WADC TECHNICAL REPORT 54- 38

METAL AND SELF-BONDED SILICON CARBIDE

R A Alliegro
L. B. Coffin
I+ R Tinklepaugh

The New York State College of Ceramics
Alfred University

January 1954

Aeronautical Research Laboratory
Contract No. AF33(038)- 16190
Task No. 70634

Wright Air Development Center
Air Research and Development Command
United States Air Force
Wright- Patterson Air Force Base, Olio

Carpenter Litho & Prtg. Co. Springfield
300 « 24 pecember 1554 ’ e » o

 DEC211955



FOREWORD

This report concerns the work of Rs Ae Alllegro,
Le Be Coffin, Research Associates and Je Re Tinklepaugh,
Project Director of the New York State College of Ceramics,
Alfred University, Alfred, New Yorke The preparatlon of
the report was largely the work of Re E. Wilson, Sr. Re-
search Associate. The work was accomplished under the
direction of We. G« Lawrence, Chairman, Department of Re=-
search,and M. Tuttle was a Consultante

This report summarizes work on this project during
the period 11 January 1953 to 10 January 1954 in which
studies were continued on the metal-bonding of silicon
carbide and the densification of self-bonded hot-pressed
silicon carbidee. Prior studies were reported in WADC
Technical Report 53=5. This work is being continued
and further reports will be issued 28 the research progressese
The work was accomplished under Contract AF33(038)=16120.
It was administered under the direction of the Aeronautical
Research ILaboratory with Murray Ae. Schwartz as project
engineer, and is identified under Task No. 70634, "Ceramlic
and Cermet Research."
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ABSTRACT

Dense silicon carbide in the range of 95=97% of
theoretical density was produced using various graln
size mixes of alpha silicon carbide. When beta silicon
carbide 1is used as the grain for hot pressing, uniform
densitles in the 97 to 98% range of theoretical density
are obtainede.

Hot pressed silicon carbide bonded by Cri:Mo (1:1)

has a strength of 31,000 psi, modulus of ruptures This
material is relatively stable at high temperatures in air,
carbon monoxide and steam. Silicon carbide structures
having porosities in the 35 to 40% range may be infiltra-
ted by Hastelloy C under pressure. Chromium=-nickel alloys
and titanium metal will bond silicon carbide when sintered
in vacuume.

PUBLICATION REVIEW

The publication of this report does not constitute
approval by the Air Force of the findings or the conclu-
sions contained therein. It is published only for the
exchange and stimulation of idease

FOR THE COMMANDER

~

SLIE B. WILLIAMS

olonel, USAF

Chief, Aeronautical Laboratory
Directorate of Research
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INTRODUCTION

The work reported here is a continuation of the invesw
tigation described in WADC Techmical Report Noe 53=5 issued
in January 1953.

The primary objective of this work was %o develop a
metal bonded silicon carbide cermet having properties com-
parable to a typical nickel bonded titanium carbide cermete
Silicon carbide has not been bonded successfully previously
by the transition metals and, therefore, the achievement of
even moderate strengths in such compacts is a significant
technical advancement in the high temperature field.

For applications in the aircraft power plant, excep-
tional high temperature strength is requirede This goal
has not been reached in the work reported here, and there-
fore, 1t will be necessary to continue the investigation
of methods of fabrication, particularly infiltrations

This report is the result of several simultaneous in-
vestigations and 1s divided into four parts to facilitate
preparation. Part I is concerned with the methods used to
obtain extremely dense silicon carbide. Part IT describes
the various investigations in the fabrication of metal
bonded silicon carbldes Parts III and IV pertain to the
high temperature oxidation resistance of silicon carbide
end the structure of the various silicon carbides as obe
served by x-ray diffraction techniquese

PART I

METHOD FOR _PREPARING SELF BONDED SILICON CARBIDE
OF HIGH UNIFORM DENBITY

I DISCUSSION

Previous work had produced thin pleces of silicon car-
bide having a density approximately 954 of the theoretical
densitye To do this, pressures of the order of 10,000 to
16,000 psl were required and the dense region extended only
about 1/8" inward from the top and bottom surfaces of the
samplese These extreme pressures and the high temperature
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(approaching the dissociation temperature) required im-

posed limitations on the forming of large pleces. To form
large pleces of uniform density, the temperature and pressure
required had to be reduced and this was attempted in the
following ways:

(1) By the selection of proper grain size or combina-
tion using alpha silicon carbide.

(2) By hot pressing parts using the elements silicon
and carbone.

(3) By forming beta silicon carbide from the elements
and subsequently hot pressing this material during
its inversion to alpha.

ITl. HOT PRESSING TECHNIQUES USING ALPHA
SILICON BIDE

Ae Temperature Calibration

Accurate temperature measurements of the specimens belng
hot pressed were difficult to obtain with either a radiation
or optical pyrometer because of the presence of gases at high
temperatwre and because of the large temperature gradients
within the furnacee A method of calibrating the temperature
indicated with the actual temperature of the plece being press~
ed was devised using a speclal calibration furnace and sight
tubes purged with heliume.

Be Hot Pressing Technigues

Silicon carbide specimens 3/4" dilameter by 1" long were
hot pressed from the top and bhottom in e¢ylindrical graphite
molds 3" in diameter and 2 1/2" longs Specimens were pre-
pressed cold and then hot pressed to a meximum temperature
which was held for a short period of time. Experiments were
conducted to determine the effect of; graln size, maximum
temperature, prepressing pressure, hot pressing pressure,
and length of time held at maximum temperature on the density
and uniformity of the specimen.

(1) Prepressing Technique = By reinforcing the graphite
die with a steel ring and using steel push rods, pressures
up to 25,000 psi were applied to the cold die without causing
failuree. The following mix designated "Mix O" was used to
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determine the effect of variations in cold pressling pressure
on the final hot pressed density.

100 mesh S1C 30.0%
240 M " 45,0%
1200 " M 25.,0%

Mix O was prepressed cold to pressures ranging from
5000 to 25,000 psi in the steel reinforced graphite die
and then hot pressed using 10,000 psi to as close to 4800°F
&8s possible and held for 15 minutese The bulk density of
each specimen was determined and is listed in Tabls Te

TABLE I
Effect of Various Prepressing Pressures On
The rinal HOT Eiessed ensity
Cold Pressing Hot Pressed Temperature °F
Pressure psi Density g/cc
5,000 2475 4640

10,000 2485 4645
15,000 2490 4655
20,000 2.89 4670
25,000 2485 4670
25,000 2.89 4665
25,000 2476 4505

From Table I it 1s obvious that Increasing the pre=-
pressing pressure from 5000 to 15,000 psi increased the
final density and that higher pressures did not result in
further increass. The specimens appeared to be fairly
uniform in density throughoute

(2) Effect of Hot Pressing Temperature on Final
Density = Specimens were cold pressed from Mix O at
9000 psi and then hot pressing using 10,000 psi holding
verious maximum temperatures for 10 minutese The densi-
tles of the specimens are given in Table ITe.
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TABLE II
Effect of Hot Pressing Temperature on Bulk Density

Temperature °F Density g/ec
4305 2+66
4340 2467
4415 2686
4450 2460
4500 2470
4540 2671
4590 2471
4640 2475

From the data obtained, it was evident that the density
increases with temperature up to the highest temperature
showne. Higher temperatures result in the disscciation of
the silicon carbide into graphite and sillcon vapore

