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Thrs invention relates to metal bodies resrstant to
oxidation at high temperatures and more pamcularly to
such bodies formed of molybdenum which is provided
with.a coatmg or skin to render the base metal resxstant
to ‘oxidation at high temperatures.

This application: is a continuation-in-part of our co-

pendlng application, Serial No. 299,216, filed July 16,

1952 now abandoned, which application is a continuation-
in-part of application Serial No. 202, 412, filed December
22, 1950, now abandoned.

The refractory metal : molybdenum has highly. desit-
able properties and - characteristics for many purposes.
For ‘example, ‘it retains its mechanical properties at
elevated temperatures and is very desirable for use in
formmg electrical furnace' heating elements. However,
in".order to prevent oxidation of the metal at elevated
temperatures it is necessary to exclude oxygen and a

continuous flow of hydrogen is maintained over the
Molybdenum, of course, is’

heated ‘resistance elements.
desirable for many other applications, such as oil burner
nozzles, artillery piece nozzles, rocket nozzles, turbine
blades or buckets and other component parts of jet
engines, ignition coils for gas'and oil burners and valve
seats for internal combustion engmes the foregomg use
being merely the best known.

The present invention makes possible the protectlon

. of -all metals, steel, for example, but pamcularly molyb-
denum, ‘which are designed for use in products which’

in use are éxposed to high temperature, air and erosion,
In the co-pending applications of Campbell et al.,
Serial No: 150,543, now Patent No. 2,665,997; Serial No
150,544, ‘now Patent No. 2,665,998; and  Serial No.
150,398, now Patent No. 2,665,475, filed March 18, 1950,
methods are disclosed and claimed for the production
of refractory bodies formed of molybdenum having a
coating or skin which is resistant to oxidation at elevated
temperatures and which protects the base or core from
oxidation at'-such  temperatures. The molybdenum
bodies formed in accordance with these methods consist
of a molybdenum base or core having an integral coating
or-skin of molybdenum-silicon alloys or intermetallic
compounds. The silicon content of the protective coat-

ings or skins varies in the molecular. ratio of silicon to-
refractory metal -of from about 1:1 to about 3:1, which:
corresponds to -alloys or -intermetallic. compounds con-

taining from about 22.5% to about:47% silicon... Al-

though the optimum- protection . of : the molybdenum is.
obtained with coatings or skins having a molecular. ratio-

of silicon to-molybdenum: of ‘about 2:1, corresponding
to a silicon content of about 37%, coatings or skins: be-
yond the composition range .also afford some protection

for the molybdenum base or core.
" The coatlng or skin is formed on the molybdenum.
base by passing a mixture of hydrogen and vapors of a
silicon halide such as silicon tetrachloride or silicon tetra-.

bromide over the heated molybdenum base. Where the
molybdenum base is maintained at a ‘temperature ap-

preciably below the melting point of silicon during. the
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deposition, the deposlted silicon does not alloy or dufuse
into the molybdenum to any appreciable degree, the de-
gree of alloying or diffusion bemg directly proportional
to " the specific temperature employed. The silicon
coated molybdenum is then heated to a higher tempera-~
ture and maintained at such higher temperature to effect
a substantially complete alloying of the silicon and. the
surface portions of the molybdenum base to form the -
protective coating or skin.

Where the temperature of the molybdenum body is
maintained at a temperature at least as high as ‘the melt-
ing pomt of silicon during the deposition of the silicon,
there is an immediate alloying of the siticon and the sur-
face portions of the molybdenum.’

Theése alloyed.coatings or skins on molybdenum furnish
an: exceedmgly high resistance to oxidationat elevated
For example ‘molybdenum “ wire having
a diameter of approximately 0.020"” has a life of ap-
proximately 16 seconds when heated to a temperature
of about 1500°. C. in air. The same size molybdenum
wire when provided with a coating having a thickness of
about” 0.00032"" has a life of 4,000 seconds at the same
temperature.

