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The present invention relates to a method of coating 
refractory metal articles to increase their resistance to 
high temperatures and corrosive atmospheres. The proc 
ess of the present invention is particularly applicable to 
the manufacture of coated molybdenum turbine buckets 
for use in jet turbines and the like. 

Turbo-jet engines and the like are usually provided with 
an axial flow turbine operated by exhaust gases which 
drive a blower furnishing air to the burners. Such tur‘ 
bines operate at extremely high temperatures, and one of 
the major di?iculties encountered ‘in the manufacture of 
jet turbines has been the provision, of suitable material for 
turbine buckets which can withstand the effect of such 
high temperatures. Turbine buckets are frequently ex 
posed to temperatures in the range from 1600° to 2000° 
F. and above, and the bucket must have sufficient strength, 
toughness, creep resistance, and resistance to the corro 
sive atmosphere present to enable the bucket to operate 
e?iciently without deformation _or corrosion. 

In addition to turbine buckets, articles produced by the 
present invention may be employed under conditions of 
higher temperatures and lower stress than exists in a gas 
turbine bucket. One such application occurs in nozzle 
diaphragm vanes in gas turbines which must withstand. 
very severe conditions of temperature and thermal shock 
but ata relatively lower stress. 
One metal which exhibits excellent properties of 

strength, toughness and creep resistance at elevated tem 
peratures is molybdenum. However, metallic molyb 
denum cannot be used in high temperature environments 
which contain oxidizing gases because molybdenum read 
ily oxidizes to form a sublimiable oxide which causes the 
complete disintegration of molybdenum bodies in oxidiz 
ing atmospheres at temperatures even below those which 
occur in the operation of a gas turbine engine. 
To make molybdenum articles available foruse in such 

high temperature environments under oxidizing condi 
tions, the present invention provides a process for coating 
molybdenum bodies to provide a tough, corrosion-resist 
ant coating integrally bonded to the molybdenum body 
and impervious to the effects of oxygen and other gases. 

In the present invention, molybdenum articles are pro 
vided with a binary coating of aluminum and another ele 
ment selected from the group consisting of boron, silicon, 
titanium and zirconium. ‘1 
An object of the present invention is to provide a meth 

od forwcoating' molybdenum bodies to produce an ex 
tremely corrosion-resistant surface thereon. 
Another object of the present invention is to provide a 

method for coating molybdenum with a ?rmly bonded 
oxygenrimperviou's barrier. V_ I 

In the process of the present invention, the molybde 
num article istreated at its surface withaaluminum, and 
the aluminum is reacted with another element such as 
boron, silicon, titanium, or zirconium to produce a binary 
coating. The process of the present invention may be 
carried out in several distinct manners. The preferred 
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process involves ?rst depositing aluminum on the molyb 
denum body by means of a vapor phase deposition proc 
ess, and subsequently reacting the coating thus applied 
with one of the metals or metalloids previously mentioned 
to produce the binary coating. 
The elements such as boron, silicon, titanium and 

zirconium, have ionic sizes which are close enough to the 
ionic size of aluminum to allow the two elements to be 
mutually soluble'with each other in the solid state, ‘and 
thus increase the rate ofwintermetallic compound forma 
tion. Such intermetallic compounds per se, or the com 
pounds formed with the base metal, molybdenum, then 
have a size which approximates the atomic spacing in lat 
tice of the molybdenum. The primary coating of alumi 
num inherently leaves microscopic voids, tunnels, or weak 
spots in the surface of I the article, thus decreasing its 
ability to withstand corrosion. By reacting the aluminum 
coating with a second element of the type mentioned, it is 
believed that the voids in the atomic spacing of the ‘alumi 
num coating are ?lled by the reaction with the second ele 

. ment, thus making the aluminum layer much less per 

25 

meable. < 

In carrying out the coating process of the present in 
vention, a decomposable compound, preferably a halide 
of the coating metal is carried into a reaction zone in a 

' stream of hydrogen or other reducing gas and therein de 
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composed to form a layer of substantially pure metal on 
the surfaces of the refractory metal. Deposition of the 
coating metal compound is the result of several factors. 
Some of the compound is probably decomposed by the 
high temperatures, on the order of l600° to 2200° F. pres 
ent in the coating zone._ Other portions of the decom 
posable coating compound are reduced by the presence of 
the hydrogen atmosphere in whichv the compound is in 
troduced. Another reaction which occurs in thejcoating 

