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14 United States Patent Office Patented Oct. 31, 1967 

may be readily comminuted into fine powder particles 
suitable for powder metallurgy processing. The reaction 
of the silicon with the molybdenum is exothermic and 
the temperature rises to about 3000" P. The silicon reacts 

5 with the molybdenum throughout the mass and forms 
a new lattice structure. This is shown by X-ray diffrac- 
tiun tests which show the disilicide pattern present, and 
silica. When the reaction is run in a vacuum or a re- 

2 ICIafms. (el. 106-§§) ducing or inert atmosphere, the excess silicon appears 

This is a divisional application of my continuation This inventor has produced the molybdenum disilicide 
applieation Ser. No. 652,358 filed Apr. 12, 1957, en- in powdered form for use in molding various articles 
$titled ''MetiAlic Compounds for Use in High-Temperature by the different methods of powder metallurgy. He ob- 
Applications, now U.S. Patent No. 2,982,619. tained the disilicide in powdered form by mixing one 

Application Ser. NO. 652,358 is a continuation of patent 15 equivalent of powdered molybdenum with two mols 
application Ser. No. 177,548 filed Aug. 3, 1950, for equivalents of powdered silicon (325 mesh size), thor- 
"Metallic Components for Use in High-Temperature Ap- oughly mixing this mixture as in a ball mill, removing 

ns," now abandoned. the mixture from the ball mill and heating the stoichio- 
invention relates to metallic compounds which metrically proportioned fine mixture in air, vacuum or 

are charaeterized by a relatively high melting point, Le., 20 inert gas atmosphere until an exothermic reaction oc- 
relatively high refractoriness, and by resistance to oxida- curred. A suitable vessel of refractory material, such as 
tion and abrasion at elevated temperatures, In particular a crucible or boat of aluqdgm, beryllia, etc., play be 
the invention relates to inter-metallic compounds of si& used for holding the powder mixture which is produced 
won with certain metals of the fourth and sixth groups in the furnace. This reaction took place at about 1900' 
of the periodic table of the elements. More specifically 25 F.+100" F. with a subsequent temperature rise to about 
the invention relates to an inter-metallic compound of 3000" F. The powder was then crushed, ball-milled and 
molybdenum di-silicide and to its properties and uses. leached with concentrated nitric a 

The general object of the invention is to produce an reacted molybdenum metal and 
inter-metallic compound or an intermediate solid soh- acid to remove any molybdenum 
tion of silicon and a metal selected from the group con- 30 necessary when reacting in 3 vacuum or gas atmospheres. 
sisting of uranium, molybdenum, chromium, tungsten, It was found that the silicon volatilized at the reaction 
zirconium, and titanium by a novel method of heat treat- temperature under a vacuum; that it was necessary to 
ment. carry the reaction to completion in a partial pressure 

It is a further object of the invention to produce an atmosphere of argon or helium when such gas was intro- 
inter-metallic compound of silicon with one of the above 35 duced into the vacuum to furnish up to one hqlf $0 t b e e  
defined metals which is relatively refractory and resistant quarters atmospheric pressure. 
to abrasion at high temperatures. The molybdenum disilicide produced by this method 

It is a particular object of the invention to produce was not fused; it was friable and was readily ground to 
an inter-metauic compound of silicon and molybdenum a desired fineness by ball-milling OY other particle reduc- 
in which these components are combined in the stoichio- 40 ing methods. This grinding will be described hereinafter. 
metric proportions of molybdenum di-silicide (MoSi,) . It was also discovered that a mass of high-purity paw- 

It is an additional object of the invention to produce der of molybdenum disilicide (MoSiz), fine particles, with- 
a di-silicide of molybdenum which by methods of powder out addition of any generally used binder substances: such 
metallurgy may be molded and shaped into products that as, cobalt, nickel, or the like, will when compactedynder 
are resistant to oxidation, are of accurate dimensions 45 pressure and heat by knOwp powder metaUurgical tech- 
and relatively high fnechanical strength. niques yield a cemented body of substantially m e  mo- 

An object also is to provide a composition formed by lybdenum disilicide (MoSi?) exhibiting extremely &Sir- 
a mixture of a di-silicide of a selected from the able hot, physical and mechanical properties, which com- 
group consisting of uranium, molybdenum, chromium, 5o bined with its superior corrosion resistance makes it ideal 
tungsten, zirconium, and titanium, other metals, for applications such as gas-turbine buckets, flame holders 
semi-metais, oxides, carbides, borides or other silicides. and the like. 