The thickness of the coating does not represent the
total thickness of an alloy layer. The total thickness of
the alloy Iayer is roughly about double the thickness in-
crease which is obtained during the coating operatlon
Throughout this application the term “thickness” is used.
to designate only the thickness increase effected by the
coating operation.

The protection afforded the molybdeium by the alloy
coatings may be further illustrated by reference to the
lives of coated molybdenum bars having dimensions of

" about 0.5” x 0.05"" x°6" and having coatings of the order

of 0.0015” to 0.002” in thickness. The lives were meas-
ured by malntammg the coated bars at the desrgnated
temperatures: in air. .

Temperature
"', Life
°C. °F.

815 1,500 | In excess of 8,000 hours.
1,090 2,000 | In excess of 3,000 hours.
1,370 2,600 | Average about 100 hours.
1,650 3,000 - Average about 70 hours.
1,760 3,200 | (1 specimen) 77 hours.

1, 850 3, 360 Average about 24 hours.

Molybdenum bodles provxded ‘with thts protectlve
molybdenum-silicon coating or skin,  while being a. tre-:
mendous advance in the art, can be made to exhibit two
types.of: failures.. The first type of failure:is that which
is ‘commonly encountered at lower temperatures and
occurs at that portion -of the body which is maintained -
at the highest temperature.. For example; a molybdenum
wire secured at opposite ends to electrodes and heated-
by _the passage of an electrical current therethrough will
fail, i general, near its mid-point when maintained at.a-
relatively low: temperature. -In-such instances the center:
portion of the wire will attain a higher temperature
because of the greater heat loss at the ends of - the wire
which -are sécured to terminals. -

The second type of failure which is most commonly en«
countered at the higher temperatures is a failure whlch
occurs at-a point intermediate an area of maximum -fem-
perature and an area of minimum temperature. - It is thus
apparent that the life of the: molybdenum having the pro-:
tective coating or skin is not necessarily -and, solely -de-:
pendent upon the maximum temperature to Wthh the
body will be subjected.

The prmc1pa1 purpose of the present mventlon 1s to
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provide molybdenum bodies and other metal bodies hav-
ing a coating or an exterior layer which has an appreci-
ably greater resistance to oxidation at high temperatures
than the resistance exhibited by molybdenum-silicon alloy
coatings.

A further object of this invention is to provide a high-
1y resistant coating or skin which does not exhibit a fail-
ure at the intermediate temperature zones.

Another object of our invention is to provide a method
of applying to or forming on molybdenum an integrally
bonded, highly protective coating or exterior layer which
will protect the molybdenum against oxidation at high
temperatures.

. Other objects and advantages of this invention will be-
come apparent from the description and claims which
follow.

The present invention contemplates, in particular,
bodies of the refractory metal molybdenum having a
coating or exterior layer of molybdenum-silicon-boron
alloys or intermetallic compounds, but it includes other
metal bodies to which the high temperature, oxidation-
resistant coating of the present invention is either formed
thereon in situ, as by plating the metal base with molyb-
denum and then reacting it with silicon and boron, or ap-
plied thereto by mechanical means, as by welding, for
example. Although we have designated the coatings of
the present invention as molybdenum-silicon-boron alloys
or intermetallic compounds, the precise nature of the
coatings or skins has not been determined. It has been
established that in accordance with the methods as de-
scribed in the aforementioned Campbell et al. applica-
tions, alloys or intermetallic compounds are formed be-
tween the molybdenum and the deposited silicon. - The
inclusion of small amounts of boron increases the com-
plexity of the coatings and it appears that the precise na-
ture of the coatings is dependent upon the method em-
ployed in preparing the bodies. Successive deposition of
silicon and boron or boron and silicon produces a coating
or exterior layer having a more complex structure than
the coating or skin produced by simultaneous deposition
of silicon and boron. We therefore do not intend to limit
our invention to a coating consisting solely of true alloys
or intermetallic compounds of molybdenum-silicon-boron.
Our invention contemplates compositions which may con-
sist of such true tertiary alloys or intermetallic compounds
or any other type of alloy or composition including
molybdenum; silicon and boron in the approximate pro-
portions stated: '

