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FOREWORD

This report concerns the work of R. E. Wilson,
M. T, Curran, J. F. Grant, Research Associates, and
J. R. Tinklepaugh, Project Director, at the New York
State College of Ceramics, Alfred University, Alfred,
New York. The work was accomplished under the direc-
tion of Dr. W. G. Lawrence, Chairman, Department of
Research, and Dr. M, Tuttle was a Consultant.

The report summarizes research during the period
1 January 1955 to 31 December 1955 in which studies
were continued on the metal bonding of silicon carbide
and the factors effecting densification of self-bonded
hot pressed silicon carbide. Prior studies were re-
ported in WADC Technical Reports 53-5 and 54-~38, Parts
1 and 2. The investigation of silicon carbide is ter-
minated with this report.

The work was accomplished under Contract No,
AF33(038)16190; administered under the direction of
the Aeronautical Hesearch Laboratory with Mr. Murray
A, Schwartz as project engineer and is identified under
Task No. 70634, "High Temperature and High Stress
Characteristics of Ceramics and Cermets", Project 7350,
"Ceramic and Cermet Materials,”
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ABSTRACT

Aluminum and iron, added in amounts of one to
three percent, had a marked effect on the density
achieved in hot pressing silicon carbide. Several
other elements had minor effects. The Al,0,-81iC,
Cr3C2-3iC and ZrB,-SiC systems were studied briefly
and the ZrBp-5iC compositions showed some promise
for use in uncooled rocket nozzles.

Molybdenum-SiC compositions were investigated in
detail and it was found that Mo,CSi, was the reaction
product bond resulting from this cofbination. Mo, CSi

was synthesized and used as the aggregate in a nickel
bonded cermet.

Three compositions were selected from those studied
for evaluation as rocket nozzle materials by the Bell
Aircraft Corporation.

PUBLICATION REVIEW
This report has been reviewed and is approved.

FOR THE COMMANDER:

ALDRO LINGARD
Colcnel, USAF

Chief, Aeronautical Laboratory
Directorate of Research
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T, INTRODUCTION

Silicon carbide 1s availlable commercially in any
quantity desired at a very low price compared to all
other carbidese It is used in high temperature appli-
catlons by the industry in various forms, bonded by
many different materials Including: clay, sillicon,
silicon nitride, carbon and various ceramic blnderse

When bonded by any of these binders the product
is an excellent refractory materlal for many appllica=-
tions but the strength of the material is too low for
some high stress - high temperature requlrements in
alrcraft power plantse

The work described in this report 1s a continua-
tion of/i7se rch described in three previous publica-
tions.L/2 The work over the four year period involved
two general approaches to the development of a strong,
high tempsrature, silicon carbide material:

(1) The formation of dense, self~bonded silicon
carbidee

(2) The bonding of silicon carbide by various
metals, silicides, carbides and oxidese.

I/ AT1Tegro, He Asy Tinklepaugh, Je Re, "Investigation
of the Bonding of Silicon Carbide by Metals," WADC
Technical Report 53«5, January 1953, N.Ye. State
College of Ceramics, Alfred Universityes

2/ Alliegro, R. Ae, Coffin, L. Be, Tinklepaughy Je Re,
"Motal and Self-Bonded Silicon Carbide," WADC
Technical Report 54~38, Part 1, January 1954, Ne¥Yo
State College of Ceramics, Alfred Universitys

3/ Wilson, Re Ee,Coffin, Le B, Tinklepau§h, Je Rey
"Metal and Self-Bonded Silicon Carbide" WADC
Technical Report 5438, Part 2, January 19565,

N.Ye State College of Ceramics, Alfred Universitye
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In the first publication;( thermodynamic calcula-
tions were made to predict the reactions that would
occur between various metals and silicon carbidee This
work was supplemented and confirmed by wettability
studies and x~-ray diffraction-metallographic examina-
tions of reaction zones. The first eXperiments in the
hot pressing of relatively pure silicon carbide to high
densities were reportede

In the second reportgz techmiques were disclosed
for the hot pressing of silicon carbide to densities
in the 97 to 98% of theoretical density range using
both alpha (commercial grain) and beta (synthesized
in the laboratory) silicon carbides A mors uniform
density was obtailned using the beta graine Densities
of this order had not previously been reportede.

