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NATIONAT. ADVISORY COMMITTEE FOR AERCNAUTICS
RESEARCH MEMORANDUM

FABRTCATION AND PROPERTTIES OF HOT-PRESSED
‘ MOLYBDENUM DISILICIDE

By Roger A. Long

SUMMARY

Hot~presged molybdenum disiliclde bodies produced by Industrial
processes &t o ‘temperebure of 2950° +£100° F and a pressure of 3000 +
500 pounds per square inch were investlgaebted. The following charac-
teristics and propertles were cbeerved:

Short-time tensile strength, 1b/eq in.

(°r)

1800 L - [ ] L ] L ] - - L] - - L - L ] * - - - - L ] L] - - - L] -* - 40, om

zooo [ 2 L] L] L ] - - L] L] L] - L] - - . * L] L] - - - L] - - . - - 42 , l 60

2200 L ] L [ ] L ] - - - L ] - L] - - [ ) . L ] L ] L] - - - - L L J L] . - 4‘2 ’ 800

2400 - - L] . . L] - - - * - - L ] - L ] L] - - L3 - - - L] - - L 43—’ 070
Preliminary 100-hour rupbure stress '

at 18000 F, 1b/sq in. o s e & e © s e & =& above 50, Ooo

Compression strength at 80° F, l'b/sq, IN. « ¢« « « &« « « « 350,000
Alr corrosion at 100° to ‘2:8500 F,
grem/(sq cm) (hr) {(meximum). - P D% Ko

Rockwell hardness at room tempersbure. « « « « « « . A=-80 to 4-87
Enocop hardness at room temperature,

(1 xg load). e+ s s+ « e« « s« « 850 Bo 870
Average coefficient of linear thernal expansion

at 80° to 2732° ¥, in./(in.)(°F). « e e e .. 5,1x10-6
m?%g)al conductivity, watts/(sq om) (cm) (°c)

300 - L] - [ ] - L ] - - - - L] L] . - L] - . - - - 0054

1000 . . « . :
Density, gra.m/cm3 (a.verage) . .
Brittleness at room temperature.

¢ o e o & o &« o o 5,90
very high compared with
heat-resisting alloys;

comparable to ceramics

and ceramals

@ & o © e o s+ a s @ -39
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INTRODUCTION

In the NACA research on materlals for high-temperature appli-
cations, the intermetallic compound molybdenum disilicide MoSi, 1is
being Investlgated at the Lewis lsboratory. The fabrication of
molybdenum disilicide specimens by hydrostatic cold-pressing and
gintering is described in reference 1 and dats are presented describ-
ing vhysicel cheracterdstics of the materisl sc prepared. These
molybdenunm disiliclde specimens were prepared in the laboratory in
an effort to eliminate impurities. The present investigatlion was
conducted to determine hot-pressing conditions that might produce
satlsfactory hot-pressed molybdermum disilicide bodles and to evaluste
the properties of the bodles produced by use of these conditions.

Inasmach &g the materlial characteristics obtainable under
Industrial conditions of powder and body preparstion are of
importance, the material Investigated was in large part prepared
by Industrial methods. Preliminary Investigatlons at the Lewls
laboratory served as the basis for specifications to which bodies
were to be made. Molybdenum disillicide powder for the experiments
was compounded by the Electro Metallurgical Divislion of the Union
Cerblde and Carbon Corporation and hot-pressed intc bars by the
Metals Carbldes Corporation. The bars were ground into shapes sult-
able for evaluating the various propertlies of the material.

The methods of powder and body preparation and the following
characteriatles of the hot-pressed bodies observed at the Lewls
leboratory are presented: high-temperature short-time tensile
strength and stress-rupbture strength, high-temperature air-corrosion
resistance, hardness, thermal conductivity, and density. Thermal-
expension data cbtalned by the Nationel Burean of Stendards are also
included. The effects of variations in several of the factors
involved in fabricstion of the materiel are discussed in the sppendix.

Insufficlent date are avallable to compare the strengths of
bodies drepared by cold-pressing and sintering and by hot-pressing.
A comparison is made, however, of the hardnesses and the densities
of bodles prepared by the two methods.

