 2100 F and permitted mo
oxygen or nitrogen ingression to the substra:e.

It appeared that silicon acted as both a barrier
layer and interstitial sink. Spalling reduced pro-
tection to about 100 hours at 2400 F,

Chromalloy(1l) found that chromium-aluminum
solid solution or duplcex CrsAlg-sluminum coatings
applied by pack cementation offered static-oxidation
protection for over 600 hours in air at 2100 F.

The duplex costing was resistant for over 300 hours
at 2400 F, However, as a result of a 100-hour ex-
posure at either temperature, the bend transition
of both systems was raised from 700 to over 1600 F.
Modification of thc =luminide with a spinel former
such as iron gave promising oxidation resistance at
2100 F,

Battelle is investigating the use of thin
fcils, spplied by gas-pressure bonding, fos *he
protection of the Cr-5W-0.1Y substrate.(12) The
coatings primarily consisted of Ni-20Cr and Ni-20Cr-
20W, but were modified with 3 to 5 percent aluminum
in some cases. Intersediste platinum and/or tung-
sten layers were utilized to minimize harmful
interdiffusion. Cyclic oxidation resistance of
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these clads was over 200 hours at 2100 F in air,
but at 2300 F, 200-hour oxidation protection was
marginal. At 2400 F, rapid oxidatien occurred,
Cladding caused the bend transition of the coating-
substrate system to rise from 700 to 1200 F. In
most cases, the oxidation exposure further raised
the transition to 1400 to 1600 F. Reasons for this
degradation in system ductility are now being
sought,

The use of platinum, palladium, and rhenium
as nitrogen diffusion barriers for the Cr-5W=0.l1Y
substrate is being studied at NASA-Lewis.(13) On
the basis of metallegraphy, electrodeposits of
palladium or platinum offered some protection from
nitrogen at 2000 F, llowever, outward diffusion of
chromium appeared high. Rhenium increased the
sensitivity of the substrate to nitrification,

COATING DEVELOPMENT FOR ELECTRICAL INSULATORS

Westinghouse las started a program on the
synthesis and study of coatings for electrically
insulating cefractory conductors at elevated tem=
peratures.(14) Aluminum nitride has been deposited
on molybdenum, tungsten, and graphite from the
AlCly°MNily vapor phase. The coating protected
molybdenum from oxidation to at least 1300 F, Di-
electric tests indicate that AlN on molybdenua had
a d-¢ coriuctivity on the order of 1072 per ohme-cm
at 77 F and increased to 10-® at 1470 F, The a-c
greperties depended on the method of preparation.
The apparent dielectric constant increased markedly
with increasing temperature indicating a high level
of internal polarization which is probably due to
limited mobility of charge carriers.,

Pyrolytic SizNg4 from SiFoe«2NH3, SIClatNH3,
or SiHg+Ni3 of fered some oxidation protection for
molybde:..m at 1830 F.

PROPERTY STUDIES OF COATED REFRACTORY METALS

Microstructure. Identification of refractory-
metal coating and substrate constituents has been
done before and after oxidation in the v.0l torr
to 1 atm pressure range by Sylcor.(15) Electron
microprobe analyses were supplemented by x-ray
diffraction and metallography on the following
systems:

Silicide Temperature,
Substrate Alloy Coating E
Cb, D-43, B-66 Si, Ti-Si, 2000, 2500
Cr-St
Cr-Ti-S1
Ag=-Al-Mo-S
Mo, TIM S1. W-Si, 2%00, 2800
Si-B
Ta, T-222 Si, Ti-W-Si 2500, 2800
" Si, Si-Alp03, 2800, 3300
W-Si

In genersl, it was found that addition of modifiers
resul ted in increased protection primarily by re-
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ducing the concentration of substrate constituents
in the coating. During oxidation, heavily alloyed
coatings formed areas of MgSia throughout the
coating. Alpha cristobalite was the primary silica
phase formed in all systems studied. Oxides tended
to form as mixtures rather than discrete layers.