Silicon carbide bonded by Cr:Mo {1:1) was described
having a room temperature modulus of rupture strength
of 314000 psie The bonding of silicon carbide by in-
filtrating a porous carbide structure with Hastalloy C
under pressure was reported.

In the third publicationéz the influence of small
additions or contamination (in the silicon) of aluminum
on the hot pressing of dense silicon carbide was dise
closede It was found that the strength of dense self-
bonded silicon carbide increased with temperature to
69,000 psi, modulus of ruptwre, at 2500°Fe Initial
tests of dense silicon carbide in the laboratory rocket
test stand disclosed that the material had much higher
resistance to flame erosion than any material previously
tested (ineluding Alfred 410 and Niafrax) but was sensie
tive to failure by thermal shocke

A molybdenum-silicon carbide cermet was studied
which had a modulus of ruptwe of 70,000 psi at 1800°F.
The partial substitution of titanium carbide for silicon
carbide in such cermets was unsuccessfuls

The present report brings this study of silicon
carbide to a closes. The sensitlvity of dense silicon
carbide to thermal shock failure in rocket nozzles was
relieved partially by adding alumina and zirconium di-
boride to the carbide.
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None of the metal bonded silicon carbide cermets
developed were sufficliently thermal shock and impact
resistant to warrant testlng of blade shapes for eventual
application in turbojet power plants.

The study was completed by the preparation of thres
compositions in the form of hot pressed nozzle inserts
which were inserted in the throats of Alfred 410 nozzles
for testing by the Bell Ailrcraft Corporatione

IT DENSE SILICON CARBIDE AND TWO
COMPONENT SYSTEMS

Ae Properties of Hot Pressed Beta Silicon Carbide
With Various Metallic Additions

The effect of aluminum in amounts verying from 1 to
5% by weight on the production of uniformly dense silicon
carbide had been noted previouslye It was conceivable
that other elements might also markedly effect the forma-
tion of dense silicon carbide. In these experiments the
beta silicon carbide process was ugsede This involved the
synthesis of beta silicon carbide from silicon and carbon
by heating mixed powder to approximately 29009F, followed
by hot pressing the gralin thus formed at a temperature of
3900°F, converting the beta to alpha silicon carbide in
the processe

(1} Procedure: To study the effect of several
elements on the hot pressing of silicon carblde, three
mole percent each of eighteen metals were substituted for
a corresponding percent of silicon ln the silicon=carbon
batch from which the beta slilicon carbide was synthesizeds:
Similar mixtures were prepared in which, in addition to
the three mole substitutions, a one mole percent substl-
tution of aluminum was includeds

The elements substituted arse listed in Table I with
weight percent indicated as well as mole percente

These batches, consisting of carbon, sillicon and
the added elements, were thoroughly mixed, packed in
a graphite container in an induction heated furnace,
and heated to approximately 2900°Fe At this temperature
the beta, or cubic, form of slilicon carbide 1s formedes
The resulting grain was very fine. The beta silicon
carbide was treated to remove excess carbon by floata-
tion and with nitric and hydroflouric acids to remove
the excess silicon.
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TABIE T

