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This invention relates to refractory metals and alloys 
and more particularly to refractory bodies formed pri 
marily of molybdenum or tungsten. 
There is a great demand for refractory metals and al 

loys which are capable of resisting the action of heat, 
particularly in oxidizing atmospheres. As one example 
we may cite the use of such metals and alloys in the 
manufacture of gas turbine blades which are continuous 
ly exposed to high-temperature combustion gases. As an 
other example we may cite the use of such refractory 
metals and alloys in making permanent or reuseable molds 
for casting ferrous metals. In a copending application 
?led in the names of Richard S. Davis, Joan -B. Mattuck 
and John L. Engelke, Serial No. 443,435 ?led March 29, 
1965, now US. Patent 3,286,312, and assigned to the 
same assignee as this application, there is disclosed a 
unique type of mold for casting iron and ferrous alloys 
which may be reused a large number of times. The re 
fractory metal and alloy systems disclosed herein are par 
ticularly well-adapted for forming such molds. 
Among the so-called refractory metals those formed of 

molybdenum or tungsten or the alloys containing one or ' 
both of these are known to possess good structural strength 
and to have relatively high thermal conductivities at 
high temperatures, and in general to possess physical prop 
erties which make them particularly well suited for a 
number of high temperature uses. However, it is necessary 
to protect these metals and alloys from surface oxidation, 
which of course is much accelerated at high tempera 
tures. It has been customary to prevent this surface oxi 
dation and subsequent deterioration of molybdenum and 
tungsten and their alloys by coating the surface with 
a protective coating material such as a silicide. For ex 
ample, molybdenum disilicide is used as a protective 
coating on molybdenum and containing alloys; and tung 
sten zdisilicide has been used to protect tungsten and alloys 
containing it. However, such protective coatings have 
afforded only transitory protection inasmuch as the disili 
cide coatings are lost by virtue of the diffusion of the 
silicon into the metal or alloy onto which they are 
coated. Thus the effectiveness of the coating is lost after 
a relatively short exposure of the coated Substrate body 
to elevated temperatures. It would therefore be desirable 
to have available a refractory metal or alloy system to 
which a protective coating could be applied, the protec 
tive coating being one which was not subject to diffusion 
and hence deterioration. 

It is therefore a primary object of this invention to 
provide a refractory metal or alloy system with a coating 
capable of protecting the system from oxidizing atmos 
pheres at elevated temperatures for an extended period 
of time. It is another object of this invention to provide 
refractory metals and alloys containing large percentages 
of molybdenum and tungsten which have a coating ca— 
pable of protecting them at high temperatures. It is yet 
another object of this invention to provide such a metal 
or alloy system which retains the physical properties of 
the metal or alloy while at the same time being adequate 
ly protected from high temperature oxidizing conditions. 
Other objects of the invention will in part be obvious and 
will in part be apparent hereinafter. 
The invention accordingly comprises the several steps 

and the relation of one or more of such steps with re 

UK 

10 

15 

40 

60 

65 

3,383,235 
Patented May 14, 1968 

ICC 
2 

spect to each of the others, and the article possessing the 
features, properties and the relation of elements which 
are exempli?ed in the following detailed disclosure, and 
the scope of the invention will be indicated in the claims. 
For a fuller understanding of the nature and objects 

of the invention reference should be had to the follow 
ing detailed description taken in connection with the 
accompanying drawings in which 

FIGS. 1-3 represent in diagrammatic form the chemi 
cal processes which a molybdenum substrate body coated 
in accordance with the teachings of the prior art systems 
undergoes over a period of time. 