No relation was founo between oxidation, diffusion
rate, disilicide coating phases, and protection.
Other factors, such as expansion coefficients,
thermal shock resistance, oxide mechanical proper-
ties, and self-healing mechanisms, may be con-
trolling. In some cases anomalous intermediate-
temperature oxidation behavior was noted and cor-
related with the presence of the substrate oxide.
Exposure to reduced pressure {partial vacuum or
impure argon) sometimes changed the oxides formed
and their stoichiometry. In the case of tungsten=-
and molybdenum-alloy substrates where SiOp was the
primary oxide, oxide volatility was the primary
mechanism of degradation and depletion of siljcon.

Emittance. In a North American Aviation pro-
aram, the role of emittance in refractory-metal-
coating performance was reviewed and analyzed.(16)
The purpose was to orient a comprehensive study to
provide emittance data for thermal calculations
needed in the design of aerospace systems. A
number of preliminary emittance experiments were
performed on TRW Cr-Ti-Si coated Cb-752, Chromalloy
W-3 coated TZM molybdenum, and Sylcor iln-aluminum
coated Ta-10W in air at 2000 F. There was a marked
increase in the total normsl emittance to about
0.8, which for the silicide coatings was associated
with oxide formation. The total normal emittance
measured at 2000 F was equal to that calculated by
integration of the spectral curve inferred from
room temperature reflectance data, This similarity
indicated that the shape of the spectral curve at
2000 F was not a strong function of temperature.

Ductility. The factors affecting the tensile
ductility minimum behavior of silicide-coated Cb-10W
and Cb-752 sheet in air, in the intermediate tem-
perature range gf 1300 to 2000 F, has been =tudied
at Battelle.(17) In the case of -the TRW Cr-Ti-Si
coated alloys, contamination and embrittlement by
air at the base of coating cracks was found to be
the major factor responsible for loss of ductility,
e.9., at 8 strain rate of 0.1 per minute, reductions
in area dropped from about 70 percent for the un-
coated alloys in vacuum to as low as 1 to 3 percent
for the coated alloys in air. Apparent mechanical
intsraction between coating and substrate played a
smaller role, but became more significant witn
decreasing substrate thickness from 100 to 30 mils.
The Sylcor Ay-Al-Mo=-51 liuuid-pirase coating jave
somewhat improved ductility above 1380 F by filling
cracks in the silicide phase, The presence of
zirconium, dynsmic strengthening of the substrate,
and thickening of the subsilicide layer to 1 mil
by annealing had relatively little effect on
ductility.

SP APPLICAT I

Pratt & Whitney is investigating the following
coated cg}umbIUNhalloy systems for use in gas tur-
biness(l




g W E_——— D A m
Temperature Substrate
Application __Ranges F - Syaten Soating —~Alloy
Vane 1800 to 2500 1 TRW Cr-Ti-81 (vacuum pack) C-129Y
2 TRW Cr~-T1-S1 ( vacuum pack) D~43
3 Sylcor Cr-Ti-Si ( triplex pack) D=-43
4 Sylcor Cr-Ti-Si ( slurry) D-43
Blade Airfoil 1800 to 2500 5 TRW Cz-Ti-S¢ (vecuum pack) Cb-1320
6 TRW Cr-Ti-Si (2-stage slurry) Cb-1320
Blade Root 1300 to 1600 7 Sylcor Sn-Al Ch=-132
8 Sylcor Ag-Al-Mo-Si Ch-132M
9 Zinc Ch-13M

Based on oxidation-erosion and thermal fatigue
at 2200 to 2400 F, ballistic impact at 70 to 2200 F,
and previous data, Systems 2 and 5 were selected for
advanced evaluation. On the basis of prestrain/
oxidation and wa2> 33lling tests, System 8 was also
chosen. Complete evaluation of System 2, including
stress rupture, indicated it as a candidate for
engine testing, A partial evaluation of System 8
indicated adequate performance.

