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for their application. The restriction of the use of the coatings
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This report was written to sutmarise literature on
oeatings whlioh prevent the oxidation of molybdenum
at elevated temperatures.
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Many types of high temperature protective coatings for molybdenum are available.
The specific eoating used will depend on the type and duration of protection
desired or needed.

Chromium based coatings have a moderate resistance to oxidationt a thermal ox-
pension factor similar to molybdenum, but tend to be brittle. Molybdenum
disilieide has a good thermal coefficient of expansion match with molybdenum,
and has excellent oxidation resistance. 1Powever, molybdenum disilicide is
extremely brittle. Alloys with a nickel base do not fit as well with the thermal
expansion of molybdenum, but do offer good bond strengths and medium oxidation
resistance up to 2000F. Pmteetive coatinfs made from precious metals offer
good oxidation resistance, a ductile bond, and thermal expansion fit. However,
their costs are extremely high. Ceramic or flass type coatings can be custom
designed for definite operating temperatures up to 25000F. These soatings and
refractory oxide coatings can be designed to give a pod thermal expansion mateh.
Hardness brittleness or inherent high porosity are the ehief drawbacks of
these coatings.

The methods used to apply the coatings include electrodeposition, flame spray-
ing, vapor deposition, cladding, enamelinf, and liquid phase diffusion. A duplex
layer of nickel over chremium tends to overcome the porous nature of olectro-
deposited coatinfs. This coating is still weak in thermal cycling. Flame sprayed
coatings are difficult to apply to hidden areas. Systems of Ni-Cr-B, Ni-Si-B,
Al-Cr-Si and Me-Si are quite successful when applied by flasespraying. Vapor
deposition of siliconised and chromised coatings have shown food coverage and
uniformity of thickness. Cladding. are only applicable to simple shapes, but
on these, clad coatings offer good protection up to the temperature limit of
the cladding. Sprayed enamel, or refractory oxide coatings produce dense coatings,
but ones that are brittle and difficult to keep uniform on the edges and corners.
The production of a protective coating in a liquid phase has not been as practical
as other methods.

L~m~I=
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Molyb4enum is one of the few metals havine a very high meltinp point, its melting
point being 47500Y. It has good strength proportios at temperatures over 1.6000?
ae shown in Fligure 1. Fowever, thes values are only obtained under conditions that
prohibit the formation of molybdenum trioxide. Molybdenum rapidly converts to the
dAoxid@ and triexids form when heated. The oxide coatinL incroease follows a para-
belie curve and lives some se"f protection below 932*F. Above 9320F, the trioxide
begins to volatilize. At 1415*F. the volatilization equals the rate of formatioa
of the trioxide. Therefore, except for short periods of exposure, molybdenum is
valueless in an oxidizing atmosphere over 93201. When molybdenum is to be used
over 9320?,, and in an oxidizing atmosphere, protection must be applied to obtain
the full capability of the material.

This investigation was made with the purpose of gathering information on methods
of protecting molybdenum from high temperature oxidation and to suggest possible
ooarses of future action.

R841UIRN(SNS FOB PROTECTIVE GCATINGSZ

Any coating considered should fall within the following general requirements:

1. Be without pinholes or porosity.

2. Have an operating life of at least 500 hours and preferably 1000 hours
at 180007 to 20000F.

3. Be thermal shock resistant

4. Have an impact resistance against small particles.

5. Be erosion resistant against combustion gasesp sands, metals and products
of ocabustion.

6. Have 1% - 2%, ductility at 1810 0 F.

7. Must have fatigue strength.

8. Applicable at temperatures below the recrystallization temperature of
molybdenum.

9. Not interact with molybdenum in such a way as to impart brittleness.

10. Be easy to apply and handle before honding to base metal.

I1. Frovide an acceptable finished surface.

room 1616-4
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So erWlma laborstories vorld on this Problem have developed methods of te4sting
for sa&of %"em x~raqiments. (5)

COMA of chromium seem to offer the best properties and comatibility with
colYbeM.~ The meltin point of chromium eand ch oaimp-inlbdenin alloys., 31007,,
If MOj snouga for most qiplications. The thezuaml exqpansion. fit to fair. -Tbezal
cYUMin resistance in only fair because the chrome become embrittlad d.wing high:

t~e~ti'eser-vice. (10) This can lead to serious michanical -defectis In the
mly~emm.(8) (3D)

