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RESEARCHMEMORANDUM 

FABRIXXPIO~ AND PROPERPIES OFHOT-F-ED 

MOLZBDENUMDISILICIDE 

ByRogerA.Long 

Hcrt;-pressed molybdenum disilioide bodies produced bg industrial 
proceeses at a temperature of 29!50°*1000 Band a pessure of 3OOOf 
!SOO -pounds per square inchwereinvestigetted. The followMgoharao- 
teriatics and properLies were observed: . 
Short-time tensile strengkh, l'b/sq in. 

(W 
1800 . . . . . . . . . . . . . . . . . . . . . . . . . .40,000 ' 
2000 l . l . . . . . . . . . . . . . . . . . . . 0 c 0 0 42,160 

2200......................* l .- 42,800 

2400.......................... B1,070 
FreUminarylOO-hour rupture stress 

. . t . . . at 1800° F, lb/sq in. above 30,000 
Compression strength at 86O.F; ibT=i in: . . . - . . . . 
Air corrosion at 100° to 2850° F, 

350,000 

%ram/(sq cm~(hr)(maximllm). . . . . . . . . . . . . . . 3.1xlO'6 

Rmkwell hardness at room temperature. . . . . . . . A-80 to A-87 
Knoophardness atroom-t;emperatum, 

(lkgload)..................... 85Oto870 
Average coefficient of linear thermal expansion 

at 80° to 2732O F, in./(in.>(°F). . . . . . . . . . . 5.M0-6 
Them& conductivitg, watts/(sq ol?l)(cm)(%) 

300 f.......................... 0.54 
1000 . . l . 

Density, gram/cm (Lvedge): 
g3. . . ::::::::::::::::. ,132 

Brittleness at room temperature. . . . . . very high compared with 
heat-resisting alloys; 
comparable to ceramics 

and ceramale 
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INTRODUCTION 
. 

In the NACA reeearch on material8 for high-temperature appli- 
cations, the intermstallic compound molybdenum disilicide McSi2 is 
being investigated at the Lewis laborat-. The fabrication of 
molybdenum disilioide speoimens by hy&oetatio oold-pressing and 
sintering is described in reference 1 and data are presented desorib- 
ing physical oharaoteristics of the material 80 prepared, These 
molybdenum disilioide speotins were prepared in the laboratory in 
an effort to eliminate impurities. The present investigation was 
conduoted to determine hot-pressing conditions that might produce 
satisfaotory hot-pressed molybdenum disiliolde bodies and to evaluate 
the properLies of the bodies. produced.by use of theee oonditions. 

InasEzch as the material characteristics obtainable under 
induetrial conditions of powder and b&y preparation are of 
importance, the material investigatied,was in large part prepared 
byindustrialmethods. Preliminary investigations at the Lewis 
laboratory eerved as the basis for speoificationa to which bodies 
were to be made, Molybdenum disilicide powder for the experiments 
& ocanpounded by the Electra Metallurgical Division of the Union 
Carbide and Carbon Corporation and hot-preesed into bars by the 
Metals Carbides Corporation. The bars were ground into shapes euit- 
able for evaluating the various properties of the material. 

. 

The methods of powderandbody~eparationandthe following . 
oharaoterietios of--the hot-pressed bodies observed at the Lewis 
laboratory are presented: high-temperature short-tti tensile 
strength and stress-rupture strength, high-temperature air-corrosion 
resistance, hardness, thermal conduotivlty, and density. Thermal- 
ex-pneiondata obtainedby the NationalBureau of Standards axe al&IO 
included. The effeots of variations in several of the factors 
involved in fabrioation of the 'material a?% diecussed in the appendix. 

Insuffioient data are available to compare the strengths of 
bodies premd by oold-pressing and sintering and by hot-pressing. 
A oomwison is made, however, of the hazdneseee and the densities 
of bodies prepared by the two methods. 