FIGS. 4 and 5 represent in diagrammatic form the 
chemical processes which a molybdenum substrate body 
coated in accordance with the teaching of this invention 
undergoes over a period of time. 
The objects of this invention are attained through the 

modi?cation of the metal or metal alloy substrate body to 
which the coating of silicide is applied. This modi?cation 
comprises adding to the substrate body material an 
amount of silicon which is equivalent to the silicon content 
of the equilibrium solution concentration of silicon in the 
metal or alloy for the temperature at which it is to be 
exposed during use. Since this amount of silicon forms a 
very small portion of the total weight of the refractory 
metal or alloy, it has little or no influence on the physi 
cal properties of the metal or alloy. However, its pres 
ence prevents the diffusion of the silicon from the coat 
ing into the metal or alloy substrate body and hence 
prevents the deterioration of the coating itself. 

Turning to FIGS. l~3 it will be seen what mechanisms 
are involved in the deterioration of coatings applied to 
refractory metal or alloy substrates when the substrate 
is not modi?ed. Assuming for example that the substrate 
body is pure molybdenum it will be seen that when a 
coating of molybdenum disilicide, MoSiz is applied to it, 
there results a system which may be represented as in 
FIG. 1. Oxidation of this system for several hours at 
elevated temperatures gives rise to a system which is rep 
resented diagrammatically in FIG. 2. There is of course 
no attempt to show relative thicknesses in any of these 
?gures. Under these conditions the silicon in direct contact 
with the oxidizing atmosphere reacts to form a glassy 
continuous ?lm of SiOz while that in the coating under 
the SiO2 later begins to diffuse into the molybdenum, 
forming a series of silicides and establishing a silicon gra 
dient through the coating. With continued heating sub 
stantially all of this silicon diffuses into and throughout 
the molybdenum substrate thus in effect destroying any 
discrete layer of any one of the silicides of molybdenum 
to give the system represented in FIG. 3. Similar sys— 
tems can be drawn for tungsten or for alloys contain 
ing molybdenum, tungsten or both of these refractory 
metals. 
The equilibrium solution concentrations of silicon in 

molybdenum and in tungsten vary with temperature. In 
the case of molybdenum this concentration reaches a 
maximum at about 5 atomic percent of silicon in the 
terminal solid solution at about 2070° C. and in the 
case of tungsten at about 8 atomic percent of silicon at 
about 2250" C. These then represent the maximum 
amount of silicon which must be added to pure molyb~ 
denum and tungsten to modify them in accordance with 
this invention. It will be appreciated that both the molyb 
denum and/or tungsten content of an alloy Will deter 
mine the maximum solution concentration and that the 
temperature at which a refractory metal or alloy is to 
be used will determine the optimum amount of the sili 
con added. It is normally preferable not to add any more 
silicon than that which will just establish the required 
equilibrium conditions, for excess silicon may detract from 
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the desired physical properties of the metal or alloy sub 
strate. In general the preferred range for molybdenum is 
from about 1—5 atomic percent, for tungsten from about 
4 to 8 atomic percent, and for alloys that amount which 
corresponds to the silicon solubility in the alloy at the 
temperatures employed. 
With the addition of the speci?ed amount of silicon to 

the metal or alloy, there results a system such as shown 
diagrammatically for pure molybdenum in FIG. 4, as 
suming that the silicide coating is in the form of Mo3Si. 
The original coating of MoaSi becomes oxidized on the 
surface to form a ?lm of SiO2 as in the case of FIG. 2, 
but no appreciable amount of the silicon diffuses to 
the substrate because of the equilibrium conditions exist 
ing at the interface. Hence, the protective layer of MoaSi 
remains intact even after prolonged heating. This is repre 
sented in FIG. 5. 

‘In ‘forming the modi?ed substrate body of this inven 
tion any suitable technique may be used to incorporate 
the required amount of silicon into the substrate re 
fractory metal or alloy. For example, a physical mixture 
of powdered silicon and molybdenum in the desired ratio 
was mixed and heated in a boron nitride mold at 1000° C. 
in an inert atmosphere for about one-half hour. The 
resulting sin‘tered material had a density between about 
60 and 85% of theoretical density. The sintered material 
was then zone re?ned according to well-known methods 
in an argon atmosphere. The zone re?ned modi?ed molyb 
denum suitable as a substrate material for coating. 