SPECIMEN PREPARATION

The verlous steps detaliled in this section are, in genersal,
presented singularly and represent the conditions that produced the

1360
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speclmens for which data are glven. Veriations in these steps and
the effects of such varietions ere dilscuesed in the appendix with
one exception, which 1s variation in particle size and perticle-size
distribution. The fine-powier materials produced by the use of two
particle-gsize distributions are discussed 1n thils section and are
referred to as "uniform-powder and nomniform-powder molybdenum
disilicide."

Molybdenum Dislllicide Compounding

In the laboratory direct-reactlion process used in preliminary
experiments, an intimate near-stoichiometric mixture (a gram-atomic-
weight ratio of 2.01 parts of silicon to 1 of molybdenum) of fine
(through 325 mesh), 99.85 percent pure elemental powders was heated
to the reaction temperature of approximately 1900° F in an argon or
helium atmosphere at en sbsolute pressure of sbout 1/2 stmosphere.
The product of the leboratory reaction, identified as molybdenum
dleilicide by X-ray diffraction and chemical-enalysis techniques,
was simlilar to the commercisl powder prepared afterwards.

The process by which the molybderum disiliolde powder was com-—
mercially compounded. 1s a modificetion of the direct-reaction process
used at the Tewls laboratory for msking small quantlities of powder.
The commercial powder, composed of 63.44 +0.20-percent molybdemum,
36.45 +0,20-percent silicon, 0.07-percent iron, and 0.1lC0-percent
other impurities by weight, wes furnished in dry gramlar form with
100 percent of the particles passed through & 100-mesh screen and
77 percent through a 325-mesh screen.

Body Fabrication

Bars 0.520 inch square and 3%'—150 7 inches long were formed from
the commercial powder according to the followlng procedure:

Milllng - Molybdenum disilicide powder suspended in methanol
was commimited in a 6-liter chrome-steel ball mill to produce the
particle~-size distrivutions shown in the second apd third columns
of table I. The ball-mill charge comprised approximately 25 pounds

of 7/16-1nch chroame~steel balls, 10 pounds of powder, and 1% quarts

of methanol. Commlinution time was approximately 24 hours to pro-
duce the nonuniform powier and approximetely 48 hours to produce
‘the uniform powder.
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Chemical enalysig of the molybdemum disilicide powder after
the commimmtion process showed the only metallic "impurity” intro-
duced by the milling process to be 0.5« to 1.0~percent irom.

" Drying - The milled powder was partly dried at room tempera-
ture with evaporation of the methancl completed by application of
rediant heat at powder temperatures below 140° F.

Hot-pressing ~ The dry powder was Ppressed in molded fine~graln
graphite dies at a constant pressure of 3000+ SO0 pounds per square
inch and e maximmm temperature of 2950 £100° F. The pressing
gequence comprised the followling steps: application of pressure;
heating, approximetely 8 mimites; bheating at maximum temperature,
approximately 1/2 mimite; release of pressure; cooling (in die),
approxinately 30 minutes.

Specimen Fabriocstion

Specimens of the following types were ground from the hot-
pressed bars with dilamond abrasglve wheels:

Specimen Type

Tenglile, stress-rupbture Cylindrical; test-section diameter,
1/4 in.; conical ends (fig. 1)

Compression Cylindrical; diem., 3/8 in.;
length, 1% in.

Air-corrosion resistance, Rectangular; 1/2 by 1/2 by 1/4 in.
hardneses, density
Thermel conductivity Cylindricel; diam., 1/2 in.; length,
7 in.
Thermal expansion Equilateral prism; sides, 0.4 in.;

length, 2 Iin.

APPARATUS AND PROCEDURE

Metallographic specimens of uniform-~powder and nonuniform-powder
hot -pressed materials, etched with a solution contalnling 17-percent
hydrcchloric acid and 8-percent nitric acid, were photomicrographed
for metelliurgicel examination.