SPECIMEN PREP-ON 

The various steps detailed in this section are, in general, 
presented singularly and represent the conditions tyhat produoed the 

I 

. 
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speoim~n~ for which data are given. Variations in these steps and 
the effects of such variations sxe disoussed in the appendix with 
oue exception, which is variation in particls size ati ~iole-size 
distribution. The fiue-powdermaterials prcduoedbythe use of two 
particle-size distributions are discussed in this section and are 
referrsdtoas "anifo~-pawaerandno~fcrrm-~~rmolgbae~ 
disiliaide." 

Molybdenum Dieilioide Ccmpouuding 

In the laboratory direct-reactim proaesa used in preliminary 
experiments, an intimate near-stoichiometrio mfrturs (a gram+3tcmio- 
weight ratio of 2.01 ms of silioon to 1 of molybdenum) of fins 
(through 325 mesh), 99.85 percent prre elemental powders was heated 
tothe reactiontemperature of approximately1SCHY Finanargon or 
helium atmosphere at an absolute pressure of abmt l/2 atmosphere. 
The product of the laboratory rsaotion, identified as molybdenum 
disilioide by X-ray diffraution and ohem~oal-aualysia tebhniques, 
wassimilastotlaeoc~naercialpowaerpreparedaftewards, 

The process by which the'molybdenum dzLsilic%ide powder was coon- 
meroiaUycompouudedis amodification of the dire& -reacticm prccess 
used at the Lewis laboratory for making srmll quantities of powder, 
The commercial powder, composedof 63.44fo.20-percent molybdenum, 
36.45 fg.20~percent silicon, O-07-pement iron, and O.lO-percent 
other impurities by weight, was furnished in dry grauular form with 
100 peroent of the particles passed.through a 100~mesh earsen and 
77 percent thrcugh a 325+neah soraen. 

Body Fabr+oation 

Bars 0.520inch squars and 3$to 7imhes longwere fozmed frcan 
the ccmrmeroial powderacoordingtothe following procsedure: 

Milling -Holybdenumdieilioide powdersuspsndedinmethanol 
was c-outed in a g-liter &moms-steel ball mill to produce the 
particle-size distributions shown in the second and third colusms 
of table I. Theball-mill chszge oomprisedapprcYr-tmately25pm&s 

of 7/16-inch obrcme-steel balls, 1opcllndsofpowder,and~quarts 

of methanol. Ccaminu%icntimawas apprarfmately24hoursto m- 
ducethe nouuniformpowderardapproxima tely 48 hours to prcduoe 
the uniform powder. 

. 
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Chemical analysis of the molybdenum disilioide powder after 
the comminution prooeas showed the only m&alJ.ic "impurity" intro- 
duoed by the milling prooeee to be 0.5- to l.O-percent iron. 

--Drying -Themilled parderwas partlydriedatroomtempera- 
ture with evaporation of the methanol completed by applioation of 
radiant heat at powder temperatures below 1400 F. 

Hot-pressing - The dry powder was pressed in molded fine-grain 
graphite dies at a constant pressure of 30OOf5CO pounds per square 
inohandamaximtuntemperature of295Cti00°F. The pressing 
sequenoe comprisedthe following steps: application of pressure; 
heating, approxkatdy 8 minutes; heatingatmaximumtemperature, 
approximately l/2 minute; release of pressure; cooling (in die), 
approx~tely3Cminutes. 

Speuimen.Fabriaation 

speozme~~~ of the following ty-pzs were ground from the hot- 
pressed bazw with diamond abrasive wheels: 

Speoimen 
Tensile, strsss-ru~ 

Compression 

Ty-pZ 
Cylindrical; test-section diameter, 

l/4 in.; oonical ends (fig. 1) 

Cylindrical; diam., 3/8 in.; 
length, % in. 

Air-comcsion resitstanue, Rectangular; l/2 by l/2 by l/4 fn. 
hardnese, density 

Thermal conduotivity Cylindrical; diam., l/2 in.; len&h, 
7 in. 

Thermal expansion Equilateral prism; sides, 0.4 in.; 
length, 2 in. 