(3) Effect of Holding Time at Maximum Temperature =
The length of time that the specimen was held at maximum
temperature presented still another veriablee A series of
specimens were cold pressed at 25,000 831 and then hot
pressed using 10,000 psi to about 4600°F for various lengths
of time as shown in Table III. Mix 33 having the following
composition was used for this worke

100 mesh SiC 35409

240 " " 4040%
1200 " n 25.0%
TABLE III
Bffect of Time or Maxinmum Temperature on Density
Time at Temperature Density g/cec Temperature -F

0 2470 4850
5 279 4655
10 2496 4645
15 2495 4600
20 2e74 4600

Maximum density was found to be obtained from a 10 to
15 minute holding period at maximum temperaturse.
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(4) Effect of Variation of Hot Pressing Pressure =
A very pure 1200 mesh silicon carbide was used for this
worke Specimens were cold pressed at 20,000 psi and hot
pressed to 4500°F for 15 minutes using various pressures
as shown in Table IV

TABLE IV

Effect of Hot Pressing Pressure on Density

Pressure psi Densi ce Termperature °F
2500 2434 4510
5000 2ed3 4500
7500 2475 4500
10,000 Sell 4500

The density was found to increase quite rapidly with
pressure up to 10,000 psi.

(8) Effect of Grain Size Distribution on Density -
Various grain sizes and mixbures of grain sizes were cold
pressed using 15,000 psi and then hot pressed using 12,000
psi.

Densities were determined after cold pressing and after
hot pressing and the results are given in Teble V. The two,
three and four component mixes were sslected for their high
cold presssd densities found in previous work. Each speci-
men was held for 15 minutes at the maximum temperaturee

The greatest density was achleved using 1200 mesh
silicon carbide. It was noted that the grain size composi-
tions giving the highest cold pressed density, did not pro-
duce the highest final hot pressed density.

Ce Discussion of Results

The formation of dense self bonded silicon carbide
from alpha silicon carbide grain required 10,000 psi or
higher and the dissociation temperature of silicon carbide
had to be approached and the temperature maintained for ten
to fifteen minutes. By cold pressing the alpha grain to
15,000 psi prior to hot pressing, specimens of greater denw
1%y were obtained apperently as a result of greater uni-
formitye The high pressures and temperatures reguired to
hot press dense parts from alpha silicon carbide make the
formation of large pieces by this method impractical.
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III THE FORMATION OF UNIFORM DENSE SILICON CARBIDE
BY HOT PRESSING SILICON AND CARBON

Ae Discussion

The purpose of this study was to determine the feasi-
billity of using a mixture of carbon and silicon as the
powder charge to hot press uniformly dense silicon carbide.

Loss of silicon from extrusion between the dis and
plunger or reaction with the graphite die were anticipated
and, therefore, various ratios of silicon to carbon were
usede

Spectrographic pure electrode carbon and a high purity
silicon powder were used to meke the charge. The hot press-
ing technique which was previously established for hot press=-
ing sillcon carblde was usede.

Be Procedure and Results

Mixtures of silicon and carbon varying from 65 to 75%
glllicon were prepared and het pressed to 4500°F, Specimens
made from a mixture of carbon and silicon equivalent to the
theoretical composition of silicon carbide (70% Si - 30% C)
were hot pressed at different temperatures from 4450°F to
4650°F. The results are shown in Table VI.

TABLE VI
Temperature and Composition versus Density
Sil%con Cg;?on Tempgrature Bulk Density App. 3ensity
F

ems/ce g/ce
7040 3040 4400 2.91 3410
7040 3060 4500 2e4l 319
70.0 30.0 4650 232 3420
65.0 3540 4500 2468 312
68.0 3240 4500 236 320
T2 .0 28.0 4500 217 3427
750 2540 4500 2.12 321

Note - The samples were prepressed at 16,000 psi and hot
pressed at 10,000 psi. The maximum temperature was
held for 10 minutes.
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Ce Discussion of Results

A rapid slump occurred between 2400°F and 2650°F when
the silicon melted. Application of pressure through this
temperature range had considerable effect upon the density
of the specimen. Considerable reaction with the graphite
die occurred at the high temperaturses, as the ratio of
sllicon to carbon was Iincreased past the theoretical composi-
tion (70.0% Si % 3040% C)e

The samples obtained from this technique wers not as
high in density as those obtained using the alpha silicon
carbide graine They were, however, uniform from top to
bottom of the specimene

IV THE FORMATION OF UNIFORM DENSE SILICON CARBIDE
FROM BETA STLICON CARBIDE

Ae Discussion

As a variation of the method described above in which
silicon carblde was hot pressed directly from the elements,
it was attempted to first form beta silicon carbide without
application of pressure. The beta could then be hot pressed
to form a dense speclimen of alpha taking advantage of the
high state of reactivity resulting from the beta to alpha
inversion. It was anticipated that this would reduce the
temperature and pressure required for the formation of d ense
self bonded specimense

Bs Procedure and Results

Mixtures of fairly pure silicon and carbon (70.0% Si and
30407%C) were fired at 3300°F to 3500°F to form beta silicon
carbldes X-rays of thls material after treating with acid
showed the material obtained to be mostly beta silicon car-
bides The beta silicon carbide was ground in a mortar to
pass through a 200 mesh screens It was then leached with
HNOz and HF acid solution (50e0% = 50.0% by volume) to re=-
move any excess gilicon. The material was then washed to
remove the acid and float out the carbon. After drying,
it was passed through a 200 mesh screen and hot pressede.
Two batches were prepared in this matter. The results of
the hot pressing of this material are shown in Table VIIe

WADC TR 54=38 =S



TABLE VII
Hot Pressing of Beta Silicon Carbide

Batch Tgmpe Pressure  Bulk Density Appe. Density Percent
B

_Nos psi g/ce _ g/ce Theoretical
1 4460 10,000 SelS Sel5 98.0
1 4460 10,000 Sell Sell 9645
2 4455 8,000 3412 972
2 4455 6,000 3,08 95.9

Note - Specimens were cold pressed to 16,000 psl and the
peak temperatures held 10 minuteses

Ce Discussion of Results

Uniform, dense silicon carbide specimens were formed
using beta silicon carbide. This method appearsd to be the
best of the methods tried. The lower pressure and temperatures
required in forming dense specimens makes this method the most
feasible for forming large shapese

Vs CONCLUSTIONS

Alpha sillcon carbide may be hot pressed forming speci-
mons of a density approaching the theoretical. The follow-
ing factors influence the denslity obtained.

(1) Mixes containing coarse grain fractions must be
hot pressed to between 4550 and 4650°F. The use of only
fine material reduces the hot pressing tempsrature.

(2) The length of time that the specimen 1is held at

maximum temperature is critical with a holding time of 10
to 15 minutes being the optimum.

(3) Pressures of at least 10,000 psi must be used.
(4) The selection of the proper grain size distribution

to give the most dense packing does not necessarily result
in the most dense hot pressed specimen.
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(5) Cold pressing the specimens to 15,000 psi before
hot pressing increases the density obtained by Improving
the uniformity of the density distributione.

(6) Dense specimens of silicon carbide were not satise-
factorily formed by hot pressing starting with the elementse

(7) Silicon carbide specinens of greatest uniform
density were made by hot pressing the beta form during 1lts
inversion to alphae Pressures as low as 6000 psl may be
used to achiseve densities of 96% of the theoretical at
hot pressing temperatures between 4400 and 4500°F.

