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irnii the mechanical properties of SiC at high temperatures. The main approach 

utihzed^in this work has been to optimize processes and compositions for the base 
structural ceramic, SiC, such that appropriate microstructures could be obtained by 
hot-pressing at low pressures. These materials are then subjected to high-temper¬ 
ature mechanical tests.(yv* ) ¿\ * 

ot ifiInoe+rt?onAoShOW that carbon reduction of amorphous silica containing 0. 5<* boron 
at 16b0 to 1800 temperatures in argon will yield submicron 8-SiC powders well sin- 
terable under nominal hot pressing conditions. Three different microstructures are 
o teined, depending on whether the powders £ re oxidized in air at 700°C, oxidized and 
leached with HF, or blended with hyperstoichiometric carbon additions. Of the three 
the latter obtained with excess carbon additions is shown to be the preferred structure. 

n addition, measurements of three point bending strength up to 1600°C creep 
rate^ delayed failure, and oxidation rate at 1600°C show improvements are obtained 
by these small carbon additions. At this temperature, strengths in excess of 60 Kpsi 
have been developed. K 
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and to P. C. Smith for the view of the manuscript. 



ABSTRACT 

whiJÄ“Te °K thiS,WOrk has bee" “> investigate those parameters 
Which limit the mechmcal properties of SiC at high temperatures The main 

for thaCh Utlhfed m 11113 work has been to optimize processes and compositions 

could be oMameUdC¡,U^h^Ce^amiC• SÍC- S“Ch ‘hat aPPr0Priate microstructures 
sub ected to h,I , y h0t-Pfessln* at low Pressures. These materials are then 
subjected to high-temperature mechanical tests. 

n results show that carbon reduction of amorphous silica containing 

B SiCnowd*11 165n 40 180°’ le”Parata-a i" argon will yield "ubm“® 
differ^ sinterable under nominal hot pressing conditions. Three 
arj n H microstructures are obtained, depending on whether the powders 
h™ ♦ ! m air at 700OC' oxidized and leached with HF, or blended with 
hyperstoichiometnc carbon additions. Of the three, the latter obtained with 
excess carbon additions is shown to be the preferred structure. 

rn^oi^rhar^re.^ s,rx 



1- INTRODUCTION 

Gâs turbine inlet temperatures have been increased well beyond the 
stability limits of superalloys by the development of intricate cooling systems. 
Limitations have been reached, however, and any further steps will require 
higher permissible component temperatures. With the potential of metals 
nearly exhausted, ceramics become interesting inspite of their shortcomings 
with respect to brittle behavior. Vanes have been selected as the first ceramic 
turóme components to be developed and tested since they are exposed to the 
highest temperatures, are more difficult to cool than other parts and do not 
require the extreme mechanical properties typical for blade materials. Silicon 

ude vanes are scheduled for full scale testing in a 30 MW land based power 
generation unit under the auspices of an ARPA program. Extensive evaluation 
of high grade hot-pressed Si3N4 initiated in this program confirmed its out- 
standing properties at room and moderate temperatures but also its limitations 

accented^that Í m stren^h and oxidation resistance. It is now generally 
accepted that for temperatures above 1400<>C silicon carbide is the best and 
probably the only current candidate material. 

MchZi6 g0a-J?f thlS pro£ram has been the development of a ceramic with the 
ghest possible strength for turbine applications up to 3000°F. The high 

strength requirement arrises from the need of the material to sustain thermal 
tresses generat d on turbine shut down and from requirements of impact 

a tPnsiqT!; A level of impact properties, however, would require 
a tensile strength near 300, 000 psi. To generate such a strong ceramic in 
ulk is a formidable problem compounded by the presently limited under¬ 

standing o. fracture initiation processes in this material. Nevertheless it 
is pro a y not an impossible task since even higher strengths have been ob¬ 
served in polycrystalline CVD fibers made of SiC. 

fhQ. 11 ÍS believed that SiC has the highest potential of any known compound and 

ceram?periSTet’s ^ ^ grained' hiSh Parity form will yield the desired 
Wal “ Str1engtf1 Wl11 be controlled by various factors that determine the 
flau/« reSS eVe at fracture Such as microscopic inhomogenieties, surface 
stand'arH*111" fu mi^roPlastic yielding. Our work is an effort to under¬ 
stand and control these factors. 

i„.„ t powde^c“mPosl!>on and a hot pressing process for consolidation of SiC 

of “he program“^? ^ CeramiC *as devised *» the tirs‘ y*« 

Oir .V “ Waf ah°Wn that SmaU a"1»™*« of boron aid in the densification of 
<ata°minal bof-prassing conditions and fine grained microstructnres were 

fnd s?nnn Be^y^,.SÍrength3 ln eXCess of 10°- 000 Psi at room temperature 
tmd 64 00° psi at1500 Cwere demonstrated and oxidation resistance was found 
to be excellent up to 1600°C. This ceramic was made by pressure sintering 

submicron sme fraction of an Sic powder separated by sedimentation from 
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a high grade commercial SiC (E277). Densities above 99# of the theoretical 
with a uniform 3. 2 micron grain size microstructure could be routinely ob¬ 
tained at 1950°C, 10,000 psi in 30 minutes. At 2000°C and above, exaggerated 
grain growth was observed and attributed to a silicon melt formation. 

At this stage further plans toward process optimization, scaling up and 
characterization of the material at high temperatures were modified in order 
to avoid possible variabilities of commercially available SiC materials. In¬ 
vestigation into the techniques of SiC powder preparation was therefore in¬ 
cluded in this year's program in order to assure the use of pure, submicron 
SiC powders. This approach also had the potential of eliminating the incon¬ 
venience of fine grinding, leaching, fractionation and small yields, typical 
in the preparation of submicron powders by comminution. 

It has been shown in nearly all of the recent developments in ceramic hot 
pressing that powder properties such as grain size, size distribution, grain 
shape, crystalline structure and trace chemical composition play an extremely 
important role in determining the microstructure and resulting mechanical 
behavior. Thus while the decision to produce in-house powders temporarily 
brought about the difficulty of using unstabilized powders for hot-pressing 
experiments it subsequently yielded an important fundamental understanding 
of the requirements for a sinterable SiC powder. The main objective was to 
o tain an improvement and understanding of high temperature strength of SiC 
and this is sensitively dependent on raw materials characteristics For 
example, recent investigations of the mechanical properties of hot-pressed 
SiC made elsewhere(2, 3) indicate a drastic degradation of strength above 
1400°C contrary to the behavior of CVD SiC and single crystals.T4, 5) It was 
therefore, essential to resolve this difference and to establish the processing 
potential of material densification by hot-pressing procedures. Progress 
towards this objective and all the other tasks are summarized below. The 
work is covered in three sections dealing with the three major aspects of the 
investigations: powder preparation, hot-pressing and microstructure control 
and mechanical properties measurement. 

2. SUMMARY OF SIGNIFICANT RESULTS 

1. Submicron particle size SiC powder, suitable for hot-pressing 
operations, is prepared by firing an intimate hyperstoichiometric mixture of 
carbon and amorphous silica at 1650° to 1800°C in an atmosphere of 100 mm 
argon. Excess carbon is burnt off in air and silica is dissolved in HF. 
Boron is added (0. 5#) as H3BO3 on preparation of the amorphous silica gel. 

2. The powders could be hot-pressed to near theoretical densities at 
1950°C and 10 Kpsi. They exhibited exaggerated grain growth in varying 
degrees which was later suppressed by a 1# carbon addition. 



3. Exaggerated grain growth of large tabular crystals was linhed to the 
8-a SiC transformation and would proceed by two different mechanisms. For 
both cases small amounts of oxygen and a silicon metal phase were involved. 
Carbon addition suppressed this anomalous grain growth probably by the re¬ 
moval of residual oxygen. 