Various silicide-coated refractory-metal alloys
have been exposed to environmental loading condi-
tions such as an Apollo rocket enginc would experi-
ence as a result of transient ignition pressure
spikes.(19) The substrate/coating systems used
were molybdenum/Chromizing Durak B, Ta-10W/Sylcor
R512, C-103/Chromizing Durak KA, C-103/wW+Sylcor
Ag-Al-Mo-Si, and C-129Y/Durak KA. Tensile, bend,
torch-fatigue, and room-temperature hydrodynamic
chamber tests were conducted. Some tensile proper~
ties at strain rates of 0.0001 to 0.001 and 100 to
500 per se.ond were determined for the uncoated and
coated alloys with and without previous thermel
cycling in vacuum or hydrogen. At the test tempera-
ture of -100 F, room temperature, and 2500 F, the
higher strain rate caused a 50 to 100 percent in-
crease in ultimate strength with little change in
elongation. Elongation was measured on cylindrical
specimens with a 1/8-inch diameter, l-inch long gage
length. The data presented suggest that the coat-
ings did not significantly affect the substrate
properties., The cclumbium-alloy system with Durak
KA demonstrated the best properties, even under
high-stzali-sats conditions. The other systems
were less attractive; costed molybdenum was re-
crystallized and brittle at -100 F and room tempera~-
tuss, coated Ta-1nwW eljgy hel L. ."srior bend ductile
ity after fatigue-torch testing in addition to its
high density, and the silver-aluminum alloy in the
Ag-Al-Mo-Si coating ran off in chamber tests or
vaporized in vacuum at 2500 F.

McDonnell has subjected uncoated Cp-7%2, T-111,
and tungsten, in the form of 50-to-60-mil thick
ske:%, o & }stawatory aimmiation of an ASSET boost~
slide, re-entry vehicle, flight environment.(20/
The metals were degraded by substrats contamination
and the formation of gross oxide scales at 2 to 47
torr air pressures for 35 minutes above 1200 F with
s meximum temperature of 28% F, Tungsten was
affected the least, Protection of Cb-752 alloy
with chrosium-titsnium was incomplete. Minor
defects, simulated by 1-mil-deep slots in Cr-Ti-Si
coated Cb-752 alloy, did not affect the coating or
the substrate. Mejor defects, simuilated by 4-mil
slots extending into the substrate, resulted in
localized contsminstion on the order of that found
in uncoated Cd-752 slloy.:

O —— P e oL -

Vitro and Standard Pressed Steel collaborate
in a development of coated structural fasteners.(2l
Systems primarily utilized were Ta-l1OW and T-222
alloys coated with electrophoretic Si-wSij, and
Cb=-752 and C-129Y alloys coated with electrophoretic
Cr-Ti-S1, The latter had properties comparable to
the vacuum-pack coating. Tolerance control per-
mitted complete interchangeability of parts with
tolerances sufficient for precision aircraft fasten-
ers. Threaded pieces could be removed and reused
after air exposures up to 2200 F. Tightening
torques were limited to about %0 inch-pounds with-
out injury to the coating. Deformshle fasteners
could not be produced because of low coating
ductility., Oxidation life of the coated columbium
alloy fasteners was about 60 to 120 hours in static
air and 2 to 4 hours in 200 ft/sec air at 2200 F,
Coated C-129Y alloy was unaffected by exposures in
air at pressures of 0.0l to 1 torr at 2200 and
2400 F for 5 hours, while Cb=752 alloy was degraded
at boih temperstures, The tantalum alloys showed
considerable degradation of coating at pressures of
0.01 and 1 torr as low as 2200 F, Reduced pressures
appeared to remove beneficial effects of preoxida-
tion and result in a 2400 F static oxidation life
of 2,8 hours. Dynamic oxidation life was about 2
heuyrs at 2400 F.
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