We have discovered that the presence of boron in the
molybdenum-silicon coatings or exterior layers as de-
scribed in the aforementioned co-pending applications
vastly increases the protective qualities of the alloy coat-
ing and also substantially eliminates the second type of
failure described hereinbefore; namely, the failure of the
coating at an intermediate temperature zone. The coat-
ings contemplated by our invention contain a small
amount of boron, that is, an amount of from about 2%
up to about 10% by weight, preferably between about
39 and about 7.5%, based on the weight of the skin or
coating.

Boron may be incorporated in our coatings by any de-
sired method. The boron and silicon may be applied to
and alloyed with the molybdenum either independently or
simultaneously.

The boron may be applied to or alloyed with the
molybdenum followed by the application of the silicon
in accordance with the aforementioned co-pending ap-
plications. )

Molybdenum wire having a diameter of about 0.080"
and provided with a molybdenum-silicon-boron skin or
coating by the deposition of boron on the molybdenum
followed by the deposition of silicon has an average life
of about 95 hours when maintained at 1700° C. in air.
The maximum life exhibited by one of a series of such
specimens was 416 hours. Of 20 specimens provided
with the boron-containing exferior layer, only two ex-
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4
hibited a failure at an intermediate temperature zone.
when maintained at 1700° C. in air.

Molybdenum-boron compositions in themselves are of
little protective value, the life of such coating or skin hav-
ing a thickness of 0.003" being about 6 hours at a tem-
perature of 1000° C. o

The same size molybdenum wire provided with a
molybdenum-silicon alloy skin of about 0.001" in thick-
ness has an average life of about 24 hours when main-
tained at a temperature of 1700° C. in air. The max-
imum life exhibited by one of a series of such specimens
was as great as 47 hours. : ‘

The simultaneous deposition of boron and silicon pro-
duces a coating or exterior layer which possesses greater
protective qualities. Coatings produced by the simul-
taneous deposition have exhibited lives in excess of 1,000
hours when maintained at a temperature of 1700° C. in
air. o

The application or deposition of the boron and silicon
may be effected by a vapor deposition process and the

temperature of the molybdenum body may be such as to

promote the alloying action simultaneously with the
deposition. A boron halide or a silicon . halide, .or: a

boron halide and a silicon halide, such as the bromides:

or chlorides, are volatilized and mixed. with hydrogen.
The halide-hydiogen mixture is then brought int6 contact

with the heated molybdenum body.” The body i5 main-.

tained at a temperature sufficiently high to cause a re-
action between the halide and the hydrogen allowing the

boren ‘or silicon, or boron and silicon to plate out on the -

molybdepum body. Since it is desired to produce what
we. have termed an alloy .coating of molybdenum; boron
and silicon, we prefer to maintain the molybdenum body
at a temperature sufficiently high so as to effect an alloy-
ing of or a reaction between the deposited materials and
the surface portions of the molybdenum simultaneously
with the deposition of the boron and silicon. Tempera-
tures from about 1400° C. to about 1800° C. are satis-
factory. In the independent deposition and alloying of.
boron and silicon, the boron may bé deposited on and.
alloyed with the molybdenum surface by maintainnig the
molybdenum at a temperature of about 1600° C. The
silicon is subsequently deposited on and atloyed with the
molybdenum-boron surface at a temperature of -about
1800° C. 1In the simultaneous deposition of boron and
silicon a temperature of about 1600° C. is satisfactory.
The protective qualities of the alloy coatings or skins
are dependent upon the composition: of the coatings or
skins. The composition of the coating or skin is in turn
dependent upon the composition of the halide hydrogen
mixture from which the boron and silicon are derived.
As in the case of the molybdenum-silicon alloys, the