NiRlW1-n Nickel Based Alloys:

kelydnichel hais good reIsitance to MoO vapors and form a molybdate which
Ii stable vV to the uutectic of the aobdeiwim-ncicke system, 24QD007. --Mi
costing has poor themeal diock resistance. (26) Nickel-chromsealloys hane better
oxidgatin resistane than uninlloyed nickel. Eickel coatings haew been Improva by
being costed with alxammý. (9) Nickel and Its alloys ame ductile and stand up
veil to ballistc iqiat. The COspOw~ formed at the aickel-solybdeanm- interface
is brittle and mAalloiunts of nickel tend to embrittle the molybdainm itself.

the elmntessiliaort, boron beryllun and alumizam fb sabe oidton. au
castings with inlYbdemim. W8 2he grestest protection come foce M0812 'Whch Is
good vV to 3100-33007Y. An impervious layer of S5102 fOmw on the surface to
keep out the omy~gi. This No Big layer diffuses wo Fb3 fie aMd then to No 31
which is not ouxidation resistant. TIis diffusion time sets the service eof
the costed pat. le Ifs& good theRMAL epnpmion match betwem the Mo2 end
uulybiuiam aMd this castriblites to Mood thexua *book resistance. Below ;L-00
the costig is brittle, but at 27007,s is fairly ductile and will. ati~t sma self
heeling "s the MUMte silica, bridges defects. (8)

Little time has been spent on the development of protectviv ostinp from preelou
MUtls. Iridium,, ilodium and platinm have a coefficient of alpWMi that Is
WveY fVorsble. MWe artextra'mY Oxidation resistant and ane ductile. One

meager work with these coatings seems to indicate that a service life of Vsevra
tM*Usmd hours at 2WO*7 might be possible. (29) (37)

100 to's-,%
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CHIARACTEMSTICMa OF COATING S157-ISt (Continued)

Coatings of Llass are oxidation resistant and are self healing at high temperature.
HouoTer, brittleness and poor thermal shook resistance are major drawbacks to
glass oOetinls. This type of ooating can be made to have a close match in thermal
expansion. Attention must be paid to the melting temperature of the glass or
difficulty will, be encountered. Too low a melting temperature will cause the glsse
to flow away leaving bare molbydema while too high a melting temperature will
prevent the glass from self healing small defects. (27) (28)

#*fmatowv Oridasm

Two major advantages are present when refractory oxides are consideredo They
exhibit good resistance to erosion or abrasion, and have insulation properties
greater than metals. In thin layers, coatings of ZrO2 p BeO, and A12 03 have good
thermal shock adherence but in thick layers are subject to spaeling and poor
adherence. Like glass coatinps they are brittle and have poor thermal shook
resistance. Their inherent porosity is sometimes controlled by the addition of
a glassy phase. This of course has an adverse effect upon some of the other
properties.

MUFlODS OF APPLYING PROTECTIVE COATINGS mNID TYEIR OFARACTERISTICS:

There are marW methods of applying these protective coatings to the molybdenum
and each has its own advantages and disadvantages. Some of the coating materials
have been applied by several methods. The method used depends on the degree of
protection needed, shape of the part, and service life expected. The adherence,
uniformity and continuity are somewhat dependent upon the skill used in applying
the chosen method. The methods most commonly used are electro-deposition, flame
spraying or metallisingp vapor and/or pack deposition, onameling, cladding (roll
or pressure bonding), and liquid phase deposition.

EZlstoaLosated Coatings:

Coatings applied by electro-plating have advantapes and disadvantages that are
shown by the followinj listing. (18)

L. Low application temperatrre I. Complex procedures
2. Controlled thickness 2. Lorous coatinfs
3. Coat complex parts 3. Difficult to coat electrical contact
4. BDild up of Multi-layer coats areas
5* Prodices smooth finish

.-* ON

S. . ... .. ....... .. ...... ' SIO-+ +•+•++ + • ... .... •..
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MET3IC3 CF APPLTIN PRQT3CTIVE C-ATINGS AND TIZIE CWAACTERISTICS: (ctft0d)

Aluminum over a chromium-nickel coatinc will reduce the rate of oxidation. Yoweer,
due to difficulties in applyin, a satisfactory base coat of nickel this work Is
limited. 1(9)

b,,oaium has been widely investigated as an %leotroplated coating. The adherence
of this coating has been good but oxidation resistance has not been reliable
from laboratory to laboratory. This coatinf has been used as an undercoating for
nickel coatings. (15) (10) (31) (12)

Nickel is difficult to elect:-oplate in a non-porous, adherent coating. Its
oxidation resistance is not a" good as chromium. The best use of nickel seems
to be when used over chromium. (25)

The area most wifely inveitigated in electroplated costings has been a dDolayer
systea of chromium and nickel. The first coat is chromium, the second niokel.
Chromium fits fairly well to both the molybdenum and the nickelg while the
nickel protects and seals the chromium. This combination of coatings has good
ahderenoe, ductility, impact and erosion resistance. A weak point of the combination
is the poor thermal shock resistance. This type of service results in failure
at the nickel - chromium interface. (11) (32).