An additional object of the invention is to produce a This kventor produced the disilicides of metals other 
compound of silicon having high corrosion and wear- than molyb an by this direct reaction method. In par- 
resistant properties. ed the disilicides of uranium, chromium, 

Prior scientific and patent literature contains various an, and titanium. These silicides vary 
suggestions for the production of molybdenum disilicide. from one to the other in their physical properties and 
However, as far as the inventor is aware, there was not construction. They vary in refractoriness and in resist- 
available up to the present time a simple process for ance to oxidation at high temperature, But 811 are useful 
pro$ucing molybdenum disilicide of relatively high pu- 60 in certain applica~ops, 
rity in a form in which it could be readily comminuted These disilicides may be wnsidered as being inter- 
into fine particles for use in praducing by powder-metal- m t d l i c  compmmck or metal compound phases. Broadly 
lurgy technique &ped cemented bodies of great hot they are intermediate solid wlutions some of which have 
strength and corrosion resistance. wide and other narrow ranges of homogeneity. Since true 

The present invention is based on the discovery that, 65 intermetallic compounds have narrow ranges of homo- 
when a stoichiometrically proportioned intimate mixture geneity and simple stoichiometric proportions with atoms 
of fine particles of molybdenum and silicon, correspond- of identical kinds occupying identical points on the lat- 
ing to the formula M&i2, is heated to an elevated tem- tice, all of the disilicides of this invention cannot be 
perature of about 2000" F., which is well below the classed as true intermetallic compounds. They are all in- 
melting point of these components, a reaction takes place yo termediate solid solutions and some of them, for exam- 
between them which resuch in the production of rela- ple, US&, WSi,, TiSiz, CrSi., and ZrS& may be of either 
tiveiy pure molybdenum disilicide in a friable form which type, particularly ZrSiz and TiSiz which apparently have 
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Test data indicates that as regards to strength at least wide range of homogeneity and can contain excessive 
silicon and/or excessive zirconium in solution with the 90 percent of the particles must be less than 6 microns 
disilicide. in diameter. 

The use of these powdered disilicides is extensive. They The powder upon removal from the ball mill must be 
may be used as a protective coating on other metal bases 5 completely dried and when necessary leached with dilute 
to inhibit oxidation of such bases at elevated temperatures, hydrochloric acid to remove metalliciron which may have 
or they may be used as metallic powders either alone or been picked up during ball milling. 
alloyed with other metals or semi-metals to form articles The powder is then pressed to the shape desired by the 
of simple or relatively complicated shape by the methods use of graphite form molds. The temperature used for hot 
of powder metallurgy. pressing may vary between 2600" F. and 3100" F. Because 

As a protective coating on other metallic bases, molyb- of commercial limitations it is more practicable to use 
denum disilicide may preferably be applied in one of temperatures within the range of 2700" F. to 3000" F. 
three ways: The pressure used for hot pressing may be varied gen- 

(1) As a coating on molybdenum, silicon is applied as erally from 500 to 7000 pounds per square inch depending 
a coating on a piece of molybdenum, the coated piece is 15 upon the strength of the graphite dies and the temperature 
then heated to a temperature at which diffusion occurs, used for pressing. The relative brittleness of the disilicide, 
and the silicon diffuses into the molybdenum thereby however, increases with increase in the applied pressure 
forming a strong bond for the coating to the base metal. to the maximum allowable with the graphite dies. It is 

(2) The application of a disilicide of one of the metals therefore more desirable to use pressures near the means 
of the above defined group, for instance, molybdenum di, 20 of the pressure limits for reasons of cost as well as less 
silicide as a protective coating on the surface of a base brittleness. The density of the disilicide also generally in- 
material, The coating is applied by spraying the powdered creases with the pressure and a pressure of from 1000 to 
disilicide by means of a powdered metal spray gun in an 2000 pounds per square inch is required to obtain a den- 
atmosphere of helium, argon, nitrogen, or hydrogen under sity of over 5.0 grams per cubic centimeter when using 
a pressure of from five to eight atmospheres and sub- 25 fine powder (90% less than 6 microns). 
sequently diffusing the disilicide into the base material in Prolonged soaking at the temperature of hot pressing 
an inert gas atmosphere or vacuum. increases slightly the shock resistance or toughness of the 

(3) The disilicide is worked Up in a carrier medium and disilicide at room temperature. Pressing and soaking at 
applied as a brush coat on the surface of the base metal. temperatures of 290O0-320O0 F. have a greater effect on 
The coated metal is then baked at a high temperature in 30 shock resistance or toughness of pieces than on samples 
an inert atmosphere Or vacuum to diffuse the disilicide pressed and soaked at lower pressing temperatures. Ap- 
into the surface of the base metal thereby forming a strong parently the pressing temperature is the effective variable 
bond for the disilicide coating. in the control of this physical characteristic. 