1360
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Short-time tensile strength - Tensile speclmens were pulled to
Practure under the following conditions:

Tenslle machine
TYPLe o« ¢ o o s ¢ o« s s o« o« = o s s o o « o universal; hydraullc
Capecity, 1b. . . . « s e s s s s s e e e e = s = « « 120,000
Lcwsoaleread.ing,lb..................0—6000
Loading rate )
1b/min. . . . e e o s s s s s e s e« s e s s « 3500
1b/(sq in.)(min)(nomine.l) c e s ® e s s e 4 s s e s s« T1L,000

Specimen heating
Heat subPply « « « « ¢ ¢ « » « « platinum resisbance-wire furnace
Temperature conbrol . « « ¢« « » « « « 2ubomatic; series resistor
discontinuously shunted
by temperature controller
Specimen temperabure

megsurement . . . . . o « « thermocouples et both ends of gage
length; bead agelinst speclmen

Time at evaluation temperature }
before application of load, hr. . . . . « .« . 1/2
Evaluation temperatures, °F . . . 80, 1800 2000 2200 and 2400

Preliminary experiments dlctated the need of accurate specimen
alinement. Speclal grips, held by extension arms designed to be
self-elining, were therefore devised (fig. 2). The grip inserts
were made of Inconel "X" alloy or Haynes Stellite Alloy No. 25 depend-
ing on the application, and the grip housings snd the extension
arms of Inconel "X" alloy. The inserts were machlned to close toler-
ances to match the corlcal portlons of the tenslle specimen, but
local deformation of the inserts wes intend.ed. to provid.e fina.l speci-
men alinement.

Permenent deformation of speclimens was determined by measuring
the length between specimen ends before and after evaluvation.
Measurements after fallure were made on those specimens thet fractured
in such a menner ag to permlt reassembly of the fragments.

Stress~-rupbure strength - The equipment (fig. 3) for the deter-
mination of stress-rupbure data includes grips similar to those used
in the tensile-strength evaluetlone. Specimen-alinement procedure
was similar to that of the tenslle-strength evaluetion. The hydraunlic-
type rupbure machine used was d.esigned. for the testing of brittle
materials.
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A preliminary evaluetion wae made by stabilizing specimen tem-
perature at 1800° F; after stabilization, & loeding sequence compris-
ing 100~hour perlods at loads successively higher by increments of
5000 -pounds per squere inch was followed until specimen fracture.

A later evalustion, also &t 1800° F, was made by holding load constanb
until fallure resulted.

Compression strength - Room-temperature compression strength
wes determined by applylng an axisl compressive load to a cylinder of
nomniform-powder materiel having a length-diameter ratio of 3. The
load was applied with the tenslle mechine previously described.

Alr-corroslon resistance =~ The elevated-temperature alr-corrosiom
reslstance of the materilal was evaluated by determining the weight
change produced during exposure of speclimens to high-temperature
freely circulating air in an open~tube resistor-element-type furnace
for successive perlods of time. The speclmens were edge-mounted on
alundum boete and evalusted under the following conditions:

Specimen surface finlsh, microin,, rme « s+ ¢« « o« ¢« ¢ ¢« ¢« « 5 t0 15
Evaluation temperatures, °F. . . « . « » « » 2200, 2450, and 2850
Cumilatlive time at stabllized

temperature, hr'e « ¢ o« « = « o« ¢ « « » » 100, 135, 200, and 300

. Herdness - Specimen macrohardness was measured with a stendard
Rockwell hardness tester using a dlamond indenter and a 60-kilogram
load. This procedure gives a value on the Rockwell A scale, which
is commonly used in the cemented-carbide industry.

Microherdness determinations were made on polished and partly
etched metallographic specimens by the use of a Knoop indenter with a
Tukon hardnees tester at a load of 1 kilogram.

Coefficlent of linear thermsl expansion - Linesr thermal
expansion of a nomniform~powder prism specimen was determined by
the Natlonal Burean of Standards, uelng a unigque dilatometer that
is desoribed in reference 2. The temperature range covered was
26° to 1500° ¢ (80° to 2732° F).

Thermal Conductivity - Thermae) conductiviiy was determined by
the method of reference 3 from measurements of axisal temperature dis-~
tribution and axial heat flow along & cylinder .7 inches long and
1/2 inch in dlameter pressed from nonuniform powder. Axial temper-
ature distribution wes measured by equally speced thermocouples
sllver-goldered to the cylinder surface; heat flow was determined
from messurements of temperature gradlent along a similar cylinder

1360
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of nickel, having a known thermal comductivity, in thermal seriles
wlth the molybdenum disilicide cylinder. Radlel heat loss from
the cylinders was prevented by the method described in reference 3.

Denglty - Density wag determlned by calculeticns based on
measured welghts and computed volumes of specimens.