FlamamayCoating:

Coating of molybdenum by this proeess has been investigated by a number of Jab.
oastorleeo Materialeused in powderrod, or wire form, have bees Ni - Cr - B,
Ni - Si - B, Al - Cr - Si, A1 - Si, A1203, and Mo Si2. Applied in this manner
the coatings are porous and rough, but homogenous. A proper diffusion treatment
and finish grindinp will produce a pore free, well bonded coatinf. Limitations
on this method are the inability to coat small interiors, narrow openings, and reverm
recesses. (4)

Nickel-chrome-boron, and nickel-eLiicon-boron are useful up to about 20000 F.
The initial impact resistance, at hieh tempe;-atures is ood. The thermal shook
resistance is fair as is the erosion resistence* (4) (23)

In the absence of mechanioal shook and erosion a flameavrayed coating of Al-Or-Si
offers protection up to 20000 F. The adherence is good and the coating exhibits
a tendency to be sIf heating. (11)

FIamIspray applied refradtory oxidest while being hard and oxidation resistant, are
generallr porous and 1ave poor adherence. (11)

Molybdenum disllioide when properly applied by flame spraying offers a rood coating.
The oxidation resistance is good. The Uinde (U45) coatLng seems to have overeome
the poor ductility problems for it with3tands straining up to the breaking of the
molybdenAm at •1=0F.
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msTFOps C APPLYING OTEGTIVE gOATINGS AND rEIR CFARACTg I3TIcs, (f t'd)

Vacmr and/or Pack Dencairtd Cmatinns:

Coatings of chromium and silicon em be deposited on molybdenum from gasous.
compounds. One method is to decompose a prepared vapor in a hot chamber in
which an active atmosphere flows freely. Another system is to pack the part
in a powdar and at an elevated temperature, pass through a suitable gas. (3)
Coatings from either system have good adherence, are uniform in thickness and
will reach areas that are difficult to coat by arq ef t

Molybdenum diuilicide ooatings are generally I to 3 mile thick. The coating has
excellent oxidation resistance. The major drawback to MoS1 2 is the extreme brittle-ness of the coating. Any deformation of the molybdenum will fracture the coating.
(3) (1U)

The pack deposition method is used for chromium ooat ne. Initial work in this
system showed the coating to be limited to 1500Fp, but the latest developments
have increased the temperature range. The Ohromalloy Corporation has developed acompound called W-2 which, when applied by the packing system, gives satisfactoryservice at 2000e. The W-2 coatine is hard and brittle, but will withstand some
room temperature deformation, and a great deal at 20000e.

A coating with good finish, and ductility can be obtained by cladding molybdeumwith an oxidation resistant material, such as, platinum or nickel band allqse
The molybdenum is enclosed in the cladding material and then squeemed at 20000
under sufficient pressure to bond the two systems together. The principal limitationto this type of protective coating is that it is limited to simple shapes and am
not be cut or sheared without exposing unproteeted molybdenum. Other limitationsare imposed by minimum melting temperatures, bond strength$ and the brit
of the interfacial diffusion layers. (7)

Fiatim offers a good thermal expansion match to molybdeWn has ductility and iscaddatico resistant. Little is klnwo about the diffusion layer which would be ag
U between the molybdsm. and platlim. Also the rate eof diffusiom ofoqgem through the platinum may cause interboundaq oxidation of the molybdenumoThe expense factor has been a major hold up to extensive laboratory investigation
of platinum as a protective coating for zolybdenm. (29)

Nickel and nickel based alloys do not match molybdenum in thermal expansion. The
interfacial bond produced by cladding offers fair thermal shook resistaneo before
failure occurs. The service life of a well applied clad part is pretty well
determined by the thickness of the claddine. The interpositioning of a dlf1bgft
laer retards the growth of Interfacial molybdenum - nickel compounds and further
extends the life of the part. (26)

BY Mdereuttinr the edge of molybdenum then filling with an oxidation resistant
weld material, protection is provided to clad molybdenum that has boen out or
sheared* (7)
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MITHODS OF APPLYING PROTECTIVE COATINGS AND THEIR C1AAC•M'%-ISTICS: (Cont'd)

Enamel Coatings:

Enamel coatings are sprayed on and then fired at an elevated tezsperature to provide
a homogenous, pore free, glassy type of cover to the molybdenum. Being glass means
they have the limitations of glass - no ductility at low temperatures, but they
are oxidation and erosion resistant. The coatings are thicker than most other
types and are limited to shapes with moderate changes in contour.