4. Three types of microstructures develop on hot-pressing of SiC 
depending on whether silica, silicon or carbon is present during densification. 
These microstructures exhibit a) uniform fine equiaxed grains, b) large 
tabular crystals in a fine grain matrix, and c) fine elongated SiC grains. 

5. Strengths of 80, 000 psi were determined by surface defects, introduced 
on diamond machining, at temperatures below 1400°C. At 1600°C slow crack 
propagation was observed as would be expected under these conditions. A 1# 
carbon addition increased strength at 1500°C by 25$. 

6. Creep measurements yielded strain rates 1.2x lO'8 and 1. 5x 10-9/sec 
at 1600°C and 25,000 psi respectively. The increased strain rate was tentatively 
linked to small amounts of free silicon. On the other hand, a small amount of 
SÍO2 (1 vol/o) does not affect creep. 

3. POWDER PREPARATION 

3-1 Requirements and Methods of Preparation 

Target powder properties were established mainly on the properties of 
the submicron powder prepared previously from the SiC E277 which yielded 
high densities and satisfactory microstructures on hot-pressing. These 
characteristics are listed in Table I. The oxygen content is high, 4. 9$, and 
as will be shown below plays an important role in microstructure development. 
It is, however, not necessarily a harmful constituent. This powder is com¬ 
posed of isolated crystallites of a wide particle size distribution which are 
probably fragments obtained by grinding (no details on the fabrication of E277 
were obtainable). For hot pressing this is a very desirable feature which usually 
cannot be obtained by a process based on thermal synthesis or chemical de¬ 
composition. 

Three processes were selected for in-house submicron SiC preparation: 

1. Comminution 
2. Synthesis from the elements 
3. Carbon reduction of Si02. 

Several other processes were also considered such as formation of SiC in a 
plasma, thermal decomposition of organosilicon compounds and reactions of 
SÍCI4 with hydrocarbons. The latter processes^ however, were though to be 
too prone to local and batch to batch variations to be practical. 
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3. 2 Comminution of SiC 

A sharp cut-off of the particle size distribution near 1 micron is essential 
for the preparation of uniform fine-grained microstructures in the low micron 
region. Hence ball-milling which typically produces a wide size distribution 
ftfXJ68 a su1böe?uen* Panicle size separation step. Wear of grinding media 
further complicates this approach and makes it a laborious and lengthy pro¬ 
cedure. It has , however, the advantage of yielding a product free from 
clusters and strongly bonded aggregates. 

figure 1 shows the particle size distribution of a 600 mesh abrasive 
quality , ,iC after being wet ball milled with steel balls for 50 hours and sub- 
sequentiy acid leached and washed. The procedure takes several weeks but 
could be accelerated by electrodialysis. As shown, the yield of submicron 

Ü^oTmesh^-P11/7 abnUt Î0** Another experiment with finer starting charge 
Ffniri ,, m Ciarb0rundum Co- > also yieWed only 10* submicron SiC. 
nhtod J!. mTÍ11Íng WaS alS° tried but even smaller yields of fine particles were 
obtained. It was concluded that comminution of SiC to the desired submicron 
rhl1C fi!12: I" °ne ®teP is not Possible. However, if the requirement were 
to be relaxed to a -5|a, conventional ball milling might be a satisfactory 

3- 3 Synthesis of SiC from Its Elements 

™ oflC f°TS refdily fr0m the elements on heating at about 1200°C but tern- 
fn a s!+er V! SiUC°n melling POinl are neces3ary ‘0 bring the reaction 
traõ«Sào .C.aOWdr "!1XtUre lo comPletion. Under these conditions, carbon 
transport through siltcon liquid is rate-controlling and in a fine dispersion, 
it is a rapid reaction. K * 

aroA miX^re, °/”^25 mesh Si powder (Poly Research Corp., 99. 99$) and 
rearÍlT6 * <Colunibian Carbon Corp., 99. 0* carbon) and 1# boron was 
bv re«fdnnarf K atmo8Pheres a* 1500» and 1650»C. The reaction was followed 
i 5nn°r n 1 r fh?” a"alyses* The characteristics of the powder prepared at 
narf 1 ^ ^ A ^ Tablc 1 <Colunin 2) and the typical shanks of the powder 

particles "VeT" ^ ^ ^ ^ type^ of" 

a. Large porous clusters of rounded-off grains, 0. 3 to 0 5 
microns in size; and 

b. Individual, mostly platelike crystals, up to several microns 
in size. 

This bimodal morphology was typical. It was observed that particles with 
crystalline habit predominated at the surface of the reaction batch. 
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In the reaction, stoichiometric excess of carbon was used and the un- 
reacted part was burned off in air at 700«C. The powders were subsequently 
leached by 25# HF to remove silica formed in the preceding step and fin Uly 
ball milled with Carboloy balls to break up aggregates. 

Hot-pressing experiments dono with powders synthesized from Si and C 
showed poor -cinterability. " For instance only 93. 7* theoretical density was 
achieved at 2100°C and 10 Kpsi. The reason is not well understood; it may 
be connected to small amounts of unreacted silicon. It will be shown below 
that the presence of elemental silicon affects densification. Work on synthesis 
from elements was discontinued. 

3. 4 SiC by Reduction of SiOa 

Freliminary experiments done according to a preparation method de- 
scribed by U.S. Patent 3085863 gave powders which were easily hot-pressed 
to high density. Therefore, this method was adopted and studied in more 
detail. The original procedure involves hydrolysis of silicon chloride in a 
sugar solution to form a gel which on drying and prefiring at 300°C yields 

SllÍCa intimately mixed *ith carbon. This precursor is then fired 
at 1800 C in argon to obtain 8-SiC. 

3. 4. 1 Preparation of the Gel 

For present purposes the above procedure was modified in that 
silicon tetrachloride was replaced by ethylsilicate to e ninate the inconven¬ 
ience of the vast amounts of HC1 released on hydrolysis. Si (OCaHU* reacts 

còntronédOW PH and al elevated temP-a‘— -‘Oat the procees ’e eaeiíy 

By varying ethylsilicate to sugar ratios in the batches, the stoicHom- 
e ry of the precursor (C/Si ratio) was adjusted between 3 to 4. 5. The theo¬ 
retical ratio was expected to yield pure SiC. However, in the absence of 

bvhTI(un ton‘llÏie reaCtÍOn COUld neVer be comPleted and ‘his was manifested by nigh (up to 11#) oxygen contents in the powders obtained on calcination. 
Moreover, a large loss of silicon was noticed and attributed to the reactions: 

Si02 + C = SiO + CO 

SiC + 2 SiOa = 3 SiO + 2 CO 

(3. 1) 

(3.2) 

Microscopic examination of powders calcined at 1750°C revealed 
globules of fused silica in yellow SiC. It was concluded that on drying the 
gel the contained sugar solution migrates to the surface of the gel particles 
and thus couses mhomogeneity in carbon distribution. The surface of the 
particles becomes carbon-rich and the depleted interior will eventually melt 
on calcination. The unreacted Si02. not being in contact with carbon may 
then react according to the second equation. ' y 
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Spray-drying of the diluted gel and grinding of the precursor was 
tried but did not improve the results. However, excess carbon was very 
beneficial and brought about high yields of SiC. A 25# excess of carbon gave 
satisfactory results in a series of 15 experiments. A typical batch consisted 
of: 

500 cc ethylsilicate 2. 5 g H3BO3 
350 cc water 
500 g sugar l Cc HC1 

The components, when mixed, form initially two immiscible liquids which, 
on heating, gradually dissolve. After approximately one hour at 80°C, the* 
solution turns into a transparent, colorless gel. 