- proportion of silicon in the coatings of this invention

also determines the protective qualities- of the coatings
or skins. Coatings or skins which exhibit the high
protective qualitiés contain combinations of silicon and:
molybdenum containing from about 22.5% to about
47% silicon, particularly about 37% silicon, and com-
bined boron in amounts of about 2 to 10% of the total
weight of the coatings. Calculated on a composition
basis, the coatings or skins contain from- about 15% to
dbout 40% silicon, from about 2% to 10% boron, and
the balance molybdenum. The preferred -coatings con-
tain about 22% silicon, about 5.5% boron, and the
balance molybdenum. The amount of boron in the
coatings has a direct bearing upon the resistance of the
coatings of this invention.
boron deposited is dependent upon the amount of boron
in the halide-hydrogen mixture. The presence of boron
in the coatings or skins in amounts exceeding dbout
109% decreases the life of the coatings. The hydrogen
which is employed should be substantially free of water
vapor or oxygen. The amount of hydrogen present in
the gaseous mixture should be at least sufficient to react
with the halides and an excess amount is preferably pro-

ol

In turn, the amount of
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vided to aid in the removal of the acid vapors which are
formed. :

We have discovered that satisfactory coatings may be
prepared from atmospheres of gaseous mixtures having
molar ratios between silicon tetrachloride and boron
trichloride of from about 2.5:1 to about 18:1 and con-
taining from about 1.5 to 6.0 times the amount of “hy-
drogen theoretically required to reduce the halides. Coat-
ings which have exhibited optimum resistance to oxida-
tion have been obtained from gaseous mixtures wherein
the ratio of silicon tetrachloride to boron trichloride is
about 4.6:1 by volume and having a silicon t6 boron
ratio of about 11.9:1 by weight. The ratio of the
amount of hydrogen in the gaseous mixture to the amount
of .hydrogen theoretically required to reduce the halides
or react with the halides was about 3.6:1.

In the independent deposition and alloying of boron
and silicon with molybdenum, the molybdenum body is
positioned in a suitable chamber which is purged with
hydrogen. The molybdenum body. is then heated to
the - désired plating temperature by any suitable means.
For example, in the coating of wire or rod the wire may
be heated to a temperature of about 1600° C., by passing
an electric current therethrough.. ' The hydrogen is passed
through a boron halide such as boron tribromide. The
boron ftribromide may be maintained at room tempera-
ture and the hydrogen passed through the liquid at the
rate of about 800 cc. per minute. - The resulting gaseous
mixture is then brought into contact with the heated
molybdenum wire or rod. Such gaseous flow is main-
tained for about 5 seconds. The flow of gas is then
interrupted .and the molybdenum body heated to a tem-
perature of about 1800° C. Hydrogen is passed through
a silicon halide such as silicon tetrachloride maintained
at room temperature at about the same rate of flow and
the flow continued for about 8 minutes.
then interrupted and hydrogen may be slowly passed
through the chamber while the coated molybdenum is
cooling.

In the simultaneous deposition, the coating atmosphere
is prepared by passing hydrogen through a silicon halide
such as silicon tetrachloride which may be maintained at
about 0° C. at the rate of about 800 cc. per minute,
and by passing hydrogen through a boron halide such as
boron tribromide maintained at room temperature at the
rate of about 20 cc. per minute. The two gas streams
are then merged and brought into contact with the heated
molybdenum’ which may be at a temperature of about
1600° C. . This gas flow is maintained for about 8 min-
utes: The gas-vapor mixture is then interrupted and
hydrogen passed through the container until the coated
molybdenum has cooled. '

The maintenance of such flow rates and temperatures
for the stated period will produce a coating having a
thickness of the order of 0.002” on a molybdenum wire
having a diameter of about 0.080”. Molybdenum wire
of -this size provided with the exterior layer containing