Metallographlo speoimens ofuniform-powderandnonuniform-povxder 
hot-pressed materials, etohed tith a solution oontalning 17-percent 
hydrochloric aoid and 8-percent nitrio aoid, were photomicrographed l 

for met8llurgioal examination. 
. 
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Short-time tensile strength -Tensile speoimenswere @led-to 
. fractureunderthefoKLowingcondition~: 

ii Tensile machine 
0 Type. . . . . . . . . . . . . . . . . . . .universal;hydraulio 

OaFacity, lb. . . . . . . . . . . . . . * . . . . . . . .12O,OOO 
Lcweoalereading,lb. . . . . . . . . . . . . . . . ..O-6000 
Loading rate 

lb/min. . . . . . . . . . . . . .'. . . . . . . . . . . 3500 
lb/(sq in.)(min)(nominsl) . . l . . . . . . . . . . . . ;1,OOO 

specimen heating 
Ekat eu'pply . . . . . . . . . . platinum resistame-wire furnace 
Temperature control . . . . . . . . . automatic; series resistor 

discontinuol.U3ly sheted 
by temperature controller 

Specimen temperature 
measurement . . . . . :. .thermocouples &t both ends of gsge 

length; beadagainstspecimen 
T3me at evaluation temperature 

before ap-plioation of load, hr. . . . . . . . . . . . . . l/2 
Evaluationtempera.tures, 0F . . . 8O,18OO, 2OOO, 2200, and2400 

Preliminary experiments dictated-the need of accurate epecimen 
alfnement. Special gripe, held by extension arms designed to be 
eelf-alining, were therefore devised (fig. 2). The'grip inserts 
were made of Inconel 'k" alloy or Haynee Stellite Alloy No. 25 depend- 
ing onthe application, andthe @?ip hcueings andthe exkension 
arma Of Inoonel 'k" alloy. The inserts were machined to close toler- 
encestomatchthe conical portions of the tensile specimeqbut 
local deformation of the inserts was intended to provide fin&l epeci- 

menalinement. 

Permanent deformation of specir~~ns wae determined by measuring 
the lengthbetween specimenends before andsfter evalnation. 
Measurements after failure were made on those spsoimens that fractured 
in such a manner as to permit reassembly of the fragmxts. 

Stress-rupture strength - The equipnt (fig. 3) for the deter- 
mination of stress-rupture data inoludee grips similar to those used 
in the tensile-strength evaluations. Specimen-alinementprooedurs 
was similar to that of the tensile-strength evaluation. The hydraulic- 
type rupture machine used me designed for the testing of brittle 
nla-teriale. 
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A preliminary evaluation was made by stabilizing specimen tem- 
peram st 1800° F; after stabilization, a loading sequence ocmprIs- 

-3 
‘to 

ing XXI-hour perioas at loads suocessively higher by increments of l-l 
SOOO~pound~ persquare InchwaB followeduntil speo~fraoture. 
A later evGuation, also at 18000 F, 7388 made by holding load constant 
until failure resulted. 

CCmrpreSSiOtl strength - Room-temperature CoIll~reBBiO’II strength 
was determined by apply%ng ian axial ~~pre66ive load to & cylinder of 
nonuniform-powdermaterial havingalength-diameterratio of 3. The 
load '~8s applied with the tensile maohine previously described. 

~r-0OX’3?OBiOD YXSiStaIIUe - The elevated-temperatu air-corrcaion 
reelstame of the material was eve.luated by detemninn the weight 
change produoed daring exposure of apecl~!& to high-t&peratur& 
freely oiroulating air in an open-tube resistor-element-type furnaoe 
for BllO0eBBi~ )?S’iOdB Of ti3M. The specimens were edge-mounted on 
alundum boats and evaluated under the following conditions: 

Speoimen surfaoe finish, microin., rnie . . . . . . . . . . 5 to 15 
Evaluation telII~YX%tl.lreB, 9. . . . . . . . . 2200, 2450, and 2850 
Cumulative time at stabilized 

temperature, hr. . . . . . . . . . . . . 100, 135, 200, and 300 

IEesrdneSB -Specimen,nu3~mh8rdw=66 w&3 measuredtitha standard 
ROCkWell hiWd3leBB tester USi% 13 diamond indenter and a 60-kilogram 
load. This procedure gives avalue onthe Rockwell Ascale, which 
is ocmmonly used in the oemented-carbide industry. 