3. 4. 2 Calcination of the Precursor 

The Si-C-O system is univariant in the presence of three solid 
phases, i. e,, at a selected temperature the pressure of gas (SiO-CO-COj) 
and its composition is determined by phase equilibria. The thermodynamics 
of the system was investigated by Krivsky and Schuhman^ and Poch and 
Dietzel. 

Figure 3 shows the gas pressure vs temperature relationship in the 
system. Curve H represents the coexistence of Si02-SiC-C-gas and Curve I 
that of SiOj-SiC-Si-gas. The field between the curves gives the temperature 
and pressure conditions within which SiC may be formed from SiOa with the 
provision that the SiO/ CO (and CO/ CO2) partial pressure ratio is sufficiently 
high. The reaction 

SiC(s) + 2 8102(,,) = 3 SiO(g) + CO(g) (3. 3) 

is nominally controlled by this SiO/CO ratio and a low value, in an open 
system, would lead to decompose ion of SiC. 

The pressure conditions for the reaction are most critical and may 
be discussed in terms of two pressure regimes, Pj and P.. (Figure 3). When 
the total gas pressure P < Pj silicon and CO will form according to the 
reaction: 

2 SiC(s) + Si°a(s) « 3 Si(l) + 2CO(g) . (3. 4) 

!f P > Pjj silica will react with SiC according to the equation: 

SiC(s) + Si°a(s) = C(t) + 2 SiO(g) . (3. 5) 

The main problem of the control of SiC formation is that there are 
no practical means to monitor the SiO/CO partial pressure ratios in an open 
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System, i. e., to remove CO and hold back SiO. Therefore, the overall 
reaction: 

Si02(s) + 3C(s) = SiC + 2CO (3.6) 

will never approach theoretical 
SiO. 

yield and some silicon will always be lost as 

The gel was first dried to form a stiff mass which was broken into 
1/8 pieces and heated to 300°C to complete drying and pyrolyze the sugar 
The black precursor was calcined after that at 1650° to 1800°C in a carbon 
crucible. Higher temperatures were not applied because of coarsening of 
the product. The crucible was brought up to the reaction temperature in 
argon at atmospheric pressure and held for at least one hour. The pressure 
was then decreased to about 100 torr, and held for another hour. The pres¬ 
sure is given by Curve I in Fig. 3; somewhat lower pressures were frequently 
used without evidence of Si formation, indicating that the calculated PT values 
may be high. 1 

Temperatures were varied between 1650° to 1800°C without an 
apparent effect on yield and the ultimate particle size. However, high firing 
temperatures invariably gave better microstructures on hot-pressing. On 
tiring at 1800°C, Si02 was fully reacted (no detectable Si02) and the yield of 
SiC was typically 80^ of the theoretical based on the initial Si content. Powder 
blow-out, due to rapid gas evolution during the later reaction stages, is a 
continuing problem which, in small batches, could be overcome by decreasing 
the gas pressure slowly during these later reaction stages. On scaling up 
(15 lb batch) the fast onset of the reaction is still a major problem with this 
powder preparation process. 

3. 4. 3 Decarburizing and Leaching 

The excess carbon (about 15$) was removed by refiring of the cal¬ 
cinate at 700°C in air for several hours. Lower temperatures extended the 
time necessary and did not prevent oxygen pick-up which was about 2.5$ (in 
one specimen analyzed) and presumably caused by surface oxidation. De- 
carburization was followed by leaching the powder in 25$ HF for one hour 
washing with 5$ HF, with alcohol and drying at 120°C. 

3. 4. 4 Powder (Characterization 

Selected powders were analyzed for metals, boron, nitrogen, oxygen 
and carbon and by x-ray diffraction. Low temperature nitrogen adsorption 
was used to obtain surface areas. Two typical analyses are given in Table I. 
Determination of free silicon by two methods, gave differing results. Several 
percent of Si was found by leaching with HF + HN03(8> and none with KOH <9) 
This discrepancy is not yet resolved. The indications obtained from sintering 
experiments are that some of the powders did contain small amounts of free 
silicon. 
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The described procedure yields yellowish 0-SiC powders having 
stoich'' .»metric composition and a specific surface area 10 to 15 ma/g equiv¬ 
alent to 0. 2 to 0. 15 microns surface average crystallite diameter. The 
crystallites are heavily clustered into coherent aggregates (Fig. 4). Table II 
gives chemical analyses of three typical powders. 

Powder No. 

ES-3 

ES-6 

ES-11 

Boron 
i 

0. 46 

0.48 

0.46 

TABLE H 

POWDER ANALYSES 

Nitrogen 

_EPÜL 

40 

114 

Oxygen 

-1. 

0. 59 

0.27 

0. 40 

Carbon 

■ * 

29.05 

29. 37 

29. 10 

Silicon 

69. 15 

69. 30 

69. 25 

C/Si 

0. 982 

0. 991 

0. 988 

4. PRESSURE-SINTERING AND MICROSTRUCTURE CONTROL 

4.1 The Hot-Pressing Technique 

Powder processing and the hot-pressing procedure described previously 
were used throughout the last period. Powder aggregate break-up by dry 
grinding with an addition of 1$ of lubricant gave satisfactory materials for 
pressing. When additions of carbon were made, the powders were dispersed 
in a solution of an organic in benzene and the slurry was then dried or freeze- 
dried. Utilizing an isostatically prepressed pellet in the hot-pressing die 
instead of the loose powder yielded slightly better densities and die release 
of the final compact. This procedure was therefore used in most of the runs. 
The hot-pressing conditions were as follows; 

Temperature - 1950°C (3540°F) 
Pressure - 10, 000 psi (6. 085 x 107 N/ma) 
Time - 30 min 

and were not altered unless the effect of the hot-pressing parameters were 
studied. 6 K 

4. 2 Results of Hot-Pressing 

4.2.1 Fabrication Variables 

The hot-pressing response of the powders prepared by SiOa reduction 
to boron additions, temperature, ball-milling, specimen dimension etc., 
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was in general similar to powder E277. However, three effects, which were 
related to prepressing, fluctuations of boron concentration and exaggerated 
grain growth and were not observed in the original experiments, complicated 
the response and sometimes obscured the results. These effects are discussed 
in turn below. 

4.2.2 Boron Addition 

An addition of 1# elemental B is necessary to achieve full densi¬ 
fication at 2100°C (Table III). However, a boron addition made as H3BO3 on 
powder preparation is much more effective and 0. 4# is sufficient to yield 
densities above 99. 0$. Whether the difference in B effectiveness may be 
attributed solely to an improved distribution or wheth' " there is a beneficial 
effect of boron on powder preparation is not present.y known. Comparison 
of experiment Nos. R-37 and R-44 in Table III shows that an improved distri¬ 
bution of boron in the pre-pressing does have a strong effect. 

4. 2. 3 Effect of Processing 

Experiments Nos. 9,10, and 11 in Table IH demonstrate the effect 
of dry ball-milling on the final density. When milling was extended to 15 
hours, wear of Carboloy balls was detectable (900 ppm tungsten). On wet-ball 
milling the ball wear was critical (approximately \<f> tungsten in 16 hours) and 
this procedure was subsequently avoided. 

4.2.4 Specimen Dimensions 

Most specimens were 15g disks measuring 3/8" x 1". Variations in 
diameter (1" and 2") and length to diameter ratios (1/8 to 1) did not have a 
noticeable effect on final density (Table IV). Sectioning showed that the dis¬ 
tribution of residual porosity was uniform with no indication of serious 
porosity gradients. As a result no difficulties are expected in further scaling 
up. 