PART IT

INVESTIGATION OF MET!''ODS OF FORMING AND THE PROPERTILS
OF METAL BONDED STILICON CARDIDE

T Discussion

The invastigation of the bonding of silicon carbide by
metals, as described 1n WADC Technical Report 53«5 has opened
several fields of specific interest. Based on these findings
further development of metal bonded sllicon carblde has pro-
grossede

It was apparent from the past work that the mstals most
suitable for bonding silicon carbide could be narrowed down
to chromium, iron and a mixture (solid solution) of chromium
and molybdenum (1l:1) by weighte. Therefore, an investigation
involving these metals was undertaken to study the following:
(1) the pressing conditions necessary to form dense, well
honded specimens; (2) the effect of additions of molybdenum
and chromium on the iron bonded silicon carbide; (3) the
strength {modulus of rupture) of the metal bonded specimens
formed under verying hot pressing conditions; (4) the study
using x~ray techniques of the effect of varying the additions
of molybdenum on chromium bonded silicon carbldes

tellite 21 (Vitallium) and Hastelloy C were also inves-
tigated as bonding agents for silicon carbide. Nickel by it-
self seemed to be too reactive with silicon carbide, but when
alloyed with other metals such as chromium and molybdenum the
activity was substantially dsecrecaseds This allowed for the
use of alloys such as Hastelloy B and C because of their
desirable high temperature propertiess
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The investigation of the behavior of mebtals and
alloys with silicon carbide was undertaken using vacuum
techniques. The melting ranges of several metals and
alloys were determined by heating the metals on different
materlals, l.ee zirconia, graphite, etce. This was accom~
plished so that vacuum infiltration and sintering could
be more easlly carried oubt with the information derived.
Infiltration and sintering under an atmosphere of helium
and argon was also tried with the various metalse

Using techniques simlilar to those used in hot press-
ing, Hastelloy C has been successfully forced into pre-
hot pressed silicon carbide skeletons. This technique
allows for a more reactive metal or alloy to be forced
into the silicon carbide structure at temperatures low
enough to minimize and control the reaction products
formed.

II HOT PRESSED METAL=-SILICON CARBIDE MIXTURES

Ae Hot Pressing Techniques

Iron, chromium and chromium-molybdenum (1l:1) were
selected as materials most likely to bond silicon cap-
bilde based on investigations taking into account the
bonding zone studies, wettability of the metals on
silicon carbide, and the x-ray investigation of reaction
phasess A mixture of 50% - 400 mesh - 30% - 800 mesh and
20% - 1200 mesh silicon carbide grain was selected to be
used with the metals under investigation. Varying percen-
tages of the metals were mixed with the silicon carbide
grain for a period of twenty four hours or more in glass
jars attached to a ball mill frame.

The material was tamped into graphite dies which had
previously been lightly coated with colloidal graphits to
prevent excessive reactlon with the mold and plungers. The
mold was placed In the hot press ghown in Fige. 1 and heated
to temperatures ranging from 2450°F to 3700°F depending on
the metal used, under a pressure of from 5000 - 10,000 psie
The mold dlameter was one inch so that from the resultant
specimen, two bars measuring approximately 7/8" x 3/16" x
1/8" could be cut and used for modulus of rupture tests.e

WADC TR 54=-38 -11=



Flge 1

Hot Prasss Furnace

(1) Hot Press Results = The results for the chromium,
gilicon carbide; chromium-molybdenum, silicon carbide; and
iron=-chromium-molybdenum, silicon.carbide systems are shown
in Tables VIII and IX.

It was apparent in many of the pressings that the metal
had squeezed out from around the graphlte plungerse. There=-
fore, a series of firings ware completed using mixtures having
a much higher metal content and employing much lower press-
ures and temperatures than had previously been used. The
results of this series are shown in Table X. Some of the
specimens produced were of & sufficient size that bars 1-1/2"
long could be cut from theme These bars were broken on &
1-1/4" span at 1800°F and 2000°F.

(2) Modulus of Rupture - The modulus of rupture unit
used for the testing of these bars is shown in Fige 2o The
force for breaking the bars was transmitted by a silicon
carbide indentor mounted in a silicon carbilde refractory.
The weight was applied to a lever (10.3:1l} by means of a
pail into which a stream of water was directeds The welight
was measured by a spring-type scalse The results of the
modulus of rupture tests are shown in Tables VIII, IX and
X.
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Fige 2

Modulus of
Rupture Furnace

Be Discussion of Results

The results of the work described in Tables VIII, IX
and X indicate that although the strengths of the cermets
are low in most cases, there are many possibilities wherein
the strength may be increased appreciablye The following
discussion covers the results contained in the tablese

(1) Chromium-molybdenum =« The preliminary modulus of
rupture tests for the chromium-molybdenum, silicon carbide
System are encouraging. Although the strength values are
low when compared to titanium carbide, they are high com~-
pared to previously attained results using silicon carbide
as a base material for cermets.

The highest room temperature value attained was 31,600
for a silicon carbide cermet low in metal contente An in-
crease in the metal content seems to lower the strength
value slightly but it is believed that the lower maturing
temperature is the major cause for this strength decreases
This in turn is the result of using powders of both chromium
and molybdenum instead of a single powder of the alloyed
metalse

As Table X shows, the strengths of the molybdenum-
chromium cermets of higher metal contenf increase almost
twofold upon heating to 1800°F and 2000°Fe This in itself
is an important factor to consider. Whereas most titanium
carbide base cermets have extremely high room temperature
strengths and lower high temperature strength, this material
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appears to behave anomalously. It is concelvable that if

the room temperature strength is doubled, the strength will
be 1n & range that rivals the other cermets in the high tem-
perature regions. This lncrease in strength should come with
the procurement of an alloyed power of chromium-molybdenums

(2) Chromium = The chromium-silicon carbide system
does not seem to offer such promise In the cermet field.
Chromium at the temperature of formation of the cermets,
forms an amount of chrome carbide which remains in the bodye
Upon storage at room temperature under the 1Influence of
molsture, a gas 1s formed and emitted which has a character-
istic carblde odore This evolution of gas strains the body
and in a matter of days the surface contains a network of
cracks which lower the strength to a point where the body
ls uselesse. A possible solution to this problem would be
the forming of chrome bonded silicon carbide bodles at tem-~
peratures below the formetion temperature of chrome carbides

The strengths of the bars tested were low and results
appear conclusive in the face that the strength decreases
as the density increasese From the foregoing results,
chromium alone will not be considered any longer as a
possible binder for silicon carbide.

(3) 1Iron = The addition of iron to the chromium=-
molybdenum, silicon carbide system did not appear to offer
much in the way of increased strengthe. Although the bodilss
formed had strengths approaching those without any iron in
them, the porosities of the bodles were much too highe It
appeared that the iron had almost entirely been lost during
the hot pressing cycle.

Ce X=-ray Investlgation of CriMo=-S1C System

After completion of the x-ray investigation of the re-
action products formed when a mixture of chromium, molybdenum
and silicon carbide was hot pressed, 1t was declded to fur=
ther investigate this system as the percentage of molybdenum
was decreased to zeroe The composition retained the metal-
silicon carbide ratio of 30=70 but the chrome to molybdenum
welght ratio was varied in five successive steps from 1:1
to 130 Each specimens was investigated to determine the
following: (1) the reaction products formed; (2) the ratio
of chromium to molybdenum in solid solution; (3) the shift
(1f any) in silicon carbilde lines and; (4) the density and
poroslty of the buttons pressedes
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(1) Experimental Procedurse = The compositions were
varied as shown in Table XT.