. 

Miorohardnese determinations wexe made on moliehed and partly 
etched metall~phio spealmene by the uBe of a Snoop indenter with a 
Tukon hardness teeter at a load of 1 kilogram. 

Coefficient of lineas thermal expanBion -Linear thermal 
expanBionofanonunIform-powderpriemspecimen was deter’mhe~ by 
the National Bureau of Standards, ueing a unique dilatcrmeter that 
is deeoribed in referenoe 2. The temperature range coveredwas 
2S" to 1500° C (80° -La 2732O F). 

Therm&l Conductivity - Thermal oonductivity was determined by 
the method of reference 3 from mea surements of axial ix9werature dls- 
tribution and axial heat flow &Long a oylinder ,7 inchee iong and 
l/2 inch in diameter pressed from nonuniform powder. Axial temper- 
ature di6tribution was measured by equally BpeLced thermocouples 
silver-soldered to the cylinder Burface; heat flow wa.~ determined 
frcmme aBurement8 of tem~rrtture gradient along a eimflar cylinder 

. 
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of nickel, having a known thermal oonductivitg, in thermal series 
. with the molybdenum dIeilicide cylinder. IEkdial heat 1066 from 

the cylinders ua~ preventedby the method described in reference 3. 
P 
zi 0 Density - Density waB determined by OalculeLtians based on 

measuredweights &ndoamputedv~B Of BpeCimen~. 

RESULTS AND DISCUSSION 

Short-t- tensile strength - The observed values of elevated- 
temper&tUre shoe-tir@ +K?nBfie strengt;h ~.re presented in figure 4 
and oompared with those of other high-temperature materials obtained 
fromreferences 4 to 8. The ccqarison shows molybdenum dfeilicide 
to have superior short-time tenaile strengbh at temperatures above 
approxima.t;ely1800°F. 

The ourvea show tbt the strength of nonunifom-powder bodies 
is approximately constant at 42,000 pounds per square inoh a~ tem- 
peratuze vexies~from 2000° to 2400° F. The strength of uniform- 
po%der bodies rem&no oonetant at about 40,000 pounds per square inoh 
from 1800° to'about 2200° F; above 2200° F the strength decreases, 
being about one-half a~ m&t at 2400° F. The observed values df 
room-temperature strengthwere probablylowerthenthe autualtotal 
BtreBSeB present because Of bending Btre8BeB eet Up by IlonColltieBZity 
of the grips. These bending stresses were.reduced at the higher tem- 
peratures bylooal pl&BtiC.defo?XIBtioIl of the gripinaetiethatper-. 
mitteduniaxialloading of the specimen. 

Aview of a epecilmenafter 8 ter+le evaluation, presented in 
ffgure 5, is indicative of the brittleness of the material. The 
measurements of speoimenle~hs before experImentandaf%er *ctnre 
(by reasBel.tibly Of the pBz&B) gave the fO=awiIIg due6 Of permghnent 
elongation: 

Permanent elongation 
(in.)/(in. total) 
swoimenlen6&h) 

80 
1800 
2000 
2200 
2400 

Nonuniform U'niform 
powder powder 

Undeteota.ble Undetectable 
Undeteatable Undetectable 
Undetectable Undetectable 
Undetectable 0.001 
Undetectable -005 
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It is possible that the high rats of loading ussd may have ca.uBsd 
observed valves of elongatian to be low. The decrease in strength 
of the uniform-powder nk%erial-at temperatures above 2200° F is 

.E 

apparently aBsociated with the plastic deformaticole observed, which 2 

were small but definite. The brittleness of the bodie6 is comparable 
to that of a ceramic or 8 ceraz&L. 