The fabrication of the powdered disilicides of the group The fractured disilicide, when hot pressed under the 
of metals above defined, and of molybdenum in PartiCUla?; 35 optimum conditions of temperature, pressure, particle size 
can be accomplished by a number of methods for example and particle size distribution, has a fine grained, silky, 
as follows: satiny luster similar to that obtained when hot-pressed 

cemented tungsten carbide is fractured. 
The density of the hot pressed disilicide may be varied 

40 over the range of from 5.00 to about 6.15 grams per cubic 
centimeter by variation in the following physical charac- 
teristics of the components and factors in the method of 

3 

(1) Cold pressing and sintering 
(2) Hot pressing 
( 3 )  Vacuum casting 
( 4 )  Hot coining 
( 5 )  Swaging and rolling pressing: 

The formed material can be machined and brazed to 45 

(1)- Grinding, diamond or gravity fed silicon carbide 

(2)-Machining, using carbide tools (only when in a 

(3) Brazing, using silver, copper or colomonoy alloys. 

(a) Particle size. 
(b) Particle size distribution. 
(c) Pressure. 
(d) Temperature of hot pressing. 

The density for maximum strength properties varied 
between 5.80 and 6.15 grams per cubic centimeter with 
5.80 to 5.95 being the more desirable density figure. The 
high density limit may be attained by: 

(a) A fine particle size with non-uniform particle size 

(b) A greater hot press pressure and a higher hot press 

(c) A combination of both. 
The low limit of density may be attained by: 
(a) A very uniform fine particle size (100 percent less 

than 6 microns in diameter with 90 percent less than 
3 microns). 

(b) A lower hot pressure and a lower hot press tem- 
perature or 

(c) A combination of both. 
Reference to Table 2 shows that the density of the 

disilicide can be vaned by merely varying the particle size 
and the particle size distribution and that with a decrease 
in density due to an increase in fineness of particle size 

70 and a more uniform particle size distribution there is 
a drop in the ultimate breaking strength at the same 
temperature. 

The above described hot-press procedures have been 
used for making various fabricated parts, such as flame- 

the +$a1 required forms by methods such as: 

wheel: 

partially sintered condition). 50 

Production of articles by the hot press method 

The disilicides of the metals above defined may also be 55 distribution. 
molded and shaped in powdered form by the "hot press 
method." In particular molybdenum disilicide, which may 
be prepared with a purity of about 99.8%, may be molded 
by this method. For successful use in this method of 
pressing, the powder must be ground to a fine state of 60 
subdivision. This reduction in particle size is preferably 
accomplished by wet ball milling of the powder in an 
alcohol or acetone medium for control. 

This inventor has found that if maximum high-tempera- 
ture properties are desired, the particle size of the pow- 65 
dered disilicide for hot pressing and probably for the other 
methods herein described, should be as follows: 

TABLE I 

Particle Size, Percent of 
microns Total 

6-25 90-100 0- 10 

temperature or 

75 holder plates, turbine blades and bars. 
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creases above 2200" F. and fhe ductility increases 
provided the particle size is 100 percent less than 6 
microns and uniform in distribution (90 percent to 
95 percent less than 3 microns in diameter). 

Ductility is an imfjortant characteristic in many appli- 
caff6fis an& uses of fhis maferial. This is the property 
w decreases the "notch" sensitivity, relieves initial 
tliefmal sfresses, and facilifates commercial handling. It 

5 
Mechanical properties at room alad elevated temperatures 

of hot-pressed molybdenum disilicide 

In the followirlg fable afe given test! data on the change 
in ultimate breaking strength from that at room tempera- 
ture to that at 1800", 2000", 2200", and 2400" F. on 
rods of molybdenum disilicide which were formed by the 
hot-press method and which varied in partide size and 
particle size clistributioii as indicated. 

Test 
Temperature 

of- 

TABLE 2 

Particle Size 
(MieromprC Cbunt) 

Ultimate Total 
Breaking Elongation, 
Strength, percent 

p.s.i. in 3" 
I I- 

€Loom Temp. 
100 
2Ob 
300 
400 
$00 
600 
700 
800 
900 

> r,ooo 
1 100 

1,300 
1,400 ' 1,500 

r:zoo 

5.93-5.94 

5.93-5.94 
5.93-5.94 
5.93-5.94 
5.93-5.94 
5.90-5.92 
5.90-5.92 
5.90-5.92 
5.90-5.92 

5.87 
5.87 
5.87 
5.87 
5.87 

0.00 1.35 
.04 1.21 
.12 1.09 
.20 .97 
.29 .86 
.38 .75 
.47 .66 
.56 .56 
.65 .46 
.74 .38 
-85  . a 9  
. 9 5  .20 

1.06 .I2 
1.16 .05 
1.26 -. 02 
1.36 -. 08 

I 

99.8 I Room Temp.-l 19,130 

18,500 
20 ooo 
21: 500' 

>21,230 , 
42,160 
42,650 

>34,900 
29,600 
40,050 
41 800 

21' 000 

37' OOO 
22: 000 

Not detect- 

D a. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

0.1 percent. 
0.5 percent. 

able. 