RESULTS ARD DISCUSSION

Short~time tenslle strength - The observed velues of elevated-
temperature ghort~time tenslile strength are presented in flgure 4
and compered with those of other high~temperature meterials obtained
from references 4 to 8. The comparison shows molybdenum disillcide
40 have superlor short-time tensille strength at temperatures above
approximately 1800° F.

The curves show that the strength of nominiform-powder bodies
is approximstely constent at 42,000 pounds per sguare inch as tem-
perature varies Prom 2000° to 2400° F. The strength of uniform-
powder bodies remalins constant at about 40,000 pounds per square inch
from 1800° to ebout 2200° F; above 2200° F the strength decresses 2
being about one-half as greet at 2400° F. The observed values of
room-temperature strength were probably lower then the actual total
stregges present because of bending stresses set up by noncollinearity
of the grips. These bending stresses were reduced at the higher tem-
peratures by local plastic deformatlion of the grip ilnserts that per- -
mitted uniaxiel loeding of the specimen.

A view of & specimen after a tensile evaluation, presented in
figure 5, is indicative of the brittleness of the material. The
measurements of specimen lengths before experiment end after fracture
(by reassembly of the parts) gave the following values of permenent
elongation:

Evaluation temperature Permanent elongation
(°F) (in.)/(in. total)
specimen length)
Nonuniform Uniform
powdexr powder
80 Undetectable | Undetectable
1800 Undetectable | Undetectable
2000 Undetectable | Undetectable
2200 Undetectable 0,001
2400 Undetectable 005




8 ' . ' ' NACA RM ESOF22 -

It is pomglble that the high rate of loadlng used may bave caused.
observed valves of elongetion to be low. The decrease in strength
of the uniform-powder material at temperstures above 2200° F is
apparently agsoclated wlth the plastic deformations observed, which
were small bub deflnite. The brittleness of the bodles is comparsble
to that of a ceramic or a ceramal.

1380

Photomlcrographs (fig. 6) show hot-pressed molybdermn disilicide
to be a fine-grained material contalning a definite amount of inter-
gramular spheroldal secondary phase, which bas not yet been identi-
fied. ALt high temperatures, the ductile behavior of the uniform-
powder material and the nonductile behavior of the nomuniform-powder
material may be a function of dispersion of the intergranmnlar second.-
ary phase. Thls phase 1s present in both materials but is dispersed
differently In the two materials because of the dlfference in particle
size, as shown in figure 6(b). The secondary phase seems to be a
product of reactlon between the methanol and the disilicide during
the milling aotion. Later experimenta (see appendix) showed that the
phase 1s formed in lesser quantity, but not eliminated, by the use of
benzene as the carrier medium during milling.

A direct comparison between the tensile strength of hot-pressed
molybdenum disilicide, which is reported herein, and the mcdulus-of -~
rupture sbtrength of low denslity, cold-pressed and sintered molybdermm
disiliclide; which is reported in reference 1, cannot be made because
of_the followlng reasons:

(1) Avalladle information indicates that, for a given materisl,
modulus -of -rupture vealues may be from one to three times as great as
tenslle values.

(2) Rate of loading has an appreciable-effect on the strength
values obtained. TInasmuch as the stress rates used in the modulus-~
of=rupture and the tensile evaluations were widely different,
comparisons would be Influenced by this effect.

Neither of these materials is consldered o be -the best that can be
produced by the respective methods.
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Stregg-rupbture date - Specimens of uniform-powder material
broke in tension after the following cummlative applications of
load &t 1800° F:

Toad Time
(1v/sq in.) (br)
Specimen
A B
20,000 100 ——
25,000 100 ——
30,000 100 ———
35,000 3 3

The data obtained indicate that the 100-hour rupture life 1is
somewhat greater than 30,000 pounds per sguare Inch. This value is
approximately three tlmes that for high-temperature glloys reported
in references 4 and S5, and approximately twlce as great as published
values Ffor ceramic materials (reference 7).

Compression strengbth - Room-temperature compreasion strength
of the single specimen evaluated was determined as 350,000 pounds
per square inch. At fallure the gspecimen shattered suddenly, break-
ing into numerous very smell pieces.