Photomiorographe (fig. 6) show hot-pressed molybdetx.un disilicide 
to be a fine-grained material containing a definite smount of inter- 
granular spheroidal secondary phase, which has not yet been identi- 
fied. At high temperatures, the ductile behavior of the uniform- 
powder material and the nonductile behavior of the nonuniform-powder 
material may be a function of dispersion of the intergranular seccnd- 
ary phase. This phaBe is present in both materials but is dispersed 
differently in the two materials beoause of the difference in particle 
size, as shown in figurs 6(b). The secondary phase seems to be a 
product of reaotion between the met-&no1 an&the disilicide during 
the milling &otion. Later experiments (see appendix) showed that the 
phaee is formed in lesser-quanit~t noteliminated, by the use of 
benzene &a the carrier medium duri~~miiling. 

Adireoto~son betweenthetenaile strength of hot-preeeed 
molybdenum disilicide, whioh is reported herein, and the modulue4- 
rupture strength of low density, OOld-preSSed and sintered molybdsnum ' 
aisilicide, which is reported in reference 1, cannot be made became 
of-the foXLowWg reasons: . 

(1) Available information indicates that, for 8 given material, 
modulus-of-rupture values may be from one to three times us great as 
tensile values. 

(2) Rate of loading has an appreciable-effeot on the Bt3?8ngth 
values obtained. Inasmuoh as the stress rates used in the modulus- 
of-rupture and the tensile evaluations were widely different, 
comparisona would be influenced by this effect. 

Neither of these materials is considered to be-the best that can be 
produced by the respective nM?thCdB. 
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stress -rupture data - Specimens of uniform-powder mterial 
broke in tension after the following cumulative applications of 
load at 1800° F: 

(lbyz$L) 
Tfnre 
o=) 

Specimen 
A B 

20,000 100 --- 
25,000 100 --- 
30,000 100 --- 
35,000 3 J 3 

The data obtained indicate that the UC-hour rupture life ia 
somewhat greater than 30,000 pounds per square inch. This value is 
apwoximately three times that for high-temperature alloys reported 
in references 4 and 5, and approxima;tely twice as great as published 
value8 for ceramic materials (reference 7). 

. 

Compression stren&h - Room-temperature ccmpression strength 
of the single specimen evaluated was determined as 350,000 pounds 
per square inch. Atfailurethe specilllenshattered8uddenly,break- 
ing into numerous very small pieces. 

. Air-corrosion resistance - The following weight changes were 
caused by successive exposures to high-temperature freely circulat- 
ing air: 

Tem~+eture Cumulative weight gain, (grsms/(sq cm)(hr)) 
Time 
@I 

100 135 200 3OC 

2200 0.65%LO-6 - - l.WO'6 0.7OxlO'6 
2450 3.00 - - .96 .64 
2850 -3.67 -3.10>(10'6-- - _ l 

. 

The weight gains at temperatures of 2200° and 2450° F were probably 
caused by the formation of molybdenum disilicide derivatives on the 
exposed surfaces. Metallographic examination showed (fig. 7) a 
definite mietion of the secondary phase from the oore to the sur- 
face of the specimen exposed 135 hm at 28500 F that was not 
apparent inspecimens exposed at the-lower temperatures. Electron- 
diffraction examination indicated the surface materisltobe amorphous. 
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The ireight loss that occurred at 285Oo F may be attributable to 
sublimation of this phase or to wetting of the supporting boat by 
this phase. 

Hardness -Rockwell bardnesees of both uniform-powder and 
nonuniform-powder materials were determined as A-80 to A-87 and Knoop 
haMnesses, using a l-kilogram load, as 850 to 870. The Snoop values 
ofmiorohadness are oonsideredmore representative than the Rock~ll 
values of macrohardness; beoause of the high brittleness of the 
speoimens, the Roc&wellindenter oaused some indentationcraoking, 
whereas the Knoop indenter did not. 

TheRookwell hardness ofmolybdenumdisilioide epeofmens pre- 
rcd5;y oold-pressing and sIntering is reported in referenoe 1 

- . 

Coefficient of linear thermal expansion - The average ooeffi- 
oient of linear expansion of the material, calculated from data 
supplied by the national Bureau of Standards (fig. 8), is 5.l~lO'~ 
inch per inoh per OF over the temperature range 80° to 2732O F. The 
linear thelsnal expaneion ie almost identical with that reported in 
referenoe 2 for corundum (A1203) parallel vith the rhooibohedral 
axia . Approximate uniformity of thermal expansion over the range 
~uvestigated indioates no phase transformations. 