The gas flow is

10

15

20

25

30

35

40

6

occurs at intermediate temperature zones.. This type of.
failure is in general the type of failure encountered where
the coated ‘molybdenum body is maintained at tempera-
tures of about 1200° C. to about 1400° C. and higher.
The failure generally occurs at a zone where the tem-
perature of the body remains in the neighborhood of
1200° C. to 1400° C., although the maximum tempera-
ture of other portions of the body may be appreciably
higher. The presence of boron thus permits the coated
body to be utilized under conditions whereby the body
attains higher temperatures and protects the body from
failure at the zones maintained in the neighborhood of
about 1300° C. to 1500° C. where the body is.employed
under conditions which result in temperature _gradients.

Our invention is not to be limited to the deposition
of boron and silicon on a molybdenum base by a chemical
reaction, i.e., the reduction of the halides of boron and
silicon by hydrogen, since in accordance with our in-
vention the boron and silicon may be deposited by me-
chanical means, as by brushing or spraying a suspension
of silicon and boron powders on the molybdenum base,
or by a. metallizing operation with-the aid of a metal
spray gun. - No matter how the silicon and boron are
deposited, they are caused to react with the molybdenum
base by a'heat tréatment, as described. o

Nor is our invention to be limited to the in sifu for-
mation of a molybdenum-silicon-boron skin (layer) on a
molybdenum base, since the said skin may be preformed
and applied either to a molybdenum base or to a base
of another metal or alloy such as steel, nickel, titanium,
etc., which is to be protected from high temperature
oxidation, as by mechanical means such as welding and
bonding with a metal,

We claim:

i. The method of forming refractory metal bodies
resistant to oxidation at elevated temperatures which
comprises heating a molybdenum body to a temperature
exceeding about 1400° C., simultaneously depositing
boron and silicon on the body by passing a mixture of hy-
drogen substantially free from water vapor and oxygen

" and vapors of a boron halide and a silicon halide over the

-heated body, and maintaining. the deposited boron and

45

silicon in contact with said heated body until they react
with the surface portions of the body, the molar ratio of
silicon halide to boron halide in said mixture being from
about 2.5:1 to about 18:1, the said mixture containing
hydrogen in an amount of from about 1.5 to about 6

times the amount theoretically required to reduce the -
halides.

50 _ 2. The method of forming refractory metal bodies re-

L1

silicon and boron by such simultaneous deposition and .

alloying ‘has exhibited a life of 1415 hours at 1700° C.
(3100° F.) in air and as high as 134 hours at a tem-
perature of about 1900° C. (3450° F.).

Increasing appreciably the boron content of the vapor-
hydrogen atmosphere.and thereby increasing appreciably
the boron content of the coating substantially decreases
the life of the coating. For example, by doubling the
amount of boron trichloride vapors added to the hydro-
gen-silicon tetrachloride mixture produces a coating on
0.080"” molybdenum wire which has a life of about 0.05
hour at 1700° C. :

It is apparent from the foregoing description that
the presence of boron effects a substantial increase in the
life of the molybdenum-silicon alloy coatings or layers.
The boron-containing coating substantially eliminates the
common failure of molybdenum-silicon coatings which
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sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperature be-
tween about 1600° C. and about 1800° C., simultaneously
depositing boron and silicon on the surface of the body
by passing a mixture of hydrogen substantially free from
water vapor and oxygen and vapors of boron trichloride
and silicon tetrachloride over the heated body, and main-
taining the deposited boron and silicon in contact with
said heated body until they react with the surface portions
of the body, the molar ratio of silicon tetrachloride to
boron trichloride in said mixture being from about 2.5:1
to about 18:1, the said mixture containing hydrogen in
an amount of from about 1.5 to about. 6 times the amount’
theoretically required to reduce the chlorides.