Ajr-corrosion reslstance - The following welght changes were
caused by successlve exposures to high«temperature freely circulat-
ing air:

Temperature | Cumulative weight gein, (grems/(sq om)(hr))
(°F) Time
{hr)
100 135 200 300
2200 0.65x10"8| - - |1.0x20-6[0.70%x10~6
2450 3.00 - = «96 .54
2850 -3.67 -3,10x1078| - - - -

The weight gains at temperatures of 2200° and 2450° F were probably
caused by the formation of molybdemm disilicide derivatlves on the
exposed surfeces. Metallographic examination showed (fig. 7) a
definite migration of the secondary phase from the core to the sur-
face of the specimen exposed 135 hours at 2850° F that was not
apparent in specimens exposed at the lower temperatures. ZElectron-

diffraction examination indicated the surface material to be amorphous.
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The welght loss that occurred at 2850° F may be attributeble to
sublimatlon of this phase or to wetting of the supporting boat by
this phase. :

Hardnessg - Rockwell hardnesses of both uniform-powder and
‘nonuniform-powder materials were determined as A-80 to A-~87 and Knoop
hardnesses, using e l-kilogram loed, as 850 to 870. The Knoop values
of microbhardness are considered more representative than the Rockwell
values of mecrohardness; because of the high brititleness of the
gpecimene, the Rockwell indenter caused some indentation crecking,
whereas the Knoop indenter 4id not.

The Rockwell hardrness of molybdenum disilicide specimens pre-

pared by cold-pressing and sintering is reported in reference 1
as 0-57.

Coefficlient of linear thermal expansion - The average coeffi-
clent of linear expanslon of the material, calculated from data
supplied by the Netionel Bureau of Standards (fig. 8), is 5.1x10-6
inch per inch per °F over the temperature range 80° to 2732° F. The
linear thermal expansion is almost ldenticel with thet reported in
reference 2 for corundum (Alzos) parallel with the rhombohedral

axis. Approximate uniformity of thermal expansion over the range
Investigated indlcates no phase transformations.

Thermal conductivity -~ The values presented in figure 9 ghow
that thermel conductivity of molybdenum dieilicide decreases with
increasgse in temperature. Thlse trend is opposite to that reported
for high~temperature glloys in references 4 and 5. The thermal con-
ductivity verles approximately linearly with change in temperature
and is 0.54 watt per square centimeter per centimeter per ©C at
300° F and 0.39 watt per square centimeter per centimeter per °C

Density - Denslty of the uniform-powdexr material was determined
ag 5.87 grams per cublc cenbtimeter and that of the nonuniform-powdexr
material as 5,90 to 5.92 grams per ocublc centimeter, These velues
are 94,07 and 94.53 percent, respectively, of the theoretical density
of molybderum disilicide, 6.24 grams per cublc centimeter, reported
in reference 1. The observed densities are about 70 percent of the
densities of high~temperature alloys in current use.

The density of molybdenum dilsillicide specimems prepared by cold-
pressing and sintering 1s reported in reference 1 as 5.68 grams per
milliYeter.

1360,
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SUMMARY OF RESULTS

Bodles were satisfactorily hot-pressed from uniform and from
nomniform molybdermm disilicide powders at a temperature of 2950°
£100° F and a pressure of 30001500 pounds per squere Inch. Evalu-
ation of the properties of the bodies mey be summarized as follows:

1. At bemperatures above 1800° F, hot-pressed molybdenum
dlgilicide had outstending short-time tensile strength. Bodles
made of powder of nommniform particle size were stronger at temper-
atures above about 2200° F than bodies made of powder of uniform
particle size. Bodles made of powder of nomnlform particle size
had short-time tensile strengths at temperetures bebween 20000 and
2400° F of approximately 42,000 pounds per sguare inch. Specimens
of uniform~particle-size powder showed evidence of ductility above
approximately 2200° F.

2. Preliminary date indicated that the 100-hour rupbure stress
of the mabterial at 1800° F was in excess of 30,000 pounds per square
inch, which is approximately three times that of the strongest high-
temperature alloys now In use.

3. Evaluation of a single specimen indicated. a room-temperature
compression strength of 350,000 pounds per square inch.

4. Alr-corrosion resistance of the material was extremely high;
the weight of small rectengnler specimens changed &t & meximm rate
of only 3.10x10~6 grams per square centimeter per hour during various
exposures of 300 hours at 2200° F, 300 hours at 2450° F, and 135 hours
at 2850° F.