SUBSTITUTIONS FOR SILICON IN THE SILICON=-CARBON
BETA SILICON CAREBIDE BATCH

Element Element ‘Substituted Eloment Substituted With

Alone Alumlinum
' Element Aluminum

Mole Wte % Mole Wte % WE. % Nole

A % £

Aluminum S0 2402 - - o 1.0
Iron 3«0 4,07 S0 4,07 Oe65 10
Lithium 3«0 0.53 340 0eH3 0.68 1.0
Boron 30 0«82 360 081 QO+64 loo
Barium 3.0 Qe48 360 8e51 0.62 1.0
Magnesium 3.0 l.82 340 1.82 0«67 1.0
Manganese 3.0 4,02 30 4,02 0.66 1.0
Mol‘ybdenum S0 4,77 3«0 4,75 065 l.0
Zirconium 30 &.50 30 6«50 Q.64 1.0
Strontium 3.0 6.23 30 6427 0.64 1.0
Cobalt D0 4,28 30 4428 Oe66 1.0
Chromium 3.0 3481 30 3.82 Qe66 100
Titanium 30 3452 340 3453 Q.66 1.0
Calcium 340 2497 3.0 2497 0,67 1.0
Tantalum 3.0 12.12 3.0 12.13 060 1.0
Tungsten 3«0 12630 3.0 124,30 0.80 1.0
Nickel 340 4.28 3.0 4,29 0.64 1.0
Copper 30 3«81 360 3«82 0.66 1.0
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Hot pressing was accomplished in graphite dies
using 8000 psi and heating to a maximum temperature
of 3900°F.

(2) Results: The densities, porosities and in
come cases, the resistivitles of the carbides contain-
ing the various substitutions are listed in Table II.
A graphic plot of the denslties is shown in Fige. le
The density obtalned by pressing pure beta silicon
alone was used for comparison purposes in the graphse

(3) Discussion of Resultss: It is evident from
Fige 1 and Table II that some elements substituted
for silicon in amounts of three mole percent in the
beta silicon carbide batch had a beneficlal effect on
the density obtalned In the subsequent hot pressinge
These elements were boron, nickel, lithium, calcium,
chromium, iron and aluminume. When one mole percent
of aluminum was also present, zirconium, boron, and iron
had a marked effecte The most uniform, high density was
obtained with the iron=sluminum combinationes

The specific resistance data, included in Table II,
showed a fairly wide change in resistance with the various
substitutionse The increase in resistance of the carbide
containing iron and boron at low temperatures was very
marked and the effect of aluminum on the electrical re-
sistance was evident.

The manner in which the aluminum entered the car-
bide structure was not clear. Usually a2luminum was
added to the silicon=-carbon mixture in the form of
aluminase The oxide was reduced in the process of
syntheslzing the beta sillicon carblde, was not re-
moved by the acld and floatation treatment (aluminum
carbide is water soluable) and by chemical analysis,
was present in the finished hot pressed productse
X=ray diffraction did not reveal the presence of
aluminum carbide but did show & slight shift in the
silicon carbide lattice.

Be The Silicon Carbide=Alumlina Systems

It has been stated previcusly in this report that
silicon carblde, 1n dense form, had excellent resistance
to erosion, but was deficient in resistance to thermal
shock falluree Excellent thermal shock reslstance was
obtained dpreviously using a composition 70% SiC, 25%

Sagger clay, Iin a porous sintered bodye The
-ilgOg system appeared worthy of investigatione
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(1) Procedure: The materials used were 1200 mesh
$1C (Carborundum Company), beta silicon carbide prepared
in the laboratory, and 500 mesh alumina (Norton Company)
The compositions studied are shown in Table IIIe. In the
compositions deslgnated by the B preceding the number,
the alumlna was added to the Si-C mixture from which the
beta silicon carblde was synthesized before hot pressinge.
In all other compositions the alumins was added to the
alpha SiC before mixinge The SiC and Alo0Oz were mixed
in a dry blender for four hours. The mixtures were hot
pressed at temperatures ranging from 3375°F to 5700°F,
depending on the composition, at a pressure of 8600 psie
Discs, 3/4 inch diameter by 1/4 inch thick were prepared
for metallographic examination of the microstructure and
laboratory rocket test nozzles were pressed from the com-
positionse

Polished samples for microstructure examination
were prepared by diemond polishing. Rocket test nozzles
were hot pressed of Compositions B31l, B36, 684, and 688
The hot pressing temperatures, densities and test data
are included in Table III« Two of the nozzles tested
were plated with nickel, 1/16 inch thick, on their out-
side surfaces to hold them together so that area en-
largement data could be obtained even if the material
cracked in testing.