4.2.5 The Effect of Prepressing 

The milled powders were prepressed into disks in a steel die at 10 
Kpsi, repressed isostatically at 30 Kpsi and charged into the graphite die. 
Occasionally the preform cracked or was accidentally damaged and an in¬ 
vestigation was made to determine if those materials were reusable. They 
were crushed to powder, sifted through a 40-mesh sieve, mixed with the 
remaining original powder, and repressed. The small fragments of the pre¬ 
form were strong and coherent, did not break down when pressed the second 
time, and resulted in bridging which prevented achieving uniform green 
density. The low density regions did not densify on subsequent hot-pressing 
because the high-density regions interlocked and halted the shrinkage process. 
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TABLE IV 

EFFECT OF SPECIMEN DIMENSIONS ON HOT-PRESSED DENSITY 

Pressing Conditions 
Powder °C Kpsi Min 

E-277 2100 

Same 2100 

Same 2100 

Same 2100 

ES-14 1950 

ES-14 1950 

ES-20 1950 

10 50 

10 50 

10 50 

10 50 

10 30 

10 30 

10 30 

Dimensions 
_(inches) 
Length pia. 

1/8 1 

1/2 1 

1 1 

3/8 2 

3/8 1 

1 1 

3/8 2 

Density 
g/cc i 

3.22 100+ 

3.21 100 

3.21 100 

3.20 99.9 

3.19 99.5 

3.18+ 99.3 

3.17 99.0 

This effect is demonstrated by Fig. 5 which shows fully dense islets 
within a porous matrix in the microstructure of pressing R-63B. It illus¬ 
trates why only 95«/ relative density was achieved with a powder which yielded 
repeatedly theoretical density in prior experiments which were successfully 
conducted with a single prepressing step (e. g., R-59, R-63). 

i at ^ effects Lave been observed on pressureless sintering of U02 
and A1203 . but would not be expected in hot-pressing these materials, 
since macroscopic flow of a body under pressure should overcome the inter¬ 
locking process. This is obviously not so in the case of SiC. Local variations 
in density are not removed during pressure sintering of such a material and 
consequently the conclusion was reached that processing to produce homogeneous 
green density is exceedingly important for the attainment of uniform shrinkage 
and mrrmaoHrfcrt 0 

4-2-6 Boron Content Fluctuations 

Most boron additions were made by adding boric acid during powder 
preparation equivalent to 0. 5 w/o boron, based on the theoretical yield of 

fin'n Jowl PîWderS initially analyzed showed that within experimental error 
an Ü5^B' 1116 boron was reduced and retained in the SiC (0. 38, 0. 46 0 48# B) 
f11 *hese Preliminary powders sintered without difficulty to high density 
(>9P#) Some powders produced later, however, failed to sinter satisfactorily 
but did show fine-grained microstructures (Fig. 6). Analysis of the boron 
content m these powders was rechecked with the results given in the following 
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TABLE V 

Powder No. 

ES-3 

ES-6 

ES-9 

ES-11 

ES-14 

POWDER ANALYSES 

Boron Oxygen 

0. 46# o. 59$ 

0.48 0.27 

0. 28 0. 32 

0. 46 0. 40 

0.40 0.20 

Hot-Pressing Density 

3. 21 g/cc 

3. 18 

2. 91 

3. 03 

3.06 

A! leasJ m one c“* (Powder ES. 9), the boron concentration of the 
above powders dropped below 0. 3i and the decreased sinterability might well 
bt attnb •ed to this factor. When an additional 1¾ boron was added to this 
powder, *t hot-pressed to the usual high density. 

* .. We conclude that the chosen ba*ch boron addition, 0. 5# is too close 
o the limit of effectiveness, which is probably governed by thTsolubility 
" ï* bt0r0n in SiC the hot-pressing conditions7 When somfboron 

1 f f t0 ®vaporatlon' th6 residual boron content is not enough to bring 
desirable denSlflCatl0n and additions somewhat in excess of 0. 5# are 

4.2.7 Carbon Addition to SiC 

„ ^ P°Wders made hy reduction of SiOa showed exaggerated 
growth of tabular crystals on hot-pressing (Figs. 7 and 8). This anomalous 
gram growth could be detected before the final temperature and densUy were 
rtacheti in specimens still exhibiting substantial porosity. Figure 9 shows 
t bular grains in powder ES-3 hot-pressed at 1900° to 90$ density i e 50°C 
below the sintering temperature. When this effect was more pronounced the 
fast growing grains impinged, interlocked, and stopped further densification 
and resulted in undesirably high residual porosities (Fig. 10). Such exaggerated 
grain growth was observed previously in hot-pressing powder E-277 at fern 
peratures above 1950«C and linked to formation of a silicon phase. ^ A Ümílar 
mechanism was suspected in the present case because a silicon phase could 

not necessarilveDerCeseed fi °f ^ large graÍnS (Fi^ n>- Silicon was 
SiC durin^hot-pres sing.111 P°Wder; “ ^ Ukely fr°m Si°* and 

ditinn c°mpensat® for residual oxygen or silicon in SiC a 1$ carbon ad- 
,= * powders ES11 and 14 which showed the most extreme 

tabular grain growth and low final densities (Fig. 12). 
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Figure 13 shows the microstructure obtained and Table VI gives 
the density data: 

TABLE VI 

DENSITY-œMPQSITION CHARACTERIST 1rs 

Exp. No. Powder 

R-72 ES-11 

R-74 ES-11 

R-75 ES-11 

R-82 ES-14 

R-81 ES-14 

Exagg. Grain 
Addition Relative Density Growth 

0.4#B 93.0$ Yes 

1.4#B 99.3^ Yes 

0.4#B+ 1#C 99. No 

0.4^B 88.7^ Yes 

1^C+1.4^B 99. 5# No 

The important conclusion from the above is that a small carbon ad¬ 
dition can suppress exaggerated grain growth in SiC and generate fine grained 
bodies. This fact will be of unusual significance for the generation of SiC 
with desired high temperature mechanical properties. 

4. 3 Microstructure and Phase Composition 

Three different types of microstructures were observed in hot-pressed 
boron-doped submicron SiC. 

A. Uniform l-3)i equiaxed grains. 

B. Large tabular crystals up to 500n in 3-5»i matrix. 

C. A uniform microstructure of 3-5^ elongated grains. 

These three distinctly different microstructures can be discussed in terms 
of the total phase composition before and during hot pressing. 

4.3.1 Microstructure Type A - l-3u Equiaxed Crystals 

This morphology was obtained by hot-pressing SiC powders with 
relatively large contents of oxygen, such as Norton's E277 or powder obtained 
by the above procedure not leached with HF. The characteristics of the pow¬ 
ders are in Table I (Columns 1 and 4) and those of the pressings in Table VII. 
The microstructures are shown in Figs. 14 and 15. 