The addition of a refractory oxide improves the service life of a Glass coating.
A tri-layer system of glass, a refractory containing glass, and glass has given
3/4 hour-service at 3450°F. (27)(28) The proper formulation of glass will pro-
vide the viscosity that will be self healing and erosion resistant at the tempera-
tures being used.

A two layer system of enamel over chromium is also serviceable under certain condi-
tions. A layer of glass diffused over a glass free layer of chromium gives a
coating superior to either coating alone. (28)

Liquid Phase Diffused Coating:

By immersing the molybdenum part in a molten 'oath of the coating material, a pro-
tective coat with good bonding is obtained. The coating thickness is generally
dependent on the time of inmmersion. Among the problems of this method are the
limits set by the contour of the part and the skill required to obtain a uniform
coating. It does offer a good method to coat interiors and concealed areas.

Aluminum-silicon alloys have been applied wo :,iolybdenum by dipping. The protection
obtained has been unreliable, and is thought to be due to dross inclusions. (13)(5)

Chromium coatings have been applied by a modification of the Pack Coating system.
The part is packed in chromium powder and heated to about 3100*F. A liquid chrome-
molybdenum phase envelopes the part in a tightly adhering, uniform coating. This
coating is dense and rich in chromium. It is subject to the same drawbacks as
other chromium coatings, fair oxidation resistance, but with oxide spalling in
thermal cycling and embrittlement after a period of service. (21) (34) (8)

CONCLUSIONS

A number of coatings for the prevention of the oxidation of molybdenum at elevated
temperature are now available. These coatings can be applied in a number of
different ways. Table 1 from the report by Bartlett, Ogden, and Jaffee (2) has
listed the coatings, methods of application, and possible service life. Each of
the available coatings has a drawback of some type. The type of coating and method
of application selected will be determined b'y, the service life required and the
part design. Table 1 will serve as an aid in making a selection, but the service
life listed must be viewed with caution. Ilot enough testing has been done under
standard controlled conditions to firmly establish the service life of each coating.

Fee" 4818-4
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Before using any coating it should be tested under simulated service conditions in
order to establish the service life and to evaluate the method of application
seleeted.
RSCQDATI0NS:

There a e two areas in vhich further work can be considered.

1. Aid to Industry:

The WADC Materials Laboratory has established a committee to study all
phases of the conditions important to the service of protected molybdenum
at elevated temperatures. The conditit rs of possible service of nos cones,
leading edge*, radomes, exhaust nozzles, and so on, will be studied. The
committee is to establish standards for all areas that will affect the service
life of coated parts. Having standards for testing will greatly aid industry
in selecting coatings for various types of service. (2)

Convair has the type of hifh temperature testing devices, i.e., plasma jet
and rocket motors, which will be used by this WADC committee in their
evaluation propram. If the WADC Materials Laboratory is granting
contracts for a standardization study on protective coatings for molybdenua,
It would seoem to be to Convair's best interest to try to become a part of
the program. Being part of the propram would keep Convair abreat with the
latest "state of the art, and provide an excellent training for personnel
before entering into any private investigation of protective coatings.

2. Develogmnt of Goatings:

Coatings from the precious metals is an area least investigated. The cost
might be considered big. at first glance, but when compared to the strength
and weight savings that can be obtained from the use of molybdenum, the
cost becomes a smaller factor. The future development of no" cones, high
speed leading edges, ramjet motors, deflectors, domes, ate., wi require
materials that will have strength at elevated temperatures. Molybdenum
has the greatest potential of known materials for structural application
on basis of mechanical and physical properties, in the temperature range
from 18000? to about 2500F.