(2) Results and Discussion: The sintering range
(hot pressed) for compositions in the S1C-Alo0, system
is shown graphically in Fige. 2. The upper boundary of
the cross hatched area indicates that temperatures at
which alumina was lost from the composition in excessive
amountse The lower boundary indicates the minimum teme
peratures at which the compositions hot pressed to a
low porositye It was not possible to hot press specimens
of low porosity in the high silicon carbide range without
the loss of some aluminse

Two photomicrographs are shown in Fig. 3 that rep-
resent the type of microstructure obtained in the SiC-
Aly0z seriese

In B, the 70% SiC = 30% Alg0z Composition 688, the
sillcon carblde forms a continuous structure, while in
A, the 30% S5iC =~ 70% Aly0z Compositlon 684, the alumina
forms the continuous structure. It is evident that when
silicon carbide constitutes the continuocus structure,
hlgher hot pressing temperatures must be used and this
results in the loss of alumine from the structure,

WADG TR 54-38, Part 3 -8~
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(A)

(B)

Composition 688

Photomicrographs - Aly0z-S1C Structure
Fig. 3
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During the process of this work it was discovered
that small additions to commercial alpha silicon carbide
of the ordser of one percent of aluminum or two percent
of alumina had much the same effect in producing high
densities in hot pressing as was previously found in
hot pressing of beta silicon carbides

(3) Conclusions: It is evident that silicon carbide-
alumina compositlons do not have sufficlent resistance
to failure in thermal shock for use as rocket nozzlese

Dense compacts can be formed by hot pressing using
a wide range of compositions in the SiC=Aly0z system.
It 1s very likely that there are materlals in ths system
that might prove interesting for other appllicationse The
present work was, of course, very emplrical and with only
one objective, the rocket application, In minde

Ce SI1C-TiC, 8iC-Crzlp, SiC-ZrB,

Several binary carbide systems had been investigated
in previous work and selected compositions were picked
from these for laboratory rocket testse

(1) Procedure and Results: A composition, 80% SiC=
20% TiC by welght, was hot pressed in the form of labora-
tory test nozzles by the usual methodse. In testing,
this materisal dld not fall in thermal shock but eroded
very rapidly, the orifice aresa increasing 42% in the
first 150 second run. 1In a second run of 150 seconds
an additional increase of 18% was measureds

Two chromium carbide = sillicon carbide composi-
tions werse investigated, the first, Composition 697 =
47% SiC - 53% Cr ; the second, Composition 698 =
6647% SiC - 35-3 8P502 by welght. The first composi-
tion hot pressed to high density at 2850° F; the second
at 3700°F, Nozzles of both compositions failed in
thermal shock in less then ten seconds in the labora-
tory rocket test.

Only a very brief study of the SiC=ZrBs system
was possible but 1t proved interestinge The composi=-
tions shown In Table IV were hot pressed 1ln disc Sh&pea
The 551 silicon carbide was pressed under 8000 p31 at
3900 F, Composition 703 under 4800 psi at 3900°F and
the 705 under 2700 psi at 3775°%F. A4ll had very low
porositiese

WADC TR 54=-38, Part 3 -l



TABLE IV
Electrical Reslstivities of 81C-ZrBs and SiC

Compe Sic Als0g5 ZrBs Resgistivity

Noe Welght Percent Ohmese
le 99.0 1.0 - 60 «0 6
704 8l.8 1.0 17.2 1.5 x 107
703 670 1.0 3240 Oel
705 — - 100 «0 0.l

*Resistivity values are not specific resistance
but rather total resistance of specimens 1-1/2
in. diameter and 1/4 in. thick, measured be-
twoen parallel facese

The high reslstivity of Composition 704 as com-
pared to the other compositlons of the series is very
interesting and would have been investlgated more
thoroughly had there been time available.