Only a fraction of the original oxygen (as SiOa) remains in the SiC 
aiter hot-pressing. This silica was identified by selective etching of polished 
sections with HF (5* for 6 sec; see Fig. 16), by TEM and electron diffraction 
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TABLE VII 

CHARACTERISTICS OF HOT-PRESSED SPECIMENS 

Sample No. _ 

Hot-Pressing Conditions 

Starting Powder 

Density, g/cc 

Grain size, microns 

Largest observed grains, 
microns 

R-30 R-42 

1950°C Same 
10 Kpsi 
30 min 

E-277<l|a ES-2 

3.19 3.15 

3.2 0.4 

-10 2.0 

R-48 R-63 

Same Same 

P-7 ES-3 
(leached) 

3.18 3. 20 

4.8 3.8 
(matrix) 

40 >500 

R-75 

Same 

ES-11 

3.20 

3.0 

25 

Phases detected ßSiC 
aSiC 
SiO^ 

Chemical Composition: 

Boron, $ q. 88 
Oxygen, i 0. 54 

Total metal impurities <0. 4 
(mainly Fe, Al, Ti, Zr, V) 

esic esic psic esic 
Si02 aSiC aSiC C 

Si Si 
+ unknown 

0.42 0.40 0.40 0.46 
2.2 0.048 0.087 <0.006 

<0.2 

°haer^na of these micrographs revealed that Si02 is 

Phase SiO should h grain edgnS k Ut d°eS n0t f°rm & conlinous grain boundar 
with SiC Thí Sma11 bUt non-zero wetting angle (<45°) in contact 
T*?Vjhe freveflef "grains" in Fig-16 are in fact sections through the 
S^T6 Z ? SÍ°2- There are als° tWO or thr^ whole loops arounc 
perafuremand h^ ^18 PhaSe WaS & ^80°118 melt at th® forming tern 
arlfn Jh ♦ contr;olled gra“‘ growth during hot-pressing and gave rise to a 
grain shape typical for relatively slow, normal grain growth. 8 

TEM shows a high density of stacking faults and twinnine which is 
etThin ^ tyP1 cal for hot - pressed SiC. <^) This was also revealed by thermal 
etching in rig 15. No additional phases could be detected besides the SiO, 

served O^u nUmber °f 8hin^ grains- P™bably silicon, that were ob- 
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4. 3. 2 Microstructure Type B - Large Tabular Crystals 
in a 3-5p. Fine-Grained Matrix 

This type of microstructure is shown in Figs. 7 and 8. There are 
marked variations in tabular morphology as shown in Fig. 18 which demon¬ 
strates a moderate case, and in Fig. 12, which demonstrates an extreme 
case. Ultimately, all the matrix may transform into the large tabular grains. 
X-ray and electron diffraction identified the matrix as 0-SiC and the tabular 
grains as a-SiC-6H (Table VII), implying that exaggerated grain growth 
involves a phase transformation. Besides these two phases, a small amount 
of a free silicon phase is always found, as shiny grains, in the as-polished 
sections (Fig. 11) or trapped inside pores. The volume fraction of this phase 
is very small, certainly less than 1^. 

The study of thin sections revealed that the large a grains are 
transparent and colorless which is an appearance typical for this phase. 
Pores trapped within and at the boundaries of grains are partly filled with a 
dark-brown, optically isotropic phase which is obviously a melt at the sin¬ 
tering conditions. This phase was not identified; however, microprobe 
analysis showed it to have a variable silicon to carbon ratio and traces of 
Fe, V, and A1 impurities. 

4. 3. 3 Microstructure Type C - 3-54 Elongated Grains 

A small addition of carbon, typically 1$, to the synthesized powders 
suppresses the exaggerated grain growth shown in Type B microstructures 
(Fig. 13). The black spots in this micrograph are carbon grains resulting 
from inhomogenieties of the carbon distribution in the powder. 

Microstructures containing large but equiaxed grains in a fine¬ 
grained matrix were also observed (Fig. 19). The large grains were ß-SiC 
and were frequently twinned. They resemble microstructures obtained by 
Nadeau'1' on high-pressure hot-pressing of SiC. In a few cases, the grain- 
growth-inhibiting effect was localized around the surface of the hot-pressed 
billet with the gross tabular grain growth occurring only in the core of the 
pressing (Fig. 20). The microstructure around the surface was very similar 
to that shown in Fig. 13. 

Type C silicon carbide was ß-phase and exhibited no secondary phases 
other than a very small amount of residual carbon. Chemical analysis showed 
a very low oxygen content (0. 005#-Table VII). 

4. 4 Discussion 

Exaggerated grain growth (EGG) was a critical problem in the recent study 
because large grains were strength limited (See Chapter 5, para. 5. 3). Although 
the technique of carbon addition was found to suppress it, a future understanding 
of this phenomenon is highly desirable to prevent unexpected failures due to 
poor microstructure development. 
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Exaggerated grain growth has frequently been observed in ceramics, such 
as ferrites and alumina and has been attributed to the presence of a small 
^m0^fl04f)ame1ltíiayi;« an fPPrec able solubility for the main constituent. 
Stuijts concluded that a liquid growth mechanism promotes EGG in ferrites 
as he observed right-angle intersections of the matrix grain boundaries with 
the boundaries of larger grains. Besides the presence of the liquid, a small 
nucléation frequency is obviously a necessary condition for the phenomenon 
to occur. r 

The observations made about EGG in SiC are summarized in the following- 

1. EGG was observed above 1800°C in aU stages of densification; 
i. e., in fully dense body as well as in a loose powder. 

2. Small amounts of silicon are frequently found in the vicinity of 
the large grains. However, a 1# silicon addition to SiC does not 
induce EGG. 

3. Small amounts of oxygen, a few tenths of a percent, were typical 
for powders exhibiting EGG. Bodies with suppressed EGG had lower 
oxygen contents. 

4. EGG was also observed on pressureless annealing of the pressings 
having A-type microstructure at temperatures equal to or above 
the sintering temperature. 

5. There were two distinct morphologies of the tabular grains: 

a. Thin, very large plates, up to several milimeters long, with 
an aspect ratio up to 100, growing in dense bodies (Fig. 12). 

b. Smaller and thicker plates with an aspect ratio of about 10 
which grow at early stages of densification in porous compacts 
and in loose powders (Figs. 7 and 8). 

6. The large crystals are invariably a-SiC and grow from a ß-SiC 
matrix or 0-oiC powder. They are mostly transparent and 
colorless. 

7. A brown phase, apparently a solidified melt, is frequently found 
trapped in pores. 

in thTh experimental observatlons led us to conclude two transport mechanisms. 
In the early stages of densification (porous compacts) a liquid transport mech- 
amsm is unlikely and hence vapor transport is likely. In dense specimens a 
vapor transport is impossible and a dissolution-reprecipitation process is likely 
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The partial pressures of SiC, Si2C, and SiQ below 2000°C are too low 
to be important and another volatile substance must be considered. The ob¬ 
served presence of oxygen suggests that the cycle proposed by Dietzel(7) may 
be operative: 

SiC(s)+ Si°(g) "2 Sia)+ co(g) (4.1) 

Sia> * Si(g) (4.2) 

The free energy of reaction (4. 1) at 1900, 1 atm and PWP™ = 1 is only 
500 cal so that it may be reversed by local variations of Si vapor pressure 
( ue to grain size) or by the difference in energy content between the 0 and 
a phases. The process is essentially a vapor-liquid-solid (VLS) growth 
mechanism and it is understandable that it may be extremely fast where the 
reacting and growing species are only fractions of a micron apart. The well- 
developed crystalline habit of some SiC plates formed in loose SiC powders 
on heating above 1800°C is strong support for the occurrence of the vapor 
transport mechanism. 

The EGG mechanism operating in a dense polycrystalline body requires 
a liquid phase • ith a melting point near 1900°C that has an appreciable 
solubility for SiC. Originally, silicon formed by the following reaction (4. 3). 

Sio»«>+ 2SiC(B> ■ 3 Sia, + 2CO(g) (4.3) 

was considered. However, two observations indicate this reaction to be 
highly unlikely. Firstly, silicon additions to fine-grained SiC do not induce 
EGG (though they retard densification) and, secondly, reaction 4. 3 would be 
controlled by CO diffusion through SiC and therefore would be a very slow 
process. After annealing a piece of Type A SiC at 2100°C, EGG was ob¬ 
served after 30 minutes uniformly throughout a 1/2" x 1/2" cylinder. More¬ 
over, reaction (4. 3) does not proceed at high pressures according to the 
caiculated phase equilibria (Fig. 2) but instead, reaction (4. 4), as follows, 
should occur and jueld silicon monoxide. It is tentatively suggested that 

SiC(s) + SiOw - C(s) + 2SiO(c) (4. 4) 

condensed silicon monoxide is the phase responsible for EGG. 