Thermal oonduotivity - The valuee presented in figure 9 show 
that thermal conductivity of molybdenum disilicide decreases tith 
inorease intemperature. This trend is opposite to that reported 
for high-temperature alloys in references 4 and 5. The thermal cm- 
ductivity varies approximately 1inearILy with change in temperature 
and is 0.54 watt per square centQneter per centimeter per Oc at 
300° F and 0.39 watt per square centimeter per oenttiter per oC 
at lCOO" F. 

Density - Density of the uniform-powder material was determined 
as 5.87 grams per oubig oenttiter and that of the nonuniform-powder 
material as 5.90 to 5.92 grams per oubic oentimeter. These values 
are 94.07 and 94.53 peroent, respectively, of the theoretical density 
of molybdenum disilicide, 6.24 grams per cubic centimeter, reported 
in reference 1. The observed densities are about 70 peroent of the 
densities of high-temperature alloys in current use. 

The density of molybdenum dieilicide epeoimems prepared by oold- 
pressing and stntering is reported in reference 1 as 5.68 grsms per 
millfleter, 

. 
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SUMMARYOFRESULTS 

. 

Bodies were satisfactorily hot-pressed from uniform ati from 
nonuniform molybdenum disilzicide powder% at a temperature of 2950° 
tiOO" F and a pressure of 3000f500 pounds per equere inch. Evalu- 
ation of the properties of the bodies may be auImmrized aa follows: 

1. At temperatures above lSOO" F, hot-pressed molyI&enum 
disilicide had outstanding short-time tensile strength. Bodies 
made of powder of nonnnlform particle size were stronger at temper- 
atures above about 2200° F than bodies made of powder of uniform 
pqticle size. Bodies made of powder of nonuniform partfole size 
had short-time tensile strengths at temperatures between 20000 and 
2400° F of approximately 42,000 pounds per square inch. Speoimena 
of uniform-perticle-size powder showed evidence of ductility above 
approximately 2200° F. 

2. Prelimin8ry'dataindioatedthatthe1OO-hour rupture stress 
of the material at 1800° F was inexcess of 30,000 pounds per square 
inch, which ia approximately three times that of the strongest high- 
temperature alloys now in use. 

3. Evaluation of a ein&e specimen indicated a room-temperature 
ccxnpressionstrength of 350,000 pounds per squaze inch. 

4. Air-corrosionresietance of the. materialwas extremely high; 
theweight of fwsllrectangular specimens ohanSedatamaxIrmu.urate 
of only 3.l..0-9 gram8 per square centimeter per hour during various 
exposures of 3OO,hour8 at 2200° F, 300 hours at 2450° F, and 135 hours 
at 2850' F. 

5. The'material had a measured Rockwell hardnese of A-80 to 
A-87 and a Knoop michro hardness under a load of 1 kilogr8.m of 850 to 
870. 

Average coefficient of linear thermal 
mater% was determined as 5.1fiO-6. 

expaz~ionofthe 
inch per inch per oF over the 

temperature range of..80° to 27320 F. 

7. Thermal conductivity of the material was determined as 0.54 
watt per square centimeter per oentimeter per Oc at 300° F and 0.39 
watt per square centinaeter per centimeterper % at 1000° F. 
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8. Density of the uniform-powder material was determined as 
5.87 grams per cublo centimeter and that of the nonuniform-powder 
material a8 5.90 to 5.92 grems per cubic centimeter. 

Lewis Flight PlPO-plllSiOIl Laboratory, 
National Advisory Committee for Aeronautios, 

Cleveland, Ohio. 

. 
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EilQBCTS OFF~RICA!MONVARUDLES ON PROPERTIES OF . 