TABLE XTI
Hot Pressed Specimen Composition = Density and Poros;Ex

Spece Wte # of Raw Material Density Porosity
Noe o Mo SICx %

32 15 15 70 3«63 Se0

33 18 12 70 3468 2.8

34 21 9 70 3428 12.4

35 24 6 70 Se12 1l.4

36 27 3 70 O e56 72

37 30 0 70 208 10.9

¥$1C - had the following grain size distribution

504 - 400 mesh
30% = 800 mesh
20% -1200 mesh

The buttons were formed using the usual method of
hot pressing, that i1sy, pressing the material to shape in
& graphite die heated to s high temperature by means of
an induction coile Ths temperature and pressure used was
3650°F and 10,000 psi respectivelye The button thus formed
was rough ground using a diamond whesel and polished on a lap
using diamond paste as the polishing mediume 'The densities
and porosities were determined and may be seen in Table XT.

Two x-ray diffraction patterns were taken of each button
using a General Electric XRD=3 unit. The patterns were
taken before and after the buttons were rotated 90° so that
any orientation due to hot pressing could be observede The
buttons were then cut so that the one half could be saved
and the other half ground to 200 mesh and a subsequent powder
pattern made using the General Elsctric XRD=3 unite
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(2) Discussion of Results -~ In general, most of the
silicon carbide lines remained ordered so that they are of
no great importance in this studye The metal lines did
change and fair correlation could be made of the effect
molybdenum has on the reaction products formede

The following discussion of results based upon Xx-ray
data is more qualitative than quantitative since there 1is
very 1little ASTM and National Bureau of Standards data on
the systems studlied. However, by comparing the patterns
s deflnite correlation of results can be expressed as follows:

(a) The line at 2.864° - 2.88A° was tentatively
jdentified as & (Mo,Cr) Sis (compound) diffraction lines
One. of the strongest lines of MoSlp has a "g" value of 2.95A°,
therefore, it seems probable that a replacement of a definite
amount of the Mo by Cr would give a "d" value in the neighbor-
hood of 2.864°. The intensity also seems to indicate the
presence of a compound since 1t decreases to zero as the
amount of Mo in the specimen decreases To Zeroe.

(b) Lines at 225, 1486 and 1.15A° were iden-
tified as Cr-Si compounds with increasing amounts of Cr
from Specimen 32-37, since the diffraction lines colncide
with the strong lines of synthesized CrSi (1:1 atomle
weight)e The CrSi was syntheslzed since no x-ray patterns
were availlable from outside sourcese

(¢) 4 line at 24454° was identified as chromium-
molybdenum solid solution as based on a series of Mo:Cr
which was synthesizeds The calculated interplanar spacing
based on the ratics of Mo and Cr used in the specimens agree
to a certain extent with those obtained from the diffraction
patterns. The intensities, however, do secem to Indicate a
series of solid solutions since the line does occur 1in
Specimen 37, which contained no molybdenume

() A line at 2.05-2.06A° is evidently caused by
chromium in the silicon carbide since the "d" value for SiC
was increased from 240 to 24454°% This "d" value corres-
ponds to the 1CG10 plame. The line at 1.99AC was identified
as chromium metal line.
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No correlation betwsen density and composition could
be made because of the erratic results. Thess results
are probably due entirely to difficulties in obtaining
uniform conditions over the series of specimens. Uniform
temperature and pressure conditions affect the attalmment
of uniform forming conditions to the greatest degres.

De Effect of Mixing and Grinding for Two Metal-Silicon
Carblde Systems

The effect of mixing vs. wet=grinding was studied for
the chromium-molybdenum-silicon carbide sSystem. A composi-
tion of 65% silicon carbide (made up of 50% = 400 mesh, 30%
800 mesh and 20% 1200 mesh grain) and 35% chromium-molybdenum
(1:1 by weight) was selected as a representative cases One
charge was mixed in a glass receptacle for s period of 24
hours on & ball mill frame, the other was placed in a steel
ball mill to which was added 200 gms. of half inch balls
and enough carbon tetrachloride to make a slurrye The mill
was then rotated for a period of 24 hours during which time
there was an iron pickup of less than one percente.

After drying both powders they were prepared for hot
pressing and pressed at a pressure of 5000 psl over a tem=
perature range from 2300 to 3500°F. The materials were
tamped into graphite molds and hot pressed in the usual
mannor e

(1) Results - The plotted results of density and
porosity vse. temperature may be seen in Flge 3 and Figes 4.

The same procedure for wet-grinding in carbon tetra-
chloride was carried out by replacing the 35% chromium-
molybdenum with 35 Stellite Nos 21 (Vitallium) powder.

A similar hot pressing series was run, the results of
which may be seen in Fig. 5.

(2) Discussion of Results = Thers seemed to be
little difference in the results, between the dry-mixed
and the wet milled materials. In both cases, density was
low and porosity high, due in part to the relatively low
pressure useds For the chromium-molybdenum, silicon care
bide series there appeared to be an appreciasble amount of
metal lost as the temperature was raised even though the
density increased. As was recognized in the past, press-
ures of from 8000 te 10,000 psi are desired for metal
bonded silicon carbide shapes, the density and porosity
depending directly on the pressure, but these pressures
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can only be used satisfactorily sbove 3200°F due to the
decreasing strength of graphite at lower temperatures.

Vitallium, silicon carbide compositions seemed lsss
desirable than the chromium-molybdenum, since porosities
were higher and densities lowere. From the composition
of Vitallium as shown below, it might be predicted that
itwould not work well for bonding silicon carbides.

Analysis of Vitallium

Co - 62 «Q

Cr - 25.0 = 550
Mo - 4450 = 6050
Fe - 2e0 « mazxe
Ni - 1.50 = 3450
C - 020 = (035

Density approx. 8.3 gm/cce

As shown in past studies, cobalt reacts with silicon
carbide forming cobalt silicide. While this would probably
be advantageous for small amounts of cobalt, large amounts
tend to weaken the structuree

I1I THE INVESTIGATION OF INFILTRATING TECHNIQUES
AS KPPLIED TO METALS AND STILICON GARBIDE

Ae Determination of Melting Polnts

After a search of the literature for methods describ=-
ing vacuum sintering and infiltration, a program was under-
taken to determine the melting polnts and reactions of metals
and alloys heated on different refractory slabse. The refrac-
tories used included zirconia, graphite and hot pressed
silicon carbides. The metals and alloys to be studied were
cold pressed in disc form under a pressure of 50 tsie. The
discs were approximately one inch in diameter; large snough
so that a hole one quarter in diameter could be drilled through
the center. The hole in the center facilitated good measure-
ment of the melting point as the metal disc melted and the
hole collapsed,

(1) Experimental Procedure - The metals were placed
on the refractory plates and put in the furnace chamber of
the vecuum furnace shown in Fige 6e A vacuum was then drawn
and the heat applied gradually so as to prevent spalling of
the zirconia crucible containing the charge. At a tempera=
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Fige 6