The existence of solid SiO is controversial at low temperatures but at 
high temperatures, its existence seems to be well established.^5) Its melting 

lmated t0 be abOVe 17 0000 and on cooling to temperatures below 
c, oiO disproportionates into a mixture of Si and Si02. 

7íe effeCt °f Carbon in 8uPPressing EGG may be understood in terms of 
the following proposed mechanism. Carbon probably removes residual oxygen 
during heating. When time is not given for the reduction of Si02 to be completed 
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and CO to escape, then pores will close and reaction (4. 4) will take over at 
some temperature above 1800°C and trigger EGG. This may explain the 
exaggerated grain growth behavior which is localized in the core of a pressing 
as shown in Fig. 20. 

It is interesting to note that the 8 to a SiC transition observed in our 
experiments has been controversial for many years. Our work suggests that 
this transformation is thermodynamically preferred below 2000°C but is 
dependent on the availability of a suitable transport mechanism. 

5. MECHANICAL PROPERTIES TESTING 

5.1 Procedures 

Mechanical properties measurements have provided data for the com¬ 
parison of processing and microstructure limiting parameters with actual 
material strength. This, in turn, has provided feedback information to 
promote further SiC development. Less elaborate, readily available pro¬ 
cedures, such as three point bending in creep and strength evaluation were 
preferred. The temperature of testing was increased to 1620°C to fully 
cover the temperature region of future interest. Creep at this upper tem¬ 
perature for some of the materials was nearly undetectable and thus the 
measurement accuracy is limited. Results, however, do illustrate the dif¬ 
ferences between the three types of microstructures discussed above. 

5. 2 Flexural Strength 

Hot-pressed SiC specimens were cut from identical 1 "-diameter billets 
into test bars 0. 1" x 0.1" x 1.0" and machined with a 200 mesh diamond wheel. 
The two longitudinal edges to be in tension were smoothly chamfered and 
specimens with major defects detectable in a 5X magnifying binocular were 
discarded. Tests were run in three point bending on a 0. 625" span t>* 

0. 002"/min traverse speed at room temperature, 1300°, 1400° and 1500°C 
using an Instron machine. Tests at 1600°C were made on 0. 05" x 0.1 " x 1. 0" 
bars on a 0. 75" span in the test rig built for creep measurements. The ma¬ 
terials selected have been characterized in Table VII and include: 

R-30, Type A - containing SiOj 

R-63, Type B - containing isolated large tabular grains of a-SiC 
and free silicon 

R-90, Type C - containing carbon. 

The results are listed in Table VIII and Fig. 21. Also included is data oh- 
tamed formerly on material R-30. 

The two fine-grained silicon carbides, 
of about 80,000 psi up to 1400° and 1500°C, 

R-30 and R-90, retain a strength 
respectively, and both show a 
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rn v 16C0°C' The faster dr°P in strength of SiC 
nrnn« bliî!d 81l1Ca content and ^suiting effect on slow crack 

° ri0"; nnn ygen ree material showed an increase in strength from 
71, 000 psi to 84, 000 psi over the same temperature ranee A strength in 

SiTbv Guided)* îe^hperatUre Was also sported by Allfegrodß) anf?or CVD 
SxC by Gulden >. In the present case, however, it is uncertain whether it is 

Pins wPhichT8en0n;« ^ î56 related t0 the o{ the alumina support 
notire^hll rt 1 sufficiently large to improve aligning and reduce twist The 
effect eCreaSe m SCatter above 1300°C is also attributed to this yielding 

fabrir^edAanHnd C SmaU differences in strength and were 
had 1 * d d machined as described previously. Also, both specimen types 
os* TXlmr. g7ln S1Ze Wel1 belOW the Size of estimated flaw size nec- 
contryn d'h fracture. It is concluded that their strength was probably 
introduced h Similar.stresa concentrators resulting from surface damage 
introduced by machining. This is supported by the increase of room temper¬ 
ature strength measured on polished and lapped test bars. The absence of 
pohshmg effects on the 1500-C strength may be attributed to a change * frac. 
ture mechanism at this temperature. 

5. 3 Flexural Strength - Material R-63 

The R-63 SiC was dense (99. 5#) but contained isolated, randomly distrib 
uted large grains, up to several hundred microns (Figs. 7.8) and this structure 
suggested the possibility of a unique series of experiment;. The objective of 

lrrinedXPe?mentS ^ ^ determine whether not large grains in a fine- 
fraemrp tkÍ aCt aS inherent flaws and consistently initiate 
fracture. This effect is expected due to the lower fracture energy of single 

th7s7oin,Cr„PLrrdht0 POlyC,ryi!1,alline SOlids- Straightforward e4de.. e ã 
this point has not been available and, in addition, if such proved to be the 
case then important information on the geometries and sizes of fracture 
nucleating flaws could be obtained. 

The strength measurements were made as described previously and the 
results are summarized in Table IX. The fracture surfaces were investigated 
and, in the majority of cases, fracture initiation was clearly localized at fhe 
large crystals intersecting the tensile face of the specimen. In two cases 
there was fracture initiation at large interior grains and in four cases ttë 
origin was uncertain. (While the grains initiating fracture were identified no 

ICX Usta th!n? 0nJíe dÍrrtÍOn °f fracture Propagation was obtained] Tab 
IX lists the strength results in relation to the sizes of these identified grains 
Comparing matching pairs of specimen fragments showed that fracture 
™at;d trough the bulk of the large crystals and avoided the path along 
the crystal-matrix boundary. H «long 

f ?ata ln Table IX giVeS the largest dimension of the isolated crystal 
to which fracture initiation was attributed. These crystals were observabll 
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TABLE IX 

SIZE OF GRAINS INITIATING FRACTURE 

Spec. No. Tamp. °C 
Maximum Dimension of Grain 

Strength KPSI Initiating Fracture.u 

8987 Roan Tenp. 
8988 " 
8989 " 
8991 
8992 " 

50.4 
36.6 
44.0 
40.2 
23.8 

(230)** 
495 310 
315 

(290) 
990 

8993 1300 
8994 
8995 
8996 
8997 

34.2 415 
26.2 1680 1090 
47.0 155 
52.0 (175 63) 
32.0 670 400 

8998 1400 
8999 " 
9000 
9001 
9002 " 

53.5 
31.8 
25.9 
28.5 
48.0 

145 
930 

1250 
1300 

250* 

740 

800 

9003 1500 
9004 
9005 '• 
9006 
9007 " 

33.8 
36.8 
46.0 
28.7 
37.8 

730 
640 

(400) 
1140* 

720 

390 
500 

* Fracture initiated at internal grain. 
♦♦Numbers in parentheses refers to fracture surfaces which did not reveal 

the direction of fracture propagation. 

in the fracture surface using a microscope with an extra-long focus objective. 
These measurements were, however, somewhat ambiguous in that two frag¬ 
ments of one test piece usually did not yield precisely the same length. There 
fore, two measurements are given whenever this difference was larger than 
20*. The larger value was used, however, in plotting strength vs the inverse 
square root of the size of the crystal in Fig. 22. 

The relation obtained in Fig. 22 has the form of the Fetch equation^17) 

Of - °o + K«S>-'/’ (5. j, 

where cj£ « fracture stress 
GS = size of grain initiating fracture 
a0, K = constants 
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and shows that the large grains affect strength as if they were cracks. This 
is justified by the following consideration. 

The difference in elastic constants of the 0-SiC matrix and thea-SiC 
crystal will cause stress concentrations which are, according to Hasselman^18). 

E 

a = aa <5-2> 
a 

a = effective stress 

aa = applied stress 

= Young's modulus of a-SiC phase 

Eg = Young's modulus of 8 phase 

This relation, applied to our SiC results, assumes a large length to 
thickness ratio of the inclusion of the isolated a-SiC crystal. Numerically, 
the stress concentration factor, Ea/Eg, about 1. 65. 