- zone is the metathetical reaction between the coating 
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metal compound and the molybdenum wherein the coat 
ing metal is deposited on the molybdenum with the forma 
tion of a volatile molybdenum compound in the ex 
change reaction. 
As a source of aluminum in the vapor phase deposition 

process, I prefer, to use an aluminum halide such as alumi 
num chloride, aluminum bromide, or aluminum iodide. 
Since these compounds are normally solid, they maybe 
introduced into the coating zone by passing hydrogen gas 
over "a heated supply of the compound in powder form 
to carry the compound into the coating zone. v I 

In reacting the aluminum coating with the second’pele 
ment, a decomposable compound capable of yielding the 
second' element is‘ introduced into the reaction zone either 
prior to, during, or after the deposition of the primary 

Typical among ‘the decomposable 
compounds which maybe used for this process are‘boron 
t'ricliloride, boron‘ tribromide, boron triiodide, titanium 
tetrachloride, titanium tetrabromide, silicon tetrachloride, 
trichlo‘r'o silane, silicon tetra'bromide, tribrom'o silane, 
silicon tetraiodide; zirconium chloride, zirconium bromide, 
and zirconium iodide. ‘ 
The reaction conditions in the coating zone include 

temperatures from 1600‘ to 2200°‘ F., and preferably on 
the order of 2000° F., for periods of time ranging from 
one to eight hours, depending upon the thickness of the 
coating desired, and the penetration ‘required. At a treat 
ing time of four hours, for example, coatingsranging 
from 0.0002 inch to 0.0032 inch- thick, depending upon 
the temperatures employed, have been produced. The 
rate of increase in deposition thickness increases with 
the temperature. ‘ 

_ Aluminum ' reacts with a metalloid such as boron, 
silicon, titanium and zirconium to produce a series of 
in‘termetallic compounds with the molybdenum metal. 
Such compounds range from materials having a high pro 

' 2,772,985‘ 



2,772,985 
3 

portion of molybdenum, such as MosAl, to materials 
having substantial amount of aluminum, such as MoAli. 
The presence of these interrnetallic compounds has been 
found instrumental in achieving the desired corrosion re 
sistant properties. 
The intermetallic compounds of aluminum and silicon, 

as well as the solid solutions of these two metals are 
stable at high temperatures, and provide an excellent 
integral bond with the molybdenum base. The reaction 
of the aluminum coated molybdenum body with an ele 
ment of the type described enhances the properties of the 
aluminum coating by ?lling up the microscopic voids and 
Weak spots, resulting in a substantial increase in stability 
and resistance of the coated article to high temperature 
oxidation. 
A further description of the present invention will be 

made in connection with the attached sheet of drawings 
in which: 

Figure 1 is a flow sheet showing in a diagrammatic man 
ner the various stages of the coating process; and 

Figure 2 is a drawing of a photomicrograph taken at a 
magni?cation of about 500 X showing the crystal struc 
ture of a molybdenum article coated in accordance with 
the present invention. 
As shown on the drawings: 
In Figure 1, reference numeral 10 denotes a supply of 

purging gas which is preferably an inert gas such as nitro 
gen, argon, neon, helium, or the like which is passed into 
a puri?cation zone 11 Where moisture or other contam 
inants are removed. The puri?cation zone 11 may con 
sist of a supply of liquid sulphuric acid through which 
the purging gas is bubbled. The puri?ed purging gas is 
next introduced into a heated furnace 12 which surrounds 
a furnace tube 13, control of the gas flowing into the fur 
nace tube 13 being controlled by means of a valve 14. 

Disposed within the furnace tube 13 are a plurality of 
boats 15 which carry a number of turbine buckets 16 
or similar articles composed of molybdenum. These 
articles are normally pre-shaped into their desired form, 
and worked at temperatures below the recrystallization 
temperature of molybdenum, to enhance their physical 
properties. The temperature of the furnace 12 is regu 
lated between 1600 and 2200° F., with 2000° F. being 
the preferred value. 
A supply of hydrogen gas 17 is provided for introduc 

tion into the tube 13. Prior to its introduction into the 
furnacing system, the hydrogen gas'is dehydrated and 
puri?ed by means of various desiccants such as, for ex 
ample, packed columns of silica gel, calcium chloride, or 
liquid sulphuric acid in a puri?cation stage 18. The ?ow 
of the puri?ed hydrogen gas into the furnace 13 is con~ 
trolled by means of a valve 19. . 
A second source 20 of hydrogen gas and another puri 

?cation stage 21 is also provided to furnish a carrying 
medium for the coating compounds. A source of alu 
minum, such as powdered aluminum chloride, is main 
tained in a zone 22. A source of the secondary metal of 
metalloid, preferably a halide of the type mentioned 
previously, is contained in zone 23. The ?ow of hydro 
gen into the zones 22 and 23 is regulated by means of 
valves 24 and 25 while ?ow of hydrogen gas containing 
the decomposable coating compounds is regulated by 
means of valves 26 and 27. In this arrangement, either 
of the coating compounds may be introduced separately 
into the reaction zone, or the introduction of both com 
pounds may be made simultaneously. 