Composition 703 was selected for laboratory rocket
testse Two nozzles wore testeds The first ran the
entire 150 seconds developing only one fine crack and
very little erosion. The second failed by thermal
fracture In ten seconds. The SiC used in makling these
nozzles was 1000 meshe Four additional nozZzles were
tosted in which two contained coarser 400 mesh sllicon
carvides The two nozzles containing coarse SiC falled
in 10 and 20 secondse ©One of the nozzlses, containing
the fine S1C failed in seven seconds, the other survived
the 150 second run without failure and showed a 4.1%
nozzle enlavrgemente This is considered very goode

{(2) Discussion of Results: It was gulte ebvious
that neither the SiC=TiC nor SiC~ClrzCo compositions
were of immedlate interest for the rocket applicatione

The S8iC-~ZrBg composlitions showed sufficient
promlse to warrant further rocket testing and Composi-
tion 703 is mentioned in s later section of this report
descrlblng the preparation of nozzles for testing by ths
Bell Aircraft Corporatlione

WADC TR 54-38, Part 3 wlde



IIT METAL BONDED SILICCN CARBIDE

The term "metal bonded silicon carbide' is used
very loosely here to design%te all compositions in
which metal in excess of 10% was introduced in the
powder batche In many cases this metal was converted
to silicides or complex carbides in the sintering
process and the final product was not necessarily
metel bonded.

The exceptional cross-bending strength at roon
temperature and at 800°F of molybdenum~SiC was re~
ported previously.d It was qulte evident, however,
from examination of the microstructure that the
molybdenum and SiC were reacting during sintering to
form & new phase which constituted the binder in the
finished oduct. Examination of the Mo=51-C phase
diagram %/ indicated such a reaction was likely with

the release of free carbone. Le Brewer and 0. Krickorian
had ldentified a compound, Mo,CSiz, which was stable in
the presence of carbon and it was hypotheslized that this

was the end product of the reaction under discussione

Ae Molybdenum~Silicon Carbide

(1) Procedure and Results: Brewer and Krickorian
reported that MoyCSiz had a D8g structurej;owas isomore
phous with MngS{z, with a c-axls of 5.242 A and an

a=axis of 7.2854, resulting in a c/a ratio of 0.7196.
This data was used to determine the caleculated "a"
values in Table V using the Hull-Davy chart for the
hexagonal system.

To study the reactlons involved in the original
Mo~31C cermet, the mixtures shown in Table VI were
preparede

4/ Kieffer, R., and Benesovsky, Fe, "Silicides of the
Transition Metal of the 4th, S5th and 6th Groups of
the Periodic Table," Iron and Steel Institute, Pre-
prints of Symposium Paper, December 19054,

5/ Letter from L. Krickorian, Depte of Chemistry and

Chemical Engineering, University of Californisa,
Berkely, California.

WADC TR 54«38, Part 3 =1l4w
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Powder diffractlion patterns were made using the

XRD=3 spectrogoniometer unit. The data obtained are
compared to the calculated In Tabls V.

TABLE V

Powdsr Diffraction Patterns

Compe 678

Theoretical Synthesized Comp e Compe
Mo4CS813 Mo4CSig 680 676
1] d“ hicel l!dli I lld“ i} d“
5617 200 316 17 316 3415
297 1.1 2497 37 2496 2495
2468 2041 2068 8 24867 2464
2458 00«2 2452 8 253 2459
2639 102 240 41 2438 2438
2438 12.0 2 034 39 235 2e37
2416 12.1 216 100 2.16 2.15
2410 300 261l 27 2410 2410
2402 2042 2408 67 2407 2406
1.95 30.1

l.82 2240

l.76 1242

l.71 003

1467 1043

1,63 30.2 l.61 8 1.60 1.59
1.53 1le3 le52 6 151
le51 2043 le47 10 1l.48 1.47
1439 12 63 1.37 17 1.39 1.37
133 3085 l.34 iz 1,234 1633
1.28 00e4

125 10.4 1o26 8

le20 1l.4 le1l8 6
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These components were well mixed and hot pressed
Into cylinder shapes using a maximum temperature of
3050°F and 2000 psie Modulus of rupture bars, metallo-
graphic samples and powders for x-ray diffraction were
obtained from these cylinders.