Suitable modi?ed molybdenum can also be made by 
powdered metallurgical techniques such as that described 
in Metal Ind. (London) 75, 411,439 (1949), by diffusing 
the silicon into the metal or alloy which is accomplished 
by coating the substrate body with silicon and heating it, 
or by hot pressing a mixture of powdered silicon and 
molybdenum at a temperature of 1000° C. or higher. 
The coating applied to the modi?ed molybdenum body 

or substrate may be one or more of the molybdenum 
silicides, MosSi, Mo5Si3, or MoSiz. They may be app-lied 
by pack cementation, by vapor deposition, or by dipping 
in liquid silicon. In using the technique of pack cementa 
tion, for example, a mixture of powdered silicon and 
sodium ?uoride is packed around the refractory metal or 
alloy body to be coated and the assembly is heated to 
about 1200° C. while hydrogen gas is passed around it. 
In this treatment silicon ?uoride is ?rst formed which 
then deposits a layer of silicon on the surface ‘which in 
turn reacts ‘with the molybdenum of the substrate body 
to form one or more of the molybdenum silicides. In 
using the vapor deposition technique the substrate body ' 
is exposed to silicon ?uoride and hydrogen vapor under a 
small pressure e.g., a few centimeters. 

IPrestabilization of the oxidation protection coating to 
form Mo3Si may be preferable for many applications. 
This can be done by heat treatment of the coated metal ' 
or alloy at a suitable temperature, near 1400° C., which 
will equilibrate coating and metal or alloy so that a layer 
of MoaSi is formed at least in immediate contact with 
the alloy. The equilibration step may be done in an inert 
atmosphere, in a vacuum, or in an oxidizing atmosphere. 
In an inert atmosphere, a higher temperature may be 
used for equilibration than in vacuum, since the atmos 
phere suppresses any loss of silicon by vaporization. In 
an oxidizing atmosphere preoxidation to form a protec 
tive layer of glassy silica can be accomplished simul 
taneously with formation of Mo3Si. 

Stabilization to Mo3Si may be desirable for those uses 
where the coated substrate body is to be cycled through 
a temperature region where Mo5Si3 and MoSiz are sub 
ject to “pest” failure—i.e., oxidative disintegration. 

vThe silicide coating formed on the modi?ed substrate 
body should preferably be no greater than about 10 mils 
thick. Coatings which are much thicker than this begin 
to in?uence the mechanical properties of the substrate 
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body and normally this is undesirable. For practical pur 
poses, the silicide coatings will usually ‘be at least one 
mil thick. 

It is also within the scope of this invention to construct 
a substrate body, e.g., gas turbine blade, having a core 
of any suitable material (molybdenum metal, tungsten 
metal or other high-temperature metal) on which there 
is a layer of the modi?ed substrate material of this in 
vention. 

There are a number of molybdenum- and tungsten 
containing alloys which are used in high temperature ap 
plications. ‘For example an alloy known as TZM (0.5% 
titanium, 0.08% zirconium and 99.4% molybdenum) is 
well-known and widely used. In modifying this refractory 
alloy for use as a substrate body in accordance with this 
invention, it is necessary to add from 1 to 5 atomic per 
cent silicon based on the solubility of silicon in the alloy. 

In like manner, if tungsten or a tungsten alloy is used 
as the substrate ybody then coatings of one or more of 
the tungsten silicides, WSi2 and W5Si3, are built up as a 
coating by one of the techniques described for the molyb 
denum silicide coatings. These tungsten silicides would 
also be covered with a thin layer of SiOz after oxidation. 
The coated substrate body of this invention has the 

important inherent advantage of “self-healing” or “self 
regenerating.” This is a result of the fact that there is 
always silicon available in the coating for reaction with 
oxygen to ‘form SiOz Where the originally formed SiOz 
may have chipped off. This is possible since with this 
type of substrate one or more of the molybdenum silicides 
is always present at the coating-substrate interface. An 
examination of FIG. 3 shows that this is not the case 
for the prior art systems. 