HOT-PRES5EDMOLYBDENUMDISILICIDE 

The effect8 of change in each fabrication factor were not 
determined for each property of the material, but sufficient 
information is available to indicate practical limits of many of 
the faotors, 

Preparation of MolybdenumDisilicide Powder 

Molybdenum disilici& is fomd with an evolution of heat at 
a particular activation-reaction temperature. In the reaction of 
themolybdenumaud eilioonpowders, an excess of silicon (0.5 per- 
cent of the stoichiometrio proportion) was used beoause an excess 
of one of the element8 would tend to produoe reaction completeness. 
Silioon was chosen as the excessive element because of its smaller 
atomio radius and its superior oxidation properties. 

Purity of the material poduced by the direct-reaction process 
woulddepeudinlarge part; on initial pzrity of the elemental powders. 
Completeness of the reaction is dependent on prior intkrbate mixing 
of the elemental pow&we. 

In initial experiments, the powder mfxture was heated to the 
rea&iontemperature inanevacuatedtnbeatanindi.oatedpre88ure 
of lmioron. This prwedure resulted ina stil amount of si.lioon- 
metal volatilizationandlaterreactious were therefore canduoted 
in an atmosphere of s.rgon cw purffled helium at en absolute pressure 
of about l/2 atmosphere. The inert atmosphere was maintained dur- 
ing cooling to prevent possible air corrosion of the compound. 

Methanol was first used as the liquid carrier in the millUg 
of the disilicide compound to the desired partiole size. A degree 
of gumminess and agglomeration of the dried partioles was observed. 
Benzene was later substituted for the methanol, and the cm& 
powders after being dried showed no evidence of gumminess or 
agglomeration. These results indicated a possible reaction between 
methanol and molybdenum disiliuide. This reaction was further 
indicatedbymetallographio examinationthat ehowedthe presence 
of greater amounts of intergranular secondary phase in material 
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prepared with methanol than in material prepared with benzene. 
Conrplete evaporation of the bensane was accomplished by maintaining 
the pawder at temperatuR8 not exoeeding 140° F. 

l 

t2 m 

size 
were 

i-i 
Fabrioatlon of Bodies 

The data pre8ented indicate that a powder of fine particle 
produce8 fabricated bcdie8 of high tensile strength. Bodies 
fabri+ed from coarse powder (table I) by the pocedures --- 

USed in fabricating the uniform- and the nonuniform-powder bodies. 
The following values were obtained with ooar8e-powder bodies: 

- 

Evaluation Short-time ten8il.e ColUpre88iOn 
temperature strength 

(9) (lb/sq in.) (Eyiy::.) 
80 17,350; 18,780; 19,130 210,209 

2000 20,430 
2200 25,000; 25,800 

.-- 2400 21,500 

No deformation of the 8peci~ene~was observed. Bodies of ooarse- 
pasrticle-size powder8 oan be 8ati8factorily fabricated, but the 
high-temperature strength of suoh bodies is about one-half that 
shown in figure 4 for bodies of fi~-p8.2-tiole-size powders. 

Molded graphite or graphite-clay dies were used suoce88fully 
in the laboratory and in ConmmQ%ial hot-pressing of molybdenum 
di8ilioide powder. MiCZWSOOpiO examilaation Of SpeCiltLeIl8 showed 
that the grsphite reaoted with the bodies to a depth of about 1 h 
below the surface. Chemical analysis indic-atedthatoarbon content 
of the interior portion8 of the pressed bodies had not increased 
during hot-pressing. 

The po8sible number of combination8 of h8at, pre88ure, and 
tims can be great, but the following ranges and combinations seem 
to be the most a licable at present. Atlowplunger-die preseuree 
(1000 to 2500 lb p" sq in.), pY'ESSiIq3 temper&xres of3lOqo to '3200° F 
gave satisfactory dense bodies. This temperature range is, however, 
at the high limit of furnace equipm8n-t used in the uommercial pro- 
duction of cemented carbides. Use of such high temperature8 is 
undesirable. A temperature as low a8 2600° F could be USed eatis- 
factorily in ConJunction with high pressure, the pressure being 

. 
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limited by die-materisl strength. The temperature me currently 
usable for hOi+preS8ing molybdenum dieilicide therefore appeess to 
be that between2700° and 3000° F. 