Comparison of the X-ray patterns for synthesized
Mo,CSiz with the theoretical pattern indicated that the
compound had been formede. Composition 680 produced a
pattern very close to that of the synthesized material
plus some of the stronger silicon carbide linese The
slight shift to lower "d" values in the Composition 676
was probably the result of the chromium going into solid
solution in the Mo4CSlz structures Other patterns of
compositions having higher chromium contents were nmade
and an increased amount of displacement in the same
direction was notede The bond resulting from the Mo~
S51C reaction was definitely identified as Mo,CSigze

The strengths obtained from the various composi-
tions in Table VI are shown in Table VIT.

TABIE VII
Cross Bending S{irength - Mo-SiC

Compe Porosity Modulus of Rupture Psi
Noe % Room Temp e 1800°F
€76 246 40,200 71,900
678 Oel 24,500 46,100
679 : 1.1 28,000 534000
680 lel 38,400 464600

The cross bending strengths of Composition 676
and 679 at 1800°F places them among the stronger
cermets 1ln this temperature range.

Continulng the development of this type of material,
& series of compositions were selected for laboratory
rocket testinge. These compositions are included in
Table VIII along with the test datae
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TABLE VIII

Compositions Evaluated as Rocket Nozzle Materials

Compeo Weight Percent Test Enlargement Test Enlargement
Noe Mo Cr SiC Time Percent Time Percent

676 65¢1 247 3262 Ave 19 sece to fallure® (2 nozzles)
675 5465 2e3 4248 Ave 12 ssece to failure (3 nozzles)

694 32«5 le.4 66el 6 8€Ce - - -
694 3245 l.4 66«1 150 sece 117 150 S09
694 32«5 led 6Bel 150 sece 445 150 Del
681 27¢3 lel TLle7 150 sece Oe?7 150 bel
681 27e3 lel 71e7 150 sece 10.8 150 Sel
681 27 63 lel 71le7 150 sece l.%7 ket Cdad
681 27e3 lel 7le7 Ave 12 sece to failure (4 nozzles)
693 21e7 Qa9 T7e3 150 sece o6 150 2.8

693 21e7 09 7743 Ave 12 sece to Tailwe (3 nozzles)

3%

“All failures were by thermal cracking

Representative microstructures of these compositions
are shown in Fige 4e¢ The gray phase 1s silicon carbide,
M040815 is the light phase, and the black areas are largely
pores with some graphitee

It was quite evlident from the nozzle test data
reported in Table VIII that performance of the nozzles
was erratic, less nozzles of the same composition,
density and porosity exhlbited a wide range 1n resis-
tance to thermal shocke There was sesvidence that some
nozzles had micro-cracks present prior to testing and
that these cracks contributed to early failure. One
possible source of these micro-cracks was the known
difference in thermal expansion of the graphite used
in the mandrel of the hot press mold in which the parts
were produced and the nozzle materiale

To verify thls, thermal expansion data were ob-
tained for AGX graphite In two directions: (1) normal to
the extrusion direction; (2) parallel to the extrusion
direction and also for Composition 693 These data are
shown in Table IX.
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Composition Composition
681 693

o § L é Q : § - &t .»rr,..’ ".A‘,—".' ”'.4;1“
» €t .

Composition
694

Representative Microstructures of Compositions

68l, 693, 694

Fig. 4
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TABIE IX

Coefficient of Thermal Expansgion, Graphite

and Composition 693

212°F - 1475°F (100-300°C)

Material Coefficlent of Thermal Expansion
Per °F Psr ©¢

AGX Graphite (// Extrusion) 19 x 10-6 364 x 1076
AGX Graphite ( 1 Extrusion) 1.3 x 10-6 243 x 10™6

Composition 693 2.1 x 10-6 3e8 x 106

Since the expansion parallsl to the direction of
extrusion in the graphite stock more closely matches
that of the materlals being hot pressed, 1t follows
that the mandrels for forming the inside surface of
the nozzles should be cut from the orlginal elecirode
to take advantage of this closer match. Experiments
were also conducted to determine the effect on thermal
shock in this type of materisl varying the grain size
of the sllicon carbide and the time at top temperature
in hot pressing. These experliments were inconclusive.