Initially, the furnace tube 13 is purged by means of 
the purging gas to eliminate from the furnace chamber 
moisture, oxygen, and other undesirable contaminants. 
After the purging, the hydrogen and the coating metal 
compounds are introduced into the furnace vtube 13, where 
they contact the molybdenum articles 16 for periods of 
time ranging from one to eight hours. Excess hydrogen 
is vented from the furnace tube by means of a tube 28. 
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4 
The molybdenum articles 16 are maintained in the furnace 
tube 13 until a coating having a thickness of approximately 
0.0002 to 0.004 inch is produced on the molybdenum 
article. 

Figure 2 illustrates a photomicrograph of a molyb 
denum article treated by simultaneous deposition of alu 
minum and titanium for a period of seven to eight hours 
at a temperature of 2000° F. As illustrated in Figure 2, 
the body of the article consists of rather large crystals of 
molybdenum 29 having an overlying layer of aluminum 
30 integrally bonded thereto. Immediately above the 
aluminum layer 30 is a layer 31 of indeterminate com 
position, which is probably a complex mixture of molyb 
denum, aluminum, and titanium in the form of various 
intermetallic compounds. The outer uppermost layer 32 
is a mixture of aluminum and titanium compounds, and 
solid solutions of these two elements. This structure has 
been found to ‘be capable of withstanding operation of 
the gas turbine operating at temperature estimated at 
1600 to 1800° F. for periods in excess of 100 hours with 
out apparent deterioration. 
From the'foregoing, vit will be appreciated that I have 

herein provided a process for coating molybdenum bodies 
which are in themselves incapable of withstanding the 
corrosive effects encountered in the operation of the gas 
turbine. 
The coatings produced in accordance with this inven 

tion are integrally bonded to the base metal and cannot 
be stripped mechanically from the molybdenum, as is the 
case of coatings applied by electroplating or dipping. 
Further the coatings are inert with respect to the molyb 
denum base metal and show no evidence of reaction with 
the base metal after the original deposition. 
The vapor phase deposition processes described herein 

have complete “throwing power” i. e., a uniform coating 
can be deposited over the entire surface of the article 
regardless of corners, grooves, or other surface irregu 
larities. This is not true when using other types of 
coating procedures. 
The present application is a continuation-in-part of 

my copending application Serial No. 103,632, ?led July 
8, 1949, entitled “Binary Coating of Refractory Metals,” 
issued on Sept. 28, 1954, U. S. Patent No. 2,690,409. 

It will be understood that modi?cations and variations 
may be effected without departing from the scope of the 
novel concepts of the present invention. 

I claim as my invention: 
1. The method of providing a corrosion-resistant sur 

face on a molybdenum article which comprises depositing 
a layer of aluminum on said article, and thereafter react 
ing the resulting coated article with an element selected 
from the group consisting of boron, silicon, titanium, and 
zirconium. 

2. The method of providing a corrosion-resistant sur 
face on a molybdenum article which comprises decom 
posing an aluminum compound at a temperature of 
1600" to 2200” F. in an atmosphere of a reducing gas 
to form aluminum, depositing said aluminum on said 
article, and thereafter reacting the resulting coated article 
with an element selected from the group consisting of 
boron, silicon, titanium, and zirconium. 

3. The method of providing a corrosion-resistant sur 
face on a molybdenum article which‘ comprises decom 
posing an aluminum compound at a temperature of from 
about 1600” F. to 2200“ F. in an atmosphere of a 
reducing gas to form a primary coating of aluminum on 
said article, decomposing a vaporized decomposable 
halide compound of an element selected from the group 
consisting of boron, silicon, titanium and zirconium in 
an atmosphere of a reducing gas to yield said element, 
and reacting said element with said aluminum coating to 
form a corrosion resistant secondary coating on said 

’ molybdenum article. 
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