The magnified local stress, a, operates at a flaw within the stress field 
of the isolated crystal and will propagate a crack across the grain which has 
a surface fracture energy 5 to 10 times less than the matrix^9). The crack 
will be arrested at the boundary of the crystal where fracture energy abruptly 
increases and the stress field generated by elastic stress concentration 
vanishes. 

WLvin the data of Fig. 22 are extrapolated, one can estimate the size of 
the strength-limiting defects in the series of measurements on material 
which exhibited 80 Kpsi fracture strengths (Fig. 23). The extrapolated flow 
size for this material is 45n, which is a value much greater than the largest 
observed grain in these fine-grained specimens. Hence, one infers that 
fracture is initiated in these high-strength materials by extrinsic defects. 
The same conclusion was arrived at by Lange*20) for the strength of dense, 
fine-grained silicon nitride. 

The diagram in Fig. 22 was plotted on the a priori assumption of the 
validity of the inverse square root relationship between fracture stress and 
crack length (i. e., the Griffith equation) and brings about the problem of 
accounting for the intercept, 0o, which extrapolates to 17 Kpsi at infinite 
crack length. This is a controversial point well known from studies of grain 
size dependence of strength in brittle solids. *2^“^2) In this case, however, 
the value of aQ is far too low to be related to yielding*2^) and another ex¬ 
planation should be sought. 

There are important implications of this result. Firstly, in assessing 
microstructures in relation to strength, attention must be paid mainly to the 
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largest structural features (grains, pores, inclusions, etc. ) no matter how 
infrequently they occur. This is a difficult analytical problem, but it does 
show the need for the full development of extreme value statistics for appli¬ 
cation to fracture mechanics in brittle materials. Secondly, strength improve¬ 
ment should be obtained by elimination of fairly large defects, not yet iden¬ 
tified before the intrinsic strength limitation imposed by maximum grain size 
is reached. It is believed that this may be achieved by perfection of processing 
and elimination of surface damage due to machining. This will be a most im¬ 
portant step in fabrication of these materials. 

5. 4 Creep Measurement 

Data available on creep and diffusion in SiC<25-29) predict strain 
of the order of 1Q-« to 1CP» per sec at 1600°C. These strain rates are mea- 
surable at constant stress but, at the low limit, require long-time experiments. 

A test apparatus for creep measurements in air up to 1650°C was assembled 
on a standard frame with a platinum-4(# rhodium wound furnace and concentric 
silicon carbide grips as schematically shown in Fig. 24. The grips were made 
of KT-SiC which was fired at 2000°C in argon prior to machining and are 
mounted in a water-cooled extension tube and rod. The deflection transferred 
by the central rod was detected by an LVDT (linear variable differential trans¬ 
former) amplified and recorded. There is no limitation to amplification but 
noise, outside thermal fluctuation, and other effects limit useful sensitivity 
to about 100n scale reading. Thus, in the current apparatus, it is possible 
to detect a In deflection and a minimum strain rate of about 5x 10-10/sec. 
Temperature is measured by two calibrated Pt 6Rh/Pt 30 Rh thermocouples 
and controlled by an on-off capacitance controller within ±3°C. The variations 
are mainly affected by ambient and cooling water temperature fluctuations and 
are subject to improvement. Load is imposed by a calibrated spring balance 
and the smallest load is determined by the weight of the push rod- ¿ e 390i? 
Specimens are 0.05" x0. l"x 1.0» machined bars. ' " 

A typical run takes several days when stress or temperature dependence 
o strain rate is to be evaluated. There is always observed an initial transient 
creep attributed to several processes of which three were identified: aligning 
of the specimen with the knife edges and the pin, indentation at the contact 
lines, and a true transient creep. We were interested in steady creep which 
indeed is achieved (within the precision of our measui ements) in several hours 
at stresses about 25, 000 psi. 

The total deflections were small, up to 50 microns, and the simplied 
relation ^ 
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e - strain 

h = height of specimen 

d = deflection 

s = span 

was appropriate to evaluate the strain. 

Creep of three previously characterized materials ÍTahiP vm 
sured and evaluated as strain rate per second in tIm! v Í , ™ * mea' 
rate vs stress in 9a Q a • ^ ln ^ and plotted as strain rate vs stress in Fig 25 and vs inverse temperature in Fig. 26. 

The log strain rate-log stress dependence has a slnnp i 9 i 

T£;:to?0 z;:?rz °e,s dif! 

converted to the nominal stress 25, 000 psi used in plôttîn» Fil 2« 

the location oMhe 
(Type A and C microstructures) are cIosp J lor n-ju and R-81 
one concludes that small amounts of Si02 in SiC about"iTdo noth"! 

and R-S^though'it^as^larger^grain^ize ííabTe VnTTu* hÍgher ^ R-30 
was used in preparation of s^cÄH ÍTL^Jy ‘AighWhe^cUl 

^“Uiu'corrten^of fre^siuicon- 1^^ tiTthe 

: itiV»“ amise^cncim„,rrrposed by Gr^-<2" uuxae, also account for the reverse effect of carbon. 

The results on creep are 
temperatures and to different 
mechanism in SiC. This is a 
been planned. Nevertheless, 
changes is a critical piece of 
rate observed is by no means 
(1. 2x 10"8/sec at 1600°C and 
a year at 10, 000 psi. 

preliminary and need to be extended to higher 
grain sizes to develop insight into the creep 
major task and some work in this direction has 
the pronounced effect of minor compositional 
information. It should be realized that the creep 

91Tnnlglble' The hiSher value for instance 
¿5, 000 psi) is equivalent to a deformation of 15# 
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Table X 

SUMMARY ON CREEP EXPERIMENTS 

Material 
(See Table VII? 

R-30 

Temperature 
°C ± 3 

1614 

1614 

1614 

Stress 
PSI 

22,000 

27,500 

32,000 

R-30 1619 

1640 

1662 

27,500 

27,500 

27,500 

R-48 1603 27,500 

32,000 

R-48 1614 

1614 

1614 

1614 

7,700 

22.400 

27,600 

32.400 

R-81* 1660 

1642 

1620 

1Ò22 

1622 

27,500 

27,500 

27,500 

41,000 

50,900 

Strain Rate 
¿/sec 

1.90 X 10"9 

2.6 X 10-9 

3.4 X 10"9 

2.0 X 10"9 

3.9 X 10"9 

6.35 X 10"9 

6.2 X 10"9 

1.3 X 10-0 

0.43 X 10-0 

1.0 X 10-0 

1.5 X 10”8 

2.0 X 10”e 

1.2 X 10~8 

4.0 X 10“9 

3.1 X 10"9 

5.6 X 10~9 

7.4 X 10"9 

R 81 is identical in composition and microstructure to R-75. 
(See Table VII.) 
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TABLE XI 

SUMMARY OF DATA ON DELAYED FRACTURE 

5. 5 Delayed Fracture 

streeseVo/ao* 00Û 'TÎ'?“/ ®‘C C?nduc,ed at ‘™peratures of 1600-C and 
stresses of 30, 000 psi and higher also yielded delayed fracture data TVn 

The results suggest that there is a slow crack growth in SiC at 1600°r 

'raClU? S,reS3eS —nedf^ola,0 ¿CK 
few caaea ri. 7 77 CraCk grOWth was indeed observable in a tew cases. The <,£xgn of the grips allows the fragments of the test bars to 
fall down along the t eh rod out of the hot zone and to be quenched from 1600“< 
to room temperature Unfortunately, it is no, controllable and in ma ” íases 
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the fragments adhere to the obviously soft sticky oxide layer on the grips. 
However, when the quench does happen after a long exposure at 1600°C the 
slow growing crack may be traced in the fracture surface because it has 
different texture and color due to oxidation. One of the two well discernible 
"slow" cracks is shown in Fig. 29. The maximum length of the two observed 
cracks was measured and identified with the crack length at catastrophic 
failure and the results are given in Table XII. 