Composition 693 (Table VIII) is typlcal in physical
properties of all the compositions in its classe. At
room temperature 1t had an average of 26,500 psi modulus

of rupture, at 1S00°F - 29,300 psi and at 2500°F - 37,800
psi. Its impact strength ranges from 0.5 to lo0 in- lbs.
on the standard cermet lmpact bar le5 ine x «187 x 187

Compositlon 693 was exceptionally stable at high
temperatiuress Data obtained from the automatic record-
Ing oxldation balance demonstrated that a weight gain
of only 0«5 mg/em.2 was measured at 1832°F (1000°C) in
twenty~five hours. .

In an sarlier reportg/hlliegro described the develop-
ment of a metal bonded silicon carbide utilizing equal
quantities, by welght, of chromium and molybdenum as the
binder metal. Two of these compositions, Composition 699
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17459 Mo, 1759 Cr, 65% 8iC and Composition 700 - 5.C%
Mo, 540% Cr, 90% SiC {by weight), were prepared in the
form of laboratory test nozzles by hot pressing to 3000°F
and 4000°F, respectivelys These nozzles failed by thermal
cracking in test after ten seconds rumning timee.

{2) Conclusions: When molybdenum and silicon carbide
were sintered at high temperatures, Mo,C8iz was the reac-
tion product and constituted ths bond fn such materialse
Some carbon was precipitated in this processe

Materials of the Mo,CSlz = SiC type (Composition 693)
were excellent in resist&nce to thermal erosion as Indicated

by testing in the laboratory rocket nozzle test but were
susceptable to fellure by thermal shocke.

The cross bending strength of these compositiornswas
high at 1800°F, placing them among the stronger class of
materials at this tempseraturs.

The Cr-Mo=-SiC compositions described by Alliegrog/

were not sufflciently resistant to thermal shock to be
considered for the uncooled rocket nozzle applicatione

Be Nickel-M04CSi3 Cermets

The MoyCSiz compound formed in the Mo-SiC composi-
tions was in 1tself of interest as an aggregate in a
nickel bonded cermete For this purpose MosCSiz was
synthesized from a stoichicmetric mixture of Mo, Si,
and C by heating in a graphite ¢rucible to 37006F- A
jaw crusher was used to pulverize the fused material
formed and the free carbon was removed by floatation in
water using pine oil as a floatation mediume. The material
was ball milled for twenty~four hours to reduce the grain
size to the micron renges

This powder was hot pressed in the form of discs,
1/8 inch thick, 3/4 inches in diameter, using & tempera-
ture of 2800°F and 5000 psie. These discs were inten=-
tiocnally porous; about 20%e Pellets of nickel were set
on these dises in a vacuum furnace and heated to 2700°F
at a pressure of less than one microne. Upon removing
the discs from the.furnace, it was found that the nickel
had infiltrated the Mo4CSize
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Followling this, a composition, designated 701,
and consisting of 24% Ni, 76% Mo4CSiz by weight, was
ball milled for twenty~four hours, cold pressed into
cylinders, and heated to 2300°F in the vacuum furnace.
Dense, well sintered parts were obtained. Twelve bars,
of a size to produce standard impact bars, were cold
pressed and sintered in the same way. While these were
belng ground to final size they were broken, apparently
by the thermal shock encountered in dry diamond grinding.
It was quite evident that, while the material might have
some good properties otherwise, it would be eliminated
from consideration for power plant applications by poor
resistance to thermal shocke Attempts to etch polished
sectlons with nickel etchants such as Carapellafs Reagent
falled to reveal nickels It was concluded that brittle
nickel sillcides were probably formed in sinteringe

IV _FABRTCATION OF BELL AIRCRAFT CORPORATION

NOZZLE TNSERTS

During the process of the work described in this
report several compositions had been discovered that
showed exceptional resistance to flame erosion when
tested in the laboratory rocket nozzle test. Composie-
tion B36 (Table III}, 693, (Table VIII) and 703 {Table
IV) were selected for this purposee.