The development of modifications in the chrome frit coatings is a possibility
that should be investigated. The addition of refractory materials would give
longer life at 1800OF and higher temperatures. This coating could be combined
with other systems as a second coat. A metalised coating with lover
continuous oxidation life could be helped by the chrome frit covering. The
metalised coating in turn would Improve the tot ductility of the chrome frit
coating,
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Fig. 1 Strom Ruptum strength of molybdenum and three
molybdenum-base alloys as compared to the 13 super-etrongth
alloys included in AST.% Special Teohnioal Publication No.
160 "Molybdenum and molybdenum-base alloys produced by arc-
casting process and tested after nechanical working and
stress relieving." (16)
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Fig. 2
OXIDATION RATE ON UNPROTECTED
M4OLYBDENUM SHEET IN STILL AIR

(o.5) AT 1300oF and 15OoF? (19)

Note: Figures in ( ) indioate
% of total oxide which
remined on surface

,• after oxidation.
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Table 1

CO',PARISON OF COATINGS ON M4OLYBDENUM

Continuous Oxidation Life(a), hours
Coating 16000F 18000F 2000• F 22006F 240001 2600OF 28004F 3000OF

Eleotroplated 1000 350 100 )l
Or-Ni (Iml
Cr,? ail Ni)

Metalised )500 >500 .-400 350 )4 4(b) 4(b)
Al-Cr-Si

(5-1o .mi.)

Mletallised )500 >500 <25 <1
Ni-Cr-B
(5-10 mile)

etalli•sed >5010 1o0 <10 <1
Ni-Si-B
(5-10 mile)

Ketallised 500
Uy.-5 (5mils)

Vapor deposited 6500 3700 2000 1000

(1-32mils)

Vapor deposited 7200 500 1>
Chromalloy W-2
(1-3 mile)

Mlad Ni base >2000 250
( mile)

7r02 frit 70 1 >* A,
(i0 mile)

Cr frit -- 100 v1D0. v5 '
(10 mile)

(a) May inolude oooasional oyoling for examination
(b) After extensive prodiffusion
,.e Approximate time

NetO" Oxidation life is oonsidered terminated whem molydbuma trioxide
fues are evolved.

Fee" 161O",
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Table 1 oont'd

COMPARISON OF COATINGS ON MOLYBDENUM

Hot Ductility, or
Thermal 3hook, Resistanoe to

Resistance Failure During
Probable

Reliability Probable Balistio Stress Induced
Coating Rating (d) Cycles (e) Rating Impact(g) Deformation (g)

Eleotroplated Fair d-'14O Fair Good Fair
Cr-N1 (1 mil
Cr.7mil NI)

Metallised Good -500 Good Poor Fair
Al-Cr-,Si

(5-lo mls)

Atetallized Good 1-200 Fair Good Excellent
Ni-Cr-B
i v'-iOmils)

O.etallised Good ý-100" Fair Good Excellent
Ui-Si-B
(5-10 mile)

Xwa- llized Good(?) Several(f) Fair(?) Excellent
LH-5
(5 mils)

Vapor deposited Excellent )200 Good Fair
MoSi 2

Vapor deposited Good Ž30 Good - Good
Chromealloy W-2
(1-3 miii)

Glad Hi-base Good _'100 Fair Good Good
(U ails)

ZrO frit Fair )10 :0od4 -

Cr frit Fair 60 Good - Fair
(10 ails)

(d) Within part design limitations for proossa
(e) From 80°7 to 4OO0F and 1600*F to 3000*F ranes, usuall.y less thaf I minute

for heating or cooling
(t After diffusion treatment
(g) At ambient temperature
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Table 1 oont'd

COMPARISON OF COATINGS ON MOLYBUENUM

Facility of

Temperature Hot Erosion Adequately Retention of
for Resistance Protecting Strength of

Self Corners, Mo alloys
Healing minutei Recesses, During

OF. in Al O3  Probable Etc. Application
Blast Rating

Electroplated - 95 Good Fair Good
Cr-N1 (1 .il
Cr, 7 mils Ni)

Metallised )2600 25 Fair Poor Good
Al-.Gr-i
(5-o milse)

Ketallised 60 Fair Poor Good

Ni-Cr-B
(5-10 mils)

M4etallised - 50 Fair Poor Good

Ni-Si-B
(5-10 mile)

Metallised 2000 - Good((?) Poor Good
U4-5
(5 mile)

Vapor deposited >)280 - Good Good PoorMoSi 2

(1-3 •ile)

Vapor deposited (some) - Good Good Fair
Chromalloe W-2
(1-3 ails)

Clad Ni base - 70 Fair Poor Good
(3 ile)

ZrO2 frit 1800(0) - Good(?) Fair Fair
(10 mils)

Or frit 1800 - Uood(?) Fair Poor
(10 mile)

SourceO Bartlet, E. So, Ogden, HoRo Jaffeo, RoI., Defense Metals Information
Center Report No. 109, Mar 6, 59, DKIC, Battelle Men. Inst., Colunbus,
1, Ohio.
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