1 Broke in grip collet. 
2 Pu€led through the high temperature grips. 

Note.-%@ increase in elevated tempefature tens31e 
strength born the strength at room temperature is due to 
better alignment and fit of all gri 

as the femperature in- 
very little and ndt de- 

(a) Better alignment and fit of all grip material and 

(b) An increase in ductility of the disilicide. In other 
the specimen. 

words tliis table shows generalry that: 
As the paftkle size' decreases, 

(a) The eleTat'ed temperature breaking strbngtEi in- 

(by The ductility increases. 
cc) The density decreases slightly. 

creases. 

(b) The ductility at elevated temperatures inmeasex-. 
(c) The density tends ro &ecre&sse slightly for similar 

In general it may be- coacluded from the d a b  in Table 

(a) The ultimate b a k i n g  strt?ngt& of fh6 matmi 

pressing conditions. 

2 fhat: 

mains approximately constant from room tempera- 
mre to 2400"' F. provided' thar the- parl'3cre Size ai16 
particle size distribution are as tliat shdwxi'in Table 1. 

(b) The ductility of the material increases at elevated 
temperatures provided that particle size and particle 
size distribution are as shown in Line 1, Table 1. 

(c) The ultimate breaking strength of the material de- 

must be noted, however, tha$ increase in ductility is ac- 
companied by a decrease in high temperature strength, 
and that ductility at room temperature cannot be detected. 

35 Thermal expansion 
Deterfination of the cumulative thermal' edpansion of 

triangular prisms of molybdenum disilicide was made 
through the tempemture range of room temperature to 

4o 1500" G. fdlowed by a reverse determination of from 
1500" C. to room temperature. The particle size of the 
sample is  as shown in Table 1. The density of the sample 
was 5.93 to 5.94 grams per cubic centimeter. The test 
results are given in Table 3. 

TABLE ~.-LIN&&R THBRMAL EXPANSION-CU- 
MULATIVE PERCENT _ _  45 

50 

55 

60 

1,500 
1 400 
1: 300 
1,200 
1,100 
100 
900 
800 
700 
600 
500 
400 
300 
200 
100 

Roo& Temp. 

It fs nofed tliat the material had a linear shrinkage of 
65 .OB percent upon cooling to room temperature. This is due 

to an ad'ditional sinter.ing action occasioned by the heating 
to 15'00" c. 

Air corfiosion properties 

This inventor has found that molyBdenum disilicide 
is m y  re&&m& to ccwosion,. ire. oxidation in air at ele- 
vated temperatures. Pieces of this disilicide of (known area 
were held in a furnace, in an atmosphere of air, at tem- 
peratures of 221101" F., 2450" F., and 2850" E, for 100 

75 hour, 200 hour, and 300 hour periods of time. The pieces 

70 



Temperature, F. 

2,200 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
2 450 1- _ _ _ _ _ _  _ _  _ _ _ _  ~ _ _ _ _ _ _ _ _  
2:860 s- - _ _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _  

Rate, gm./cm.a hr. 5 Non-metallic additions ( 2 )  
The use of molybdenum disilicide as a binder metal 

for very high temperature 'applications (3000" F. to 5OOO" 
100 hours 200 hours 300 hours 

0.66Xlba 1.OXlO 8 0.7XlG-8 With compounds as beqHiay and the 
3.oxio-8 0.96~10-8 0.64~10-8 metal carbides is practical. 

3.67X10-0 8 3.lXlO 6 _ _ _ _ _ _ _ _ _ _ _ _ _ _  Tests were run using Be0 (Beryllia) and AzOs (Alum- 

Concentration-------- 

Concentrated --......- 10% _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

an amount sufficient to bind the particles of alumina and 
EN08 HF I3nSO4 EC1 NaOH 50 beryllia together up to about 25 percent of the weight of 

the body. 
O.ooo4 0.010 0.0012 0.0005 0.0001 2' As an Of a body characterized 

by relatively high refractoriness, resistance to corrosion 
O.ooo6 0.0034 0.0019 0.0006 0.0012 