It will be seen from the above discussion that there is 
provided an improved refractory metal or alloy system 
which is protected against the action of heat and oxidiz 
ing atmospheres for an extended period and which at the 
same time retains the structural properties of the original 
refractory material. The system also provides ‘for re 
generation of the thin protective coating should this be 
necessary. 

It will thus be seen that the objects set forth above, 
among those made apparent from the preceding descrip 
tion, are ei?ciently attained and, since certain changes 
may be made in carrying out the above method and in 
the article set forth without departing from the scope of 
the invention, it is intended that all matter contained in 
the above description or shown in the accompanying 
drawing shall be interpreted as illustrative ‘and not in a 
limiting sense. 

It is also to be understood that the following claims 
are intended to cover all of the generic and speci?c 
features of the invention herein described, and all state 
ments of the scope of the invention which as a matter of 
language might be said to fall therebetween. 
We claim: 
1. A refractory body suitable for use at elevated tem 

peratures in oxidizing conditions, comprising in combina 
tion 

(a) a body substrate containing a refractory metal se 
lected from the group consisting of molybdenum and 
tungsten and having dispersed therethrough a quan 
tity of silicon in an amount substantially equivalent 
to the equilibrium solution concentration of silicon 
in said refractory metal at the temperature at which 
said body is to be used; and 

(b) a coating on the surface of said body substrate of 
at least one of the silicides of said refractory metal. 

2. A refractory body in accordance with claim 1 further 
characterized by having a thin layer of SiO;; covering sub 
stantially the entire surface of said coating. 

3. A refractory body in accordance with claim 1 
wherein said refractory metal is molybdenum and the 
amount of silicon contained in said body substrate ranges 
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between about 1 and 5 atomic percent of said molybde 
num. 

4. A refractory body in accordance with claim 1 
wherein said refractory metal is tungsten and the amount 
of silicon contained in said body substrate ranges between 
about 4 and 8 atomic percent of said tungsten. 

5. A refractory body in accordance with claim 1 
wherein said body substrate is a molybdenum alloy con 
taining small amounts of titanium and zirconium. 

6. A refractory body in accordance with claim 1 
wherein said coating is no greater than 10 mils thick. 

‘7. A refractory body in accordance with claim 3 
wherein said coating contains Mo3Si as its major con 
stituent. 

8. A refractory body in accordance with claim 3 
further characterized by having a thin layer of SiO2 
covering substantially the entire surface of said coating. 

9. A refractory body suitable for use at elevated tem 
peratures in oxidizing conditions, comprising in combina 
tion 

(a) a core; 
(b) a substrate surrounding said core, said substrate 

containing a refractory metal selected from the group 
consisting of molybdenum and tungsten and having 
dispersed therethrough a quantity of silicon in an 
amount substantially equivalent the equilibrium solu 
tion concentration of silicon in said refractory metal 
at the temperature at which said body is to be used; 
and 

(c) a coating on the surface of said body substrate of 
at least one of the silicides of said refractory metal. 

10. A method of making a refractory body, comprising 
the steps of 
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(a) dispersing in a body substrate containing molyb 
denum a quantity of silicon in an amount between 
about 1 and 5 atomic percent of said molybdenum; 
and 

(b) packing said substrate in a mixture of powdered 
silicon and a source of ?uoride ions and heating the 
packed substrate while hydrogen gas is passed around 
it at elevated temperatures thereby to form on the 
surface of said substrate a thin layer of silicon which 
upon further heating reacts with said molybdenum in 
said body substrate to form at least one of the sili 
cides of molybdenum as a surface coating for said 
body substrate. 

11. A method in accordance with claim 10 including 
the step of exposing said coating to an oxidizing atmos 
phere thereby to form on it a substantially continuous 
thin layer of SiOg. 
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