3. The method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperature be-
tween about 1600° C. and about 1800° C., simultaneously
depositing boron and silicon on the surface of the body
by passing a mixture of hydrogen substantially free from
water vapor and oxygen and vapors of boron trichloride
and silicon tetrachloride over the heated body, and main-
taining the deposited boron and silicon in contact with
said heated body until they react with the surface portions
of the body, the molar ratio of silicon tetrachloride to
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boron trichloride in said mixture being about 11.9:1,
the said mixture containing hydrogen in an amount at
least corresponding to that theoretically required to re-
duce the chlorides.

4. A method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperture of
at least about 1400° C., depositing boron on the sur-
face of the body by passing a mixture of hydrogen sub-
stantially free from water vapor and oxygen and of
vapors of a boron halide over the heated body, depositing
silicon on the surface of the body by passing a mixture
of hydrogen substantially free from water vapor and oxy-
gen and of vapors of a silicon halide over the heated
body, the amount of hydrogen present in said mixtures
being at least sufficient to reduce the said halides and the
molar ratios between said silicon halide and said boron
halide varying from about 2.5:1 to about 18:1, and main-
taining the deposited materials in contact with said heated
body until they react with the surface portions of the said
body. v v

5. A ‘method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdeaum body to a temperature of
at least about 1400° C., depositing boron on the surface
of the body by passing a mixture of hydrogen and of
vapors of a boron halide over the heated body, depositing
silicon on the surface of the body by passing a mixture of
hydrogen and of vepors of a silicon halide over the
heated body; the amecunt of hydrogen present in said
mixtures being at least sufficient to reduce the said halides
and the molar ratios between said silicon halide and said
boron halide varying from about 2.5:1 to about 18:1,
and maintaining the deposited materials in contact with
said heated body until they react with the surface portions
of the said body. :

6. A method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperature of
at least about 1400° C., depositing boron on the surface
of the body by passing a mixture of hydrogen substan-
tially free from water vapor and oxygen and of vapors
of boron trichloride over the heated body, depositing
silicon on the surface of the body by passing a mixture
of hydrogen substantially free from water vapor and
oxygen and of vapors of silicon tetrachloride over the
teated body, the amount of hydrogen present in said
mixtures being at least sufficient to reduce the said halides
and the molar ratios between said silicon halide and said
boron halide varying from about 2.5:1 to about 18:1, and
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maintaining the deposited materials in contact with said
heated body uatil they react with the surface portions of
the said body. ) )

7. A method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperature of
at least about 1400° C., simultaneously depositing boron
and silicon on the surface of the body by passing a mix-
ture of hydrogen substantially free from water vapor
and oxygen and of vapors of a boron halide and a silicon
halide over the heated body, the amount of hydrogen
present in said mixtures being at least sufficient to re-
duce the said halides and the molar ratios between said
silicon halide and said boron halide varying from -about
2.5:1 to about 18:1, and maintaining the deposited ma-
terials in contact with said heated body until they react
with the surface portions of the said body.

8. A method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a molybdenum body to a temperature of at
least about 1400° C., simultaneously depositing boron
and silicon on the surface of the body by passing a mix-
ture of hydrogen and cf vapors of a boron halide and a
silicon halide over the heated body, the amount of hy-
drogen present in said mixture being at least sufficient to
reduce the said halides and the molar ratios between said
silicon halide and said boron halide varying from about
2.5:1 to about 18:1, and maintaining the deposited ma-

terials in contact with said heated body until they react.

with the surface porticns of the said body.

- 9. A method of forming refractory metal bodies re-
sistant to oxidation at elevated temperatures which com-
prises heating a2 molybdenum body to a temperature of at
least” about 1400° C., simultaneously depositing boron
and silicon on the surface of the body by passing a mix-
ture of hydrogen substantially free from water vapor and
oxygen and of vapors of boron trichloride and silicon
tetrachloride over the heated body, the amount of hydro-
gen present in said mixtures being at least sufficient to
reduce the said halides and the molar ratios between
said siliccn halide and said boron halide varying from
about 2.5:1 to about 18:1, and maintaining the deposited
materials in contact with said heated body until they re-
act with the surface portions of the said body. '
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