Vacuum furnace

ture of 1500°F, the furnace heating was delayed until a
pressure of Oel microns of mercury was drawne Then the
heating cycle progressed as before until the melting point
of the metal was observede. For chromium and alloys con-
taining chromium, a partial vacuum was used so as not to
lose the chromium through volatilizatione

(2) Results - The data obtained from the melting
point studies are shown in Table XIIe

It was observed that the metals melted at different
temperatures depending upon the refractory on which they
wore meltede The brief summary of the melting character=-
istics follows:

(a) DNickel melted consistently in the same
temperature range. It did not appear to have wetted the
zirconia slabe

(b) Iron melted on the zirconia, wetting it
and forming a slag type of substance around the periphery
of the buttone

(¢c) Chromium and molybdenum behaved very
erratically since the ohserved melting point ranged
from 3000 to above 3600°F. When the metals were melted
on either silicon carbide or graphite there seemed to
be enough carbon present to react and form carbides
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TABLE XII

Melting Points of Metals and Alloys

on _Refractory Materials

Metal Tempersature Book Tempe Vacuum  Refractory

Op {STP) (mu Hg) Slab
Nickel (a) 2835 2650 0.0001 Zirconis
Nickel (b) 2675 2650 0.032 "
Iron 2520 2795 0.0001 "
Cr=Mo 3595 - 0.0500 "

(no melting)

Cr=Mo 3290 - 0.1610 Graphite
(pre sintered) :
Cr=-Mo 3000 —— 0.1200 "
Cr-Mo 3040 - 0.100 Silicon Carbide
Chromlum 2895 2940 0200 Graphite
Chromium 2885 2940 0.054 Silicon Carbide
Vitallium 2580- - 0.044 " "
Silicon 2625 2590 0.0001 " "
Hastelloy B 2590 —— 0.05650 Zirconlsa
Cr-Silicon 2700 - 0.0650 Silicon Carbide
WADC TR 54=38 w2



of the metals. The molten metal flowed completely saround
the graphite slabs showing 1ts excellent wetting psoperties.
It 4did not melt on zirconia, however, even at 3600 F.

(d) Chromium reacted in much the same menner as
chromium and molybdenum with the exception that 1t formed
long bronze cclored crystals of chromium carbide in a bronzs
colored matrix, whereas chromium and molybdenum had a sllvery
appearance, Chromium also wet the graphite slab and flowed
ground 1te

(e) Vitallium wet silicon carbide but reascted with
1t, apparently to form cobalt silicldee.

(f) Silicon wet and adhered to silicon carbide,
but did not react with 1lte.

(g) Hastelloy B melted but did not wet or resact
with zlrconla.

(h) Chrome-silicon wet silicon carbide and seemed
to have infiltrated 1t to some extents No visible reaction
was noted.

Be Vacuum Infiltratlion of Metals Into Silicon Carbide

(1) Discussion = The need for additional methods for
febrication of metal=-silicon carbide parts arose becsuse of
the rather difficult hot pressing technique when pressures
sxceeding 8000 psi are desirede The one method which par=
ticularly seemed to apply to silicon carbide was the in=-
filtration technique whereby a porous skeleton was filled
with & continuous matrix of metal. This in theory would
give a product which exhibits the properties of each of the
phases since both would be continuouse.

(2) Experimental Procedure = Infiltration of silicon
carbide with alloys and metals was begun with the investi-
gation of technique and firing conditions as principal con-
glderations. It was necessary to limit the silicon carbide
gralin size from 36 to 100 mesh since finer grain hot pressed
at low temperatures and pressures would not permit infiltra-
tione This was caused by the smallness of the channels
through which the metal had to flow and also because of the
small grains, higher surface energy and hence ease of re-
action with highly reactive metalses To minimize this rew=
action, this study has been confined to the use of four
grain sizes 36, 60, 80 and 100 mesh silicon carbide. A
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finer grain size silicon carbide (240 mesh was also in-
vestigated but results indicated that the pores were too
small for many of the metals used.

The silicon carbide used was hot pressed at tempera-~
tures ranging from 3600-4400°F under a varying pressure
not exceeding 28500 psie This resulted in a bonded struce
ture containing 30 to 45% pore of sufficient size to per=-
mit the entry of metals and alloyse. The bonded silicon
carbide was removed from the mold, c¢leaned of any graphite
on the surface and prepared for vacuum sintering in the
following mannere

The silicon carbide was placed in the flring chamber
of the vacuum furnace shown in Fige 6 An alumina tube
containing the powdered or sintered metal was placed sbove
this sample. A vacuum was then drawn and heating begun at
a rate S0 as not to destroy the vacuum by an evolution of
too much adsorbed or absorbed gases PFor those mixtures of
metals or alloys that contained chromium, an argon atmos=-
phere of 300 mm. of mercury pressure was admitted. This
prevented the sublimation of chromium over ths temperature
range coveredes

(3} Results = Using the above procedure, metals and
alloys such as Cr=Si, Mo-Cr, Cr-Mo-Si, Cr-Mo-Ni-Si-W, and
Hastelloy C were used to infiltrate silicon carbide. Table
XIIT contains the data accumulated for the various infiltra=-
tion runs.

The results obtained were not conclusive enough to
establish whether or not vacuum sintering is satisfactorily
a replacement for hot pressing. For some applications where
the size of the grains used is not of extreme importance,
vacuum sintering techniques could be used. However, small
parts would not have the proportionate strength of the large
parts dus to the larger grain size, whereas the hot pressed
material would tend to exhibit equal properties whether the
part were large or small.

(4) Discussion of Results = The metals that seem to
work best with silicon carbide include Cr=Si, Cr-Mo-S1 and
Hi=Cr-Si-Mo=-We It is felt that these comblnations of metals
can be used to form a dense, low porosity bodye. However,
none of these combinations appear to react with silicon
carbide and as a result some small particles are lost on
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polishing, indicating that the degres of wetting, hence

the bonding, 1s not great. Hastelloy C reacts freely with
sillicon carbide at the temperatures used producing a sili-
cide of nickel which seems to bond the structure togethere.
Very few pullouts are evident when a Hastelloy C bonded
sllicon carbide body is polished. However, the high tem-
perature needed for infiltration of Hastelloy C permitted

too much reaction phase to forme. For this reason, a program
was initlated of pressure infiltration at lower tempseraturss,
the results of whlch are conteined furcther on in this section.

The grailn size that seems to be best for this type of
forming is 80 mesh, while 100 mesh grain can be used for some
of the metals such as (r and Si which wet silicon carbide to
a greater degree than others. Examples of the types of struc-
tures derived from the method of infiltration uslng various
grain sizes is shown in 1, 2, 3, and 4 of Fige 7. Micrograph
1 shows 36 mesh silicon carblde bonded by Cr=Mo~Ni-Si-W
(83:4:4:4:1)e Micrograph 2 shows 36 mesh silicon carbide bonded
by Hastelloy Ce NoOte the extenslive reaction areas. Micro-

aphs 3 and 4 show 80 mesh sllicon carbide bonded by Cr:i:Mo:Si
%g:l:l) and Cr:Nii:Mo:Si:W (8:4:4:4:1) respectively. The black
areas present are veids due mainly to pullouts during polish-
inge The finer the grain gets the more likely & pullout is
to occure As can be seen from the four micrographs, Hastelloy
C 1ls the only metal combinetion that actually reacts with the
silicon carblde to form a bonding phase. The others seem to
exhibit quantities of isolated metal particles. On the macro=-
scale, however, all the bodles appear to be well bonded when
cut with a diamond cut-off wheel although the Hastelloy C
bonded silicon carbide is a 1little tougher. These may be
compared with Part 6 of the same figure which is a micrograph
cf hot pressed chromium-molybdenum bonded silicon carbide
having a density of 3.80 and a porosity of l.0%. Here again
the volds are mainly cgused by pullouts.