The pressure required for hot-pZ%SSing would be that giving a 
high degree of cCmpaotnes8 within the previously specified tempera- 
ture range. Inveetigation showed that die pressure, which can be 
varied between 1000 and 5000 pouds per square inoh in order to give 
acceptably dense b&dies, should increase as temperature is decreased. 

The mar- density to which molybdenum disilioide can be hot- 
preSSed 18 .Of Some inteX?ZSt. The highest deneity produced in these 
experiments u&S 6.16 grsms per cubic centwter (98.7 percent of 
the reported theoretical density of 6.24 grams/cm3) and resulted 
from use of powder of nonuniform psrticle size at high values of 
pressing temperature and pressure (310C" F and 4480 lb/sq in,). 

Density of a hot-pressed body is not at preeent a 8pecifiaation 
that will establish the properties or characteristic8 of molybdenum 
disilicide bodies. Establishment of definite'relations among body 
proRertie8, fabrication vaSiabl&S, and density will, however, make 
density a prime criterion in future specifications. The density to 
be specified will be-that to which bodice can be hot-pressed to 
give the desired compromise among-the properties of the material. 

In order to investigate the pos8ibility of working hot-pressed 
molybdenum dieilicide, attempts were made to swage r&s 0.372 inch 
in diameter and 7 inches long that had been ground frombars 3/8 by 
3/8 by 8 iXl.CheS. The rods, heatedtoapproximatelg 31CC0B, were 
inserted in a rotary awaging machine set to reduce rod diameter 
2.75 peroent. The SwZ@~actionwB8 SOseveXXthatthe rodswere 
instantly fl~hewedft into many pieces. Exsmination of the fracture 
faces showed them to have the appearance characteristic of fracttllle 
surfaces of brittle materials. The failure in8wagingmEtyhave 
been induced by (1) thermal shock of the hot rod by the oooler dies, 
(2) InSufficient ductility of the material to withstand the heavy 
swaging action, or (3) cleavage action of the intergranular phaSe. 
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TABLE1 -PAKcICIJZSIZEAEDPARCICLE-SIZED3STRlBUTIONOF 

MOLYKOENUM DISILICJDE POWDEFS USED IX 

H0T-PRESSEDBODIES 
, 

sizes determined by miCrO8OOpiC method based on 

ASTM tentative at&~ 1614 (1938)l 

Upper limit Percentage of total smaller 
(microns) thanupper limit 

Fine powder Coarse powder 
Nonuniform Uniform 

25 100 100 100 
16 98 to 99 100 100 

6 9g to 95 100 50 
3 --- 98 to 99 --- 

- 
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(a) Fmmaoe In apeoimen-alinement poeition. (b) Wxraaoe In evalustiasl position. 
Figure 3. - stress-rllpttm nrachiae. 
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Molybdenum dleiliaide 

Figure 4. - Short-the tensile strengths or molybdenum dialllolde and sevaral other materiala at 
elevated tmperatwea. Gi 
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Figure 5. - Tensile apecimen after fmoture. 
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(a) Xl50. 

(b) x500. B-IS-50 
Bigur8 6. - Hot maeed mo~bdemnn disilloide bodlee; etohent, ~7-pement hy&ochlnz%o'apb 

8-peroent nitrio acid3 etohlng time, 70 mlmtee. 
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-Specimeneurfacf. 

FIgwe 7. - Phase mtgpation in hot-peas& mol$zdenum ilieilloide after 135 home at 
2850° B. Bhant,lO-percent sodiumhybrorld3, 30-prcentpotaeeiurafetiayanide; 
etohing time, 30 semtie. X300. 
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32 200 400 600 600 1000 1200 1400 1600 1600 2000 2200 2400 2600 2200 
Temperature, 9 

Figure 8. - Thermal expansion ol hot-pressed mCrwbdemm diSiliUid0. Data furnished 
by Rational Bureau of Standards- 



I 
.s- 

500 600 700 
Temperature, 9 

Figure 9. - !r&rrnal conductivity of hot-pressed molybdenum disilioide at VPriOW temperatursr. 
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