TABLE XII 

STRENGTH AND FLAW SIZE OF SiC R-30 

Stress at 
Temp. Fracture 

Exp. No. °C (Kpsi) 

CD 502/72 1591 40 

CD 504/72 1595 40 

Crack Fracture 
Length Energy 
(mm) (erg/ cm2) 

0.185 22,200 

0 205 24, 500 

From these crack lengths the fracture energy was calculated according to 
the following relation proposed for "penny-shaped" cracks by Sack. 

o 
f 

TT EYf 

~2c(U7) 

1/2 

(5-4) 

where: 
E is Young's Modulus 

V Poisson's ratio 

C Crack length 

The two values of fracture energy in Table XII agree satisfactorily with 
that obtained in the previous experiment at lower temperatures. 

The important conclusion is that there is slow crack growth in SiC under 
stress at high temperatures and the investigation of its kinetics and mechanism 
is an important and necessary adjunct to the study of this class of materials. 

6. 0 OXIDATION OF HOT-PRESSED SiC 

Qualitative tests of stability of hot-pressed dense SiC at 1400° and 1600°C 
in air were reported and discussed previously. (D In this period, we have 
compared the oxidation behavior of two fine-grained hot-pressed SiC materials 
(silica containing specimen R-30 and an oxygen-free specimen R-63) with CVD 
SiC as a reference material. We also evaluated one commercial hot-pressed 
silicon carbide material. 

♦The CVD SiC was a fine-grained (submicron) material prepared by 
J. Diciendorf at RPI in 1972. 
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fltrí.QEXPe?ínent8 Were rUn in a muffled moly-wound furnace in a slow air 
stream The spectmens were wafers about 3/8" x 3/8" x 0. 05" as cut bv a 
diamond wheel They rested on SiC single crystals on an SiC pedestal This 

minorg^m? ellmiinfted undesirable chemical interactions. At long exposures 
rZe C0U T, PreVented' however> and may have introduced 

U °ra- ^ter selected periods of time, the specimens were 
th™ d£n a microbalance with an accuracy of ±0. 02 mg. Table XIII lists 
the weight gains per cm of surface area and Fig. 30 is a plot of weight gain 
vs square root of time. weigni gain 

The weight gains correspond to silica surface layers 5 0 6 7 and 20 
microns thiclc for the CVD, R_30, and R-63 SiC, respectively. The com 
mercia! SiC was not evaluated because of heavy bloating of its surface layers 

intMsWmateHflf ' IV hl0ating iS most likely caused by metallic imparities 
in this material which decrease the viscosity of the silica surface layer 

The curves in Fig. 30 have two branches : the initial period during which 
oration proceeded at a relatively fast rate corresponds perhaps to fhe build- 

c re vie es h^tn ^ ? thC r°Ugh SUrfaCe and fillin^ in sma11 dents and 
nviH t by Sl°a' thlS haS been accomPlished, diffusion controlled 
tWs second eXPeCH t0 takf OVer‘ In °Ur exPeriments. the oxidation rate in 
h second Period was too low to allow evaluation of the diffusion coefficients. 

TABLE XIII 

OXIDATION OF SILICON CARBIDE AT 1600BC 

Specimen CVD-SiC R-30 R-63 Commercial 
Dense 

Total Time of 
Exposure Hours Weight Gain mg/cm2 at 1600°C 

0.5 

1.0 

2.0 

4.0 

8.0 

14.0 

32.0 

57.0 

0.12 

0.34 

0.41 

0.41 

0.44 

0.39 

0.37 

0,18 

0.27 

0.37 

0.40 

0.53 

0.55 1 

0.52 

0.53 

0.23 

0.45 

0.74 

0.95 

1.35 

1.49 

.54 

1.56 

3.33 

4.86 

6.70 

4.90 i 

1.41 

-4.26 

-9.90 

-20.20 

— 



The larger weight gain of specimen R-63 at the time of the onset of the 
steady state oxidation period was linked to recrystallization of the silica 
layer on this specimen. It nu.y be seen in Fig. 31 that during the exposure, 
there formed white milky areas in its surface. These areas had a clearly 
crystalline appearance in the rmcroscope and probably contained cristobalite. 

The excellent oxidation resistance of the boron-doped hot-pressed SiC 
previously reported was confirmed in two other materials and compared with 
a boron-free fine-grained CVD-SiC. There is clearly no detrimental effect 
of the small amounts of boron on high-temperature stability in air. 
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Fig. 2 - Morphology of silicon carbide particles formed from silicon and 
carbon at 1500“C in argon; XIO.OOO.



Fig. 3 - Temperature-gas pressure relation in the Si-C-0 system. 



r n

Fig. 4 - Morphology of silicon carbide formed by reduction of amorphous 
silica. 30.000X.
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SiC R-63B. As polished, lOOX. Density variations caused by 

unhomogenious pressing powder. 
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Fig. 6 SiC R-69. As polished, 200X. Incomplete densification caused by 
low boron content. 
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Fig. 8 - Sic R-59, 1000X, Thermal etch. 

Exaggerated grain growth in Powder ES-3. 
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Fig. 9 - SiC R-60 at 1900°C. 500X, thermal etch. Exaggerated grain growth 

below the sintering temperature in powder ES-3. 

J 
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Fig. 10 - SIC R-71, as polished, 500X.' High residual porosity caused by 
exaggerated grain growth. 
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Fig. n - SIC R-59 as polished, 1500X. Silicon phase in the vicinity of 

large tabular grains of SiC.
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Fig. 12 - Sic R-74, lûOX, thermal etc. Impinging and interpenetrating 

tabular crystals. Trapped pores. 
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SIC R-75, lOOOX, thermal etch. Exaggerated grain growth suppressed 
by carbon addition. Carbon grains. Compare Fig. 12. 



❖ .U'4 

■ ■

• . )•.

\r 'f:‘^-fS'

\ \/- 
' I

Fig. 14 - SiC R-30, lO.OOOX, chemical etch, double-stage replica. Micro- 
structure composed of equiaxed grains, typical for oxygen-rich 

powders.
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Fig. 15 - SIC R-42, 30.000X, thermal etch, double-s.«ge replica 

uniform grains typical for oxygen-rich powders. Note 
of twin boundaries. 
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Fig. 16 - SIC R-42, 30,000X, HF etch, double-stage replica. Selectively 
revealed Si02 phase. 



Fig. 17 - SiC R-30, X65.000. TEM. Silica phase in SiC.



Fig. 18 - SiC R-48, XlOOO, thermal etch. Moderate case of exaggerated grain 
growth. 

, 
« 
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Fig. 19 SIC R-83, X500, thermal etch. Morphology of large ß-SiC grains 

grown on hot-pressing, after carbon addition. 



rv;^
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Fig. 20 - SiC R-84, thermal etch, 25X. Exaggerated grain growth localized 

in the core of a pressing.
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CREEP TEST ASSEMBLY SCHEMATIC 

REPLACEABLE SIC-PIN 

Fig. 24 - SiC Gri^s for creep measurement. 

55 



S
TR

A
IN

/S
E

C
 

Fig. 25 - Strain rate - Stress relationship in three SiC specimens. 
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Fig. 27 - Measured and extrapolated creep rate data. 
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Fig, 29 - Slowly propagating crack at o^ = 30,000 psi and 1600°C "evealeJ on 
the fracture surface of hot-pressed SiC R-30.
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