5. The material had a measured Rockwell hardnees of A-80 to
A-87 and a Knoop michrohardness under a load of 1 kilogram of 850 to
870.

6. Average coefflcient of linear thermal expansion of the
material was determined as 5.1X10~6 inch per Inch per °F over the
temperature range of 80° to 27320 F.

Te ' Thermal conductivity of the materisl was determined as 0.54
watt per square centimeter per centimeter per °C at 300° F and 0.39
watt per square centimeter per centimeter per °C at 1000° F.
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8. Denslity of the uniform-powder materisl was determined as
5.87 grams per cublc centlimeter and that of the nomuniform-powder
materiel as 5.90 to 5.92 gramg per cublc centimeter.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.
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APPERDIX

EFFECTS OF FABRICATION VARTABLES ON PROPERTIES OF
HOT -PRESSED MOLYEDENUM DISILICIDE

The effects of change in each fabrication factor were not
determined for each property of the material, but sufficient
informatlion ls avallable to indicabte practical limits of many of
the fectors.

Preparatlion of Molybdenum Dislillicide Powder

Molybdenum disilicide 1s formed with an evolutlon of heat at
a particular actlvation-reaction temperature. In the reaction of
the molybdenum and silicon powders, an excess of silicon (0.5 per-
cent of the stolchliometric proportion) wes used becaunse a&n excess
of one of the elements would tend to produce reaction completeness.
Silicon was chosen as the excessive element because of its smaller
atomic radius and 1ts superior oxldation properties.

Purity of the material produced by the direct-reactlon process

wonld depend in large part on initial purity of the elemental powders.

Completeness of the reactlion i1s dependent on prilior intimate mixing
of the elemental powders.

In initial experiments, the powder mixrbure was heated to the
reaction temperature in an evacuabted tube at an indlicated pressure
of 1 micron. This procedure resulted in & smell emocunt of silicon-
metal voletilizatlon end later reactlons were therefore conducted
in an atmosphere of argon or purified belium at en absclute pressure
of about 1/2 atmosphere. The inert atmosphere was mesintained dur-
ing cooling to prevent possible air corrosion of the compound.

Methanol was first used as the liguid carrier in the milling
of the disilicide compound to the deslred particle size. A degree
of gumminess and sgglcmeration of the dried perticles was cobserved.
Benzene was later substituted for the methanol, end the compound
powders after belng drlied showed no evidence of gumminess oxr
agglomeration. These results indleated 2 possible reaction between
methanol and molybdenum disllicide. This reaction was further
indicated by metallographic examinatlion that showed the presence
of greater amounts of intergremuler secondery phase in material
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prepared with methenol than in materilal prepered with benzene.
Complete evaporation of the benzene was accomplished by maintaining
the powder at temperatures not exceeding 140° F.

Fabrloation of Bodies

The data presented indicate that a powder of fine particle
size produces fabricated bodies of high tensile gtrength. Bodles
were fabricated from coarse powder (teble I) by the procedures
used in fabricating the uniform- snd the normumniform-powder bodles.
The following values were obtelned with coarse-powder bodies:

Evaluation Short<time tenalle Compression
temperature astrength strength
T (Cr) (1b/sq in.) (1b/sq in.)
80 17,350; 18,780; 19,130 210,200
2000 20,430
2200 25,000; 25,800
- 2400 21,500

No deformation of the specimens wes observed. Bodles of coarse-
particle-gize powders can be satisfactorily fabricated, but the
high~temperature strength of such bodles ie about one-helf thet
shown in figure 4 for bodles of fine~-particle-size powders.

Molded graphlte or graphite-clay dles were used successfully
in the Jlaboratory and in commercial hot-pressing of meolybdenum
dlgilicide powder. Mlcroscoplc examination of specimens showed
that the graphlte reaocted with the bodies to & depth of gbout L mil
below the surface. Chemical eanslysis indlicated that carbon content
of the interior portlions of the pressed bodles had not increased
during hot-pressing.