Ce Pressure Infiltrated Silicon Carbide

Another method of forming metal-bonded silicon carbide
was also investigated. It involved the forcing of a metal
under high pressure into & silicon carbide struecture using
the hot press techniquee

(1) Experimental Procedure « Silicon carbide cylinders
were hot pressed in a manner similar to those in Section B
above, that is under a pressure of from 500-2500 psi and a
temperature of from 3600-4200°F. This process left the
cylinders with about 35-45% pore volume, enough to permit
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Fig. 7
(75x)

Metal=Bonded Silicon Carbide Bodies

le Cr:Mo:Ni:Si:W (8:4:4:4:1) = 36 mesh grain = vace infile
2e¢ Hastelloy C =« 36 mesh grain = vace infile

3¢ Cr:MosSi (1l:1:1) - 80 mesh grain = vace. infile.

4o Cr:Ni:Mo:Si:W (8:4:4:4:1) - 80 mesh = vace infile

5« Hastelloy C = 100 mesh = pressure infile

6e Cr:Mo (1l:1) 400, 800, 1200 mesh grain - hot pressed

Gray - Silicon Carbide

White - Metal
Black = Pullouts and Pores
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the entrance of a metal phase, The skeletal silicon care
blde cylinders after cleaning, either with acid or mechani=-
cally, were replaced in the graphite mold from which they
came. Tight fitting pushrods were inserted inté the mold
cavity after a charge of metal shot or aslug of metal was
placed sbove the skeleton. It was essentisl that the push-
rods be tight enough to resist any flow of metal around them
and out of the mold chamber.

The mold was placed again Into the induction unit, heated
to a temperature slightly above the melting point of the
metal charge, and pressure applied to the pushrod forcing the
metal into the silicon carbide structure. Hastelloy C, the
metal most successful and most often used, was pressure in=-
filtrated into silicon carbide at 2300-2400°F under a press=-
ure of from 500=2500 psi.

(2) Results = The results for some of the bodles in-
filtrated are shown in Table XIV. Also included is some
modulus of rupture strength data derived in the manner de-
scribed previously in thils sectione

The results of pressure Infiltration were encouragings.
The use of Hastelloy C seemed to result in the continulty
of the metal phase of the bonded specimen greater than any
of the other materlial thus far investigated. This 1s due
in part to the large percentage of metal present and also
to 1ts reaction with the silicon carbide forming a silicide
which tles the metal in with the non-reacted silicon carbide
graine The relatively low pressure requirements would aid
In the production of large parts, much larger than could be
made by hot pressing directly.

A micrograph of 100 mesh silicon carbide pressure in-
filtrated with Hastelloy C may be seen in Part 5 of Fige. 7.
The reaction phase can be seen around the grains. The degree
of reaction can be regulated by regulating both the temperae
ture and time at meximum temperature.

(3) Discussion of Results - The strength values shown
in Table XIV indlicate that as a whole the structure of
Hastelloy C infiltrated silicon carbide 13 lowe This is due
in part to the large grain size silicon carbide used and the
small bar which wes used for test purposese The high tempera-
ture strength, however, does increase over twofold at 1800°F,
glving a value of around 18,000 psi.
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It should be realized that these preliminary tests
are in no way conclusivee The strength of Hastelloy C
infiltrated silicon carbide with a refinement in forming
and an increase in uniformity, plus proper heat treatment,
should be as great if not greater than the values obtained
for the hot pressed materiale. ‘

{(4) Conclusions:
(8} Modulus of rupture strengths in the neighvor-
hood of 31,000 psi are characteristic of the chromium-moly-
bdenum bonded silicon carbide.

(b} Iron and chromium alone do not appsar to
be satisfactory metals for the bonding of silicon carbide.

(¢c) Cermets containing higher than 35% metal
(Cr:io) appear to bond silicon carbide very well, however,
the strength of the cermets do not sxceed the values for
the 35% metal= 65% silicon carbide cermetse

(d) Modulus of rupture strengths of Cr-io,
51iC specimens appear to increase as much as 100% upon heatw=
ing to 1800°F and 2000°F.

(e) X-ray studies revealed that a series of
solid solutions were formed when chromium and molybdenum

in varying proportions were hot pressed with silicon car=-
bidea

(f) Iow densities and high porosities are
cheracteristic of the 35% chromium-molybdenum bonded silicon
carbide when pressed at pressures lower than 8000 to 10,000
psls Whether or not the bateh was milled or Just mixed did
not seem to effect the results greatly.

(g) High densities and low porosities are
characteristic of the 65% chromium-molybdenum bonded silicon
carbide when pressed at pressures in the order of 5000 psie

(h) Vitallium bonded silicon carbide did not
show any desireble properties when hot pressed.

(1) Metals melted under vacuum and partial

pressures of hellum and argon demonstrate erratic melting
points depending upon the refractory slab used as a supporte.
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(j) Mixtures of molybdenum and chromium and
silicon and chromium appear to work satisfactorlily for ine-
filtration of silicon carbide skelstons as long as porosi-
ties of 35% or more are characteristic of the skeletal
materiale

(k) Hastelloy C 1s too reactive when used to
infiltrate sllicon carblde using vacuum techniques. HOwever,
1t can be satisfactorily Infiltrated using the hot pressing
technique.

(1) Strengths at present for Hastelloy C
pressure infiltrated sllicon carbide are low but higher
strengths are expected when the infiltration process is
perfectedas

IV SINTERING OF METALS WITH SILICON CARBIDE

As Dilscussion

Although most carblides have been successfully sintered
with binder metals, silicon carbide does not lend itself to
such treatment because it is not wet by most of the common
binder metalse. It has been noted that silicon carbide re-
acts with iron, cobalt, nickel, and chromium at sintering
temperatures. Inflltration and hot pressing studies have
shown that some combinations of metals such as Cr:Mo do
bind silicon carbide to some degreee This study was made
to determine which metals or combination of metals might
be used in binding silicon carbide using a sintering
processe

Be Experimental Procedure

The welghed composlitions were mixed for 24 hours in
glass jars and then c¢cylindrical specimens 1/2“ in diameter
and 1/2" long were dry pressed to 50,000 psi.

Sintering was accomplished in a vacuum furnsce with
the specimen seated on a graphite block inside an a lumina
crucibles All specimens were heated to 2000°F and out
gassed to one micron of mercury for 10 minutese At this
point, the sintering procedure was adapted to the varticular
composition being sintered. Compositions containing metals
with high vapor pressures at the sintering temperabure were
Sintered in argon at 300 mm. pressures Along with varia-
tions in composition there werse several other variasbles con=-
sidered such as sintering temperature, sintering time, atmos-
phere and pressure, and grain size of the silicon carbidee.
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Ce Results

Visual observations of the sintered specimens noting
diffusion of the metal to the surface and the poroslity was
used as the main criterias In Table XV is listed the com-
positions and sintering procedure along with the visual
observations made.