All of these compositions had to be hot pressed to
achieve the desired density. The size of the hot presses
in the laboratory was such that parts requiring hot press=
ing in the range from 3500 to 4500°F were limited to an
outside diameter of two inchese

The Bell Aircraft ceramic test nozzle (Drawing No.
56-470~212) is one of the smallest nozzles avellablse for
reglistic material evalustion. An insert could be made
for this nozzle within the limitations mentioned abovee
A sketch of this nozzle and insert, along with the hot
press die used to produce the insert is shown in Fige
5« The completed nozzle and an insert are shown in
Fige 6o

While the insert appears simple in shape, calcula-
tions show neerly a 30% under=-cut in filling to the
narrowest part of the mandrele Composition 693 did not
become plastic or fluld at hot pressing temperatures up
to 4300"F. For this reason force applied to the material
by the push rods was transmitted only at very small angles
to the direction in which it is applied and filling of
under-cut sections was difficulte
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Nozzle and Insert

Fig- 6
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The chief difficulties encountered were in form-
ing the thin edge dense enough and in forming the
material to fit the mandrels Also, it was found
necessary to make the grephite mandrel 0.005 in. over=-
size because of thermal contraction of the materisl on
coolinge

Hot pressing techniques were developed which
formed inserts having high density in all regions
and had the correct contours except for a small grove
near the throates

Sufficient materlial to form the plece was loaded
into the dle and pressed lightly. The top push rod was
then pushed flush with the top of the mold leaving the
mandrel protruding from the bottome This permitted the
thin feather edge to become dense during hot pressings
The die was then heated to 4100°% in the induction
furnace without the application of presswee. At 4100°F,
8000 psi was applied while the temperature increased to
4200°F, where the power was turned off. Pressure was
applied until the furnace had cocled to about 3800°F,

If pressure was applied at the start of the heating
perlod, some sintering occurred at lower temperatures
forming rigid material which would not deform at the
peak temperatures to assume the contour of the mandrel.

For thils reason, no pressure was applied until the tempera~
ture was reached which would assure maximum deformabllitye

The mandrel and nozzle were easily pushed from the
die, but the mandrel had to be cut off at the insert and
removed from the center of the nozzle by drilling.

This same procedure was followed for all three of
the compositions with the exception of the necessary
difference in pressing temperatures. The completed in~
serts were placed in their proper position in a steel
mold and Composition Alfred 410 was tamped around the
insert to form the balance of the nozzlee Alfred 410
1s a carbon bonded silicon carbide=-graphite composition
that has demonstrated good performance in several rocket
applicationse oAftar the nozzles were formed, they were
heated to 1800 F in a reducing atmosphere to carbonize
the carbon bond in the Alfred 410,

The results of the tests by the Bell Aircraft

Corporation will not be available in time to be in-
cluded in this reportes
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Ve SUMKARY OF REPORT CONCILUSTONS

l. Boron, nickel, lithlum, calcium, chromlum,
iron and aluminum aid in the densification of Beta
SiC in hot pressing. When one mole percent of
aluminum is already present Zirconium, boron, and
iron have az marked effects

2e Compositions in the AlgCz system can be hot
presced to high densities, have interesting properties,
but are too sensitive tc thermal shock to be of use in
rocket nozzlese.

3¢ Compositions in the TiC-SiC and CrzCo=SiC
system are also of no immediate interest because of
excessive flame erosion in the flrst case and low
thermal shock resistance in the second.

4, Compositions in the 8iC~ZrBg system did show
some promise with respect to thermal shock and flame
erosion and further testing was indicated.

S5¢ M04CSiz was found to be the bond resulting
when Mo~SiC mixtures were hot pressed. The Mo,CSiz-
21C compositions thus formed show excellent promise
for use In the critical nozzle areas. These materials
were also very strong at high temperaturee.

6e Three compositions, Composition B36 - 94% sicC,
5% Al203, 1% iron by weight; Composition 693 - 21.7% Mo,
0e9% Cry T73% SiC; and Composition 703 = 67.0% SiC,
1.0% Alg03, 32.0% ZrBo; wore selected for full scals
rocket tests by the Bell Aircraft Corporation and were
incorporated in sultable nozzles for evaluationes
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