The possible number of combinations of heat, pressure, and
time can be great, but the following ranges ani combinations seem
to be the most eppliceble at present. At low plunger-die pressures
(1000 to 2500 lb%,q in.), pressing temperatures of 3100° to '3200° F
gave satlafactory dense bodles. This temperature range 1s, however,
at the high limit of furmace equipment used in the commercial pro-
duction of cemented carbides. TUse of such hlgh temperatures is
undesirable. A temperature as low as 2600° F could be used satis-
factorily in conjunction with high pressure, the pressure being

1360 -



09¢T

NACA RM ES0F22 15

limited by die-material strength. The témpem‘bure range currently
useble for hot-pressing molybdenum dlsllicide therefore appears to
be that between 2700° and 3000° F.

The pressure reguired for hot-pressing would be that giving a
high degree of compactness within the previously specified tempera-
ture range. Tnvestlgation showed that die pressure, whlch can be
varied between 1000 and 5000 pounds per square inch In order to give
acceptably dense bodies, should increase as temperature ls decreased.

The maximum density to which molybdernum disilicide can be hot-
pressed is of same intereat. The highest density produced in these
experiments was 6.16 grams per cubic centimeter (98.7 percent of
the reported theoretical density of 6.24 gra.ms/c_;m3) and resulted
from use of powder of nomuniform particle size at high values of
tressing temperature and pressure (3100° F and 4480 1b/sq in.).

Density of & hot-pressed body is not at present & specification
that wlll establlish the propertlies or characteristics of molybdenum
disilicide bodies. Establishment of definite relations among body
properties, fabrication variablés, and density will, however, make
density a prime criterion in fubure specifications. The density to
be specified will be that to which bodles can be hot-pressed to
give the desired compromise among the properties of the material.

Swaging

In order to investigate the possibility of working hot-pressed
molybdernum disilicide, attempts were made tec swage rods 0.372 inch
in dilameter and 7 inches long that had been ground from bars 3/8 by
3/8 by 8 inches. The rods, heated to epproximately 3100° F, were
inserted in a rotary swaging machine set to reduce rod diameter
2.75 percent. The swaging action was soc severe that the rods were
instantly "chewed" into many pieces. Examination of the fracture
faces showed them to have the appearance characteristic of fracture
surfaces of brittle materisis. The fallure in sweging may have
been induced by (1) thermal shock of the hot rod by the cooler dies,
(2) insufficient ductility of the msterial to wilthstand the heavy
swaging action, or (3) cleavage action of the intergramnler phase.
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TABIE I - PARIICLE SIZE AND PARTICLE-SIZE DISTRIBUTICN OF

MOLYBDENUM DISTLICIDE POWDERS USED IN

HOT -PRESSED BODIES

Ebzticle gizes determined”by'microscopic method based on

ASTM tentative stendard 1614 (1938)]

Upper limit Percentage of total smailer
(mlcrons) than upper limit
Flne powder Coarse powder
Nonuniform |Uniform

25 100 100 100

i6 98 to 99 100 100

6 80 to 95 100 50

3 — 88 to 99 -
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Figure 1. - Tenslle specimen.

et W

e







NACA RM EBOF22 ’ o . 24

)

Acoold.ng-air tube

1560

| —Grilp Insert

l——Gxrip housing

——Thermocouples

Platimm

heating
element

494=2013

Figure 2, = Apperatug for high-tenmzza@ura tenglle evaluation,






bl

NACA RM EBOF22

C-21770
7-6-48

(2) Furnace in speoimen—a]d.nment position. (b) Furnace in evaluatlion position,
Figure 3. - Stress-rupture machins.
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Figure 5. - Tenslle specimen after fracture.
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Nonuniform powder

Uniform powder

(a) 1150,

6-18-50

» l7-~-percent hydrochloric mnd

70 min

C-26099

Nonuniform powder

Uniform powder

(b) X500.

licide bodles; etchant

8-percent nitric acid; etching time,

Flgure €., - Hot pressed molybdemum disi
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Specimen surface

A B ) C-26098
’ 6-19-50

Flgure 7. - Fhase migratlion in hot-pressed molybdenum dlsilicide after 135 hours et
2850° F. Echant,l0-psrcent sodium hydroxride, 30-percent potassium ferricyanide;
etching time, 30 seconds, X500.
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Cumulative thermal expansion, percent
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Figure 8. - Thermal expansion of hot-pressed molybdenum disilicide. Daba furnished
by Kational Bureau of Standardse.
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