De Discussion of Results

Without exception, every metal sintered with silicon
cerbide showed some diffusion of the metal to the surface
of the specimen and this effect became mors pronocunced with
increased sintering timee. The titanlum-silicon carbide
system showed the least diffusion and produced the soundest
structure of the systems investigated. A composition con-
taining equal volumes of carbide and metal (about 60% Ti
by welght) produced the soundest specimens.

The micrograph in Fige 8 shows the sintersd structure
of the 40% Si1€60% T1i composlitions The light phase is
titanium while grey has not been identiflede Silicon care
bide appears as the darkest of the three phases.

Although titanium bonds to silicon carbide, its strength
at high temperature and poor resistance to oxidation makes
it of questionable value as 2 bindere. It may be possible,
however, to employ the titanium as a bond between the silicon
carbide and a strong metal.

The system Ni=Cr=3iC also showed little diffusion of
the metal to the surface of the specimen. It was observed
in this system also that equal volumes of metal and car-
bide produced the soundest specimens.

Es Conclusions

l. Titanium and silicon carbide form a strong bond
when sintered together in vacuum or in argone

2¢ Clromlum, nickel and silicon carbide form a bond
when sintered together 1in an argon atmosapherse.

3s The best sintering was obtained when equal volumes
of metal and carblide were used.
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Fig. 8

Micrograph of 60% Ti
40% SiC
Sintered at 3100°F for
one minute

(125x)

PARE 211

HIGH TEMPERATURE STABILITY OF SELF BONDED AND CR-MO
BONDED SILICON CARBIDE IN VARIOUS ATMOSPHERES

I DISCUSSION

Most of the anticipated use for both metal bonded and
self bonded silicon carbide require stability in the presence
of air, carbon monoxide and water vapor at high temperaturee.
A study of the chemical stability of these materials as in-
dicated by weight change in these gases was undertakene The
automatically weighing and recording balance described in
Report Noe 45, Contract Noe W33(038) ac=14233 was used for
the studies in air and water vapore A horizontal tube fur-
nace and periodic weighing was resorted to for studies using
carbon monoxide since it provided a tighter, closed system.

II EXPERIMENTAL PROCEDURE

All of the specimens tested were hot pressed cylinders
1/2 inch in diameter and 3/8 inches longe Methods used for
hot pressing are described in Parts I and II of this reporte.
Self bonded silicon carbide specimens were made from both
the alpha and beta formse.

Silicon carbide specimsns bonded by a chromium-molybdenum
mixture were made bg hot pressing and oxidized in the three
atmospheres at 1832 Fes The composition hot pressed was as
follows:

WADC TR 54-38 =4 S



23% Molybdenum

42% Chromium

28% S1C - 400 mesh
7% S1C =1200 mesh

100%

Some of the metal phase may have been lost in the hot
pressing operatione

The self bonded silicon carbide was oxidlzed in
steam and carbon monoxide at 1832C°F and in air at 2552°F,.
Time of oxidation in the various atmospheres varled accord-
ing to the time it took to reach stabilitye.

Table XVI lists the compositions, forming temperatures,
physlical data and testing temperatures and atmosphersse
After testing, the oxidized specimens were mounted in bake-
lite and cut with & diamond saw in preparation for polish-
Ing and metallographic examination of the reaction layerse.

III _RESULTS

The weight changes occurring in self bonded silicon
carbide when exposed to air, water and carbon monoxide,
at high temperatures are shown in Fige % Welght changes
are expressed in milligrams per sgquare csntimeter of
original surface area of the specimen.

Fige 10 shows the effect of these atmospheres on
chromium-molybdenum bonded silicon carbilde.

Metallographic examination of the polished sections
of the oxldlzed specimens revealed no reaction layers on
the surfaces of sither the self bonded or metal bonded
materiale

IV DISCUSSION OF RESULTS

The automatlcally welghing and recording apparatus in
general have rsliable results but in using atmospheres of
water and CO, several complications occurred. A carbon
monoxide atmosphere could not be used In this apparatus
because & tlight seal against air could not be madee In
using water vapor, the steam generator caused strong up-
drafts and water condensed on the chain holding the speci=-
men giving false weightse. Sudden up-drafts were reduced
by placing glass beads in the steam generator and conden=-
sation was reduced by heating the chain but considerable
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difficulty was still encountered. The horizontal tube
furnace using perlodic welghings was found to be more
satisfactory for atmosphsres of water vapor and carbon
monoxides

Self bonded silicon carbide curves ars charsctarized
by a slight weight increase and then stability. Carbon
nonoxide at 1832°F was more corrosive than air at a con-
siderably highor temperature (2552°F)e The slow welght
increase of silicon carbide in water vapor may be dus to
the low degree of dissoclation of water at this tempera-
turee.

lietal bonded silicon carbide was characterized by an
Initial welght loss and then a slight increase. The initial
loss is undoubtedly due to oxidation of the molybdenum to
thes volstlle trioxidee Alr caused the greatest weight loss
and protective layers agealn formed most slowly in water
VEpOCIe

V. CONCLUSIONS

le Silicon carbide develops protective layers when
heated in atmospheres of CO, air or steame

2+ The protective layer develops least rapidly in
steame.

Se Chromium-molybdenum bonded silicon carbide speci-
mens dev:slop protective layers slowly and are characterized
by an initlial loss in weight when heated to 1832°F in air,
steam or CO.

PART IV

X~RAY AND METALLOGRAPHIC STUDIES OF HOT PRESSED
SELR BONDxD SILICON CARBIDE

I DISCUSSION

This study was undertaken to determine changes of
structure and orientation resulting from hot pressing alpha
silicon carbidee. This discussion does not apply to the hot
pressing of silicon carbide from beta silicon czrbide. Harde-
ness measurements of some of the grains of the hot pressed
material were much higher than the hardness reported in the
literature and other grains were much softer. Polished sec-
tions of the hot pressed silicon carbide showed two phases;
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a gray phase and a light reflective phase which was the
softer of the two. It was, therefore, of interest to
determine whether hot pressing promoted the formation of
certain types of alpha silicon carbidee.

Hot pressing might also result in a preferred orien-
tation of the grains and i1t was of interest to determine
the direction of orientatione In general, it was hoped
that a better understanding of the hot pressing mechanism
would result from this studye.

Il EXPERIMENTAL PROCEDURE AND RESULTS

Ae Density and Orientation as a Function of Hot Pressing |
lTemperature

A series of sllicon carbide specimens 3/4 inches in
diameter and 3/4 inches long were hot pressed in graphite
molds in the Induction furnace at 10,000 psi to tempera~-
tures from 4305 to 4640°F. Each specimen was prepressed
at 5,000 psi and the soaking time was held constant at 10
minutes. The following composition designated "Mix O" was
used throughout the series.

60.0% SiC 100 mesh
1540% SiC 240 mesh
25.0% S1C 1200 mesh

Each specimen was cleaned of adhering graphite and
the density determined using the kerosens immersion method.
The specimens were then cut lengthwise and polished with
dlamond pastes A region of very high denslity was noted at
the top end of esach specimens The thickness of the dense
reglon was measured using a microscope and a Filar aye-
plece. This dense reglon was cut off and 1its density de-
terminedes Table XVII lists the thickness of the dense region
and the density achieved at various temperatures.

Laue patierns were made of the dense end section in
directions parallel to and perpendicular to the direction
in which pressure was applied during hot pressing. Patterns
were made after cutting the specimen but before polishing
and no preferred orientation was observed, Fige. lla.
Patterns made after polishing, Fig. 1lb, show a preferred
orientation but this 1s due fto pollishing rather than hot
pressings
Be Effect of Soaking Time on Density and Types of Silicon

Carbide Obtained

In this work, a composition designated "Mix 33" was
used and consisted of the following grain sizes of alpha
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TABLE XVII

Effect of Hot Pressing Temperature on Density
Distribution Using "Mix O"

Maximum Total Spece Thickness Density
Temperature Density Dense Regilon Dense Region
0 (g/CCQ) (mm.) (g/cc.)
4305 2467 e s ———ee (1)

4415 2466 il « 2.80
4500 2470 1.2 2094
4590 2.72 le7 303
4640 275 l.8 3408

le Dense region too thin for measuremente
2e Dense region slanted because of uneven applidation
of pressure.

(a)

Fige 11
Laue Patterns of Dense Regions of SiC

a) before polishing
b) after polishing
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silicon carbide.

354 SiC =~ 100 mesh
40% SiC - 240 mesh
25% S1C = 1200 mesh

A series of cylindrical specimens 3/4 inches in diameter
and 3/4 inches long were hot pressed using graphite diees
in the induction furnace. Each speclimen was prepressed at
254000 psl in i1ts graphite molde A steel ring was usecd to
reinforce the mold and steel push rods were employede The
steel ring was removed and the steel push rods replaced by
graphite and each specimen was hot pressed at 10,000 psi to
temperatures ranging from 4600 to 4655°F while the soaking
time was varied from O to 20 minutes.

The density of each specimen was measured and then they
were cut lengthwise and polished. A microscope and Fllar eye-
piece were used to measure the thickness of the dense reglon
of the upper end of the specimen. This dense region was then
cut off and its denslty measured. Table XVIII lists these
results.

TABLE XVIII

Effect of Soaking Time on SRpcimen Density
Distribution Using

Soaking Maximum Total Thickness Density of
Time Temp e Specimen  Dense Upper Dense Upper
Mine (°F) Density Region Region

(g/cce) (mma ) Qg?cc.)
0 4650 270 1.2 3406
5 4655 2479 380 3.07
10 4645 2496 345 3.08
15 4600 2495 3.1 3404
20 4645 —-——— —wed -t

#Sampls Decomposed

(1) X=Ray Investigation = The dense and pleces were
crushed in & diamond steel mortar and ground in a boron car=
bide mortar and pestle in preparation for making powder
patterns. To determine the types of alpha silicon carblde
present after the various soaking times, a General Electric
XRD3 Spectrogoneometer unlt was employede Nickel filtered
copper radlation was used for diffraction and the counts
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per second obtained on a Gleger=NMuller tube were register-
ed by a recorder. The areas under the peaks were measured
and compared to the area under the 2.53 A° line for each
specimen. From three to ten runs were made on the powder
from each specimen and the results averaged to obtaln the
curves shown in Fig. 12. In Table XIX are listed the "d"
values obtained for "Mix 33" before hot pressing and after
hot pressing with a soaking time of 15 minutese Also the
literature values for silicon are glven.

(2) Metallographic Examination = The dense ends of
the specimens were polished using diamond paste, and as
shown in Fige. 13 two phases were observed. Gray gralns
predominated surrounding a lighter phases The amount of
light phase was observed to increase with temperature and
soaking time and was identified as sllicone Hardness
measurements of the_silicon indicated a Vickers hardness
of 1200-1800 kgm/mm® and the_darker phase was found to be
between 2500 and 3500 kgm/mm® using a load of 25 gramse

Ce Discussion of Results

In Table XVII it can be seen that the bulk density
of the whole specimen increased slowly dus to the forma-
tion of & very dense region in the specimen near the top
of the mold and the remainder of the specimen did not be-
come appreciably densere. A great number of large voids
oriented parallel to the pressing force were observed in
the region of lower density. This observation and the
fact thet densification occurred at only the top and not
the botbtom (although pressure was applied from both ends)
led to the bellef that silicon from the interior of the
specimen migrated as a vapor to the top and there it
solidified.

Filge 1llb is evident of cold working of the material
during polishing since no preferrsd orientation is found
before polishing. This would indicate the presence of
a less brittle materlal than silicon carbide such as un-
comblined sllicon.

The results of the etching tests and the hardness
measurements along with the x-ray patterns shown in Teble
XI§ definitely establlish the light phase (Fig. 13) to be
silicon.

This increase of type 6 H silicon carbide as indicated
by the lncrease iIntensity of the 1«67 A line in Fige. 12
for soak times greater than five minutes may be due to a
loss of critical impurities through volatilization. Type
4 H decreased in quantity with soaking time evidently revert-
ing to Type 6 He
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TABLE XIX

Evidence of Formation of Silicon During Hot Pressing

"Mix 33" "Mix 33" Catalog Representative
Before Hot Pressing Soaked 15 mine Values Silicon Lines of Pure
Types of SiC
-"ll"aw I “'aﬂ f L ;
3.15 4 3415 8 silicon
2467 5
2464 7 2464 6
2459 6 2459 3
253 9 2453 8 252 4
237 7 237 8
2019 6 2.19 6
2408 4 2408 3 4H
2401 5 2.01 5
190 5 1490 10 silicon
l.84 3 4H
1.68 5 1.68 6 6H
l.64 4 le63 10 gsilicon
le61 4 1461 3
le54 10 1454 10 le52 10
1.450 4
14426 8 l.426 8
14405 3 15R
Le365 2 1.36 4 silicon
1.335 4 14335 4
1.320 10 1320 10
14204 6 1.294 6
1.273 3
l.264 3 l.264 6
l.252 3 1.25 silicon
1l.244 2
1.225 4 1.225 5
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FIGURE |2

EFFECT OF SOAKING TIME ON

TYPES OF ALPHA SiC PRODUCED
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Figo 13

Micrograph Dense Silicon Carbide Showing Light (Silicon)
and dark (SiC) Phases 405x Unetched

The recrystallization of asymetrical grains under a
directional pressure would be expected to cause a preferred
orientations Since no preferred orientation occurs it may
be assumed that the pressure is in effect non-directional
and the application of pressure confines the silicon vapors
in contact with the silicon carbide allowing it to sinter
rather than decomposee The presence of silicon in the
most dense regions of the specimen is further evidence
supporting this conclusion.

De Conclusions (X-Ray and Metallographic Examination of
Hot Pressed Alpha con Carbide)

l. Hot pressed alpha silicon carbide consists of two
phases; silicon carbide, a dark gray phase and silicon, a
light metallic phasee

2+ The original alpha grain, consisting of types 4 H,

6 H, and 15 R, is converted to type 6 H at the expense of

the other types upon hot pressing for long soaking periods
(15 minutes)e.

3¢ No preferred orientation occurs in the hot pressed
silicon carbide graine
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4e The hot pressing of silicon carbide appears to
be a sintering process in which the vapor pressure of the
silicon is raised above the dissociation pressure of the
silicon carblde thus preventing its decomposition and
allowing the sllicon carbide to sinter.

Se¢ Sllicon metal found between the silicon carbide
grains becomes cold worked during polishing forming a
thin film on the silicon carbide grainse.

WADC TR 54=38 =58



