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Preface

This study was originally undertaken to invistigate one part of a
much larger problem shared by both the Air Force and the civilian tech-
aical ccmmunity. The problem is 1o find suitable materials for high
temperature environments. Since si]icon cerbide showed good mechanical
propertics at high temperatures, it was decided —hat its oxidation pro-
perties should be investigated.

The research wes performed at Aerospace Research Laboratories (ARL),
Wright-Patterson Air Force Base, Ohio. I am indebted to Dr. Henry Graham
and captain Hubert Davis for their assistance, valuable guidance and
timely comments. I would also 1ike to thank the many personnel of the
ietallurgy and Ceramics Research Laboratory (ARZ) of ARL for their assis-
tenice in 30lving the many technical problems encountered. Special thanks
also go to my thesis advisor, Captain ﬂes Crow, for his suggestions and
guidance.

I especially want to thank my wife Carole for her gentle prodding and

patient understanding, and my cat for keeping my feet warm during many

long, cold nights.

Warren J. Miller
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Abstract

Thermogravimetric me;surerznts were made fcr the oxidation of hot
pressed silicon carbide at an oxycen pressure of 150 torr and at tem-
peratures from 1300°C to 1600°C. Cxidized samples were then analyzed
using X-ray, metallecgraph, and electron probe techniques.

The oxidation rate was found to increase with temperature. A sharp
increase in the oxidatiun rate found between 1400°C and 1500°C was attri-
buted to the presence of water varor.

The products of oxidation wera a carbon oxide and a protective layer

of silica. The silica was primarily amovphous with some tridymite or

a-cristobalite.
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INDPISERPTRF P EERPL:

HIGH TEMPERATURE OXIDATION
. OF SILICON CARBIDE

I. Introduction

In recent years the application of ceramice for use in high-temperature
environments has been extensively investigated. New advances in manufac-
turing techniques have prompted much ¢f this interest. One particularly
promising material is hot pressed silicon carbide. Its high melting point,
high thermal conductivity, low coefficient of thermal expansion, and good
high temperature strength properties make it attractive for uses at high
temperatures. However, little is known about the oxidation behavior of

this material at high temperatures.

The purpose of this study was, therefore, twofold. First, to deter-
mine a practical upper temperature limit for hot pressed silicon carbide,
and second, to determine the reason for this 1imit. The basis for these

determinations was thermogravimetric measurcments of the oxidation behavior

of the silicon carbide.
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II. Literature Survey

The oxidation kinetigs of silicon carbide have been extensively in-
vestigated in recent years. In most cases the investigations were con-
ducted using silicon carbide powders. However, the oxidation kinetics
observed with powders should also apply to the hot pressed silicon carbide
investigated in this paper. Therefore, the literature survey that follows
was conducted to gain needed insight into the oxidation of silicon carbide.
A literature survey of silicon carbide oxidation, however, would not be
complete without a literature survey of silicon oxidation. Both silicon
and silicon carbide have similar oxidation kinetics and similar oxidation

products. Therefore, a survey of silicon oxidation is also given.

Oxidation of Silicon

Investigations of silicon oxidation-have been ccnducted in temper-

atures ranging from 500°C to 1400°C and in total pressures from 1 micron

PR

to 760 torr. Various oxidizing atmospheres have been used including wet
and dry oxygen and carbon dioxide. In this section an attempt was made to
sumnmarize and compare the results of these investiga:ions.

Brodsky and Cubicciotti (Ref 1) studied the oxidation of silicon
over the temperature range from 951°C to 1160°C at an oxygern pressure of
20 torr. They found by measuring the decrcase of pressure of oxygen in
a closed system that the rate of oxygen consumption followed a parabolic
law at 950°C and 1160°C. A logarithmic rate law was found to fit the
data at the temperatures between 950°C and 116C°C. The oxide was reported
to be "glass-looking" indicating an amorphous oxide, but X-ray patterns

indicated a crystalline phase was also present. The authors believed the
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crystalline phase to be either a-cristobalite or quartz.

Law (Ref 2) studied the oxidation from 727°C to 1027°C in oxygen
pressures from 10™% torr to 5x10°2 torr. He found under all conditions
that the oxidation rate followed a parabolic rate law where the rate
constant increased with pressure. Law concluded that the rate-determining
step was the diffusion of some reactant species through the oxide film and
that the pressure dependence was due to the variiation of the surface elec-
trical field with pressure.

Evans and Chatterji(Ref 3) used a thermobalance to find oxidation
rates from 1200°C to 1400°C in pure dry oxygen at one atmosphere. Their
data fits a parabolic law except at short times (1 to 2 hours). The de-
viation at short times indicated a faster rate and was attributed to
atomic surface roughness. The oxide layer was reported to be transparent
cgistobalite in all cases.

In addition to the above authors, McAdam and Geil (Ref 4), and
Ligenzer and Spitzer (Ref 5) have alsb reported a parabolic rate law fit
to their data. McAdam and Geil investigated temperatures from 500°C to
1000°C and Ligenzen and Spitzer studied the oxidation from 700°C to
1100°C. Because their information indicated the rate was parabolic and
controlled by the diffusion of some species through the silicon dioxide
layer, Jorgensen (Ref 6) ran modified-marker experiments to determine
the diffusing species. Jorgensen found that oxygen was the diffusing
species. To determine the form of the diffusing species, Jorgensen placed
an electric field acrcss an oxidizing sample. He found the oxidetion
enhanced with the field aligned such that the silicon was positive with
respect to the gas and found the oxidation retarded when the vield was
reversed. It was his conclusion that the diffusing oxygen was primarily

ionic.

ik
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Deal and Grove (Ref 7) have reported some discrepencies in the
menner in which silicon oxication data has been evaluated. In an attempt
to correlate cata from other authors with their own, Deal and Grove have
theoretically derived a general relzticnship for the oxidution of silicon
taking into account the reactioms occurring at the two boundaries of the

oxide layer end the diffusion process. The relationship is

X3 + BXg = FIt + 1) (1)
where . is the thickness of the oxide layer, t is the time, and A, B,
and T are physico-chemical constants of the oxidation reaction. Solving
the quadratic results in

X 1/2
A PO -1 (2)
A/? A2/yp

which gives the oxide thickness as a function of time. For large times
Eq (2) reduces to the parabolic rate law, and for short times it reduces
to a linear rate law. Deal and Grove were ¢ble to fit their data to

Eq (2) as well as the data from other authors. Working with wet and dry
oxygen at 760 torr from 700°C to 1200°C, they found that the oxidation
rate incredscd with wet oxygen. By replacing the wet oxygen with wet
argon the constants A and = in Eq (2) were not changed. From this, Deal
and Grove inferred that the water was the oxidizing species.

Burkhardt and Gregor ‘Ref 8) looked ;t the oxication of single-crystal
silicon using ultra-dry oxygen. A temperature range of 900°C to 1200°C
and 2 pressure range of 20 to 750 torr were studiet. Two types of meacure-
ments were rade. The first involved weasuring the oxide thickness and the
second 1nvolved measuring the change of volume of oxygen with time in a

ctosed systen at lower tomperatures. The aata for oxide thicknesses up
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to SOOOR fit a linear parabolic equation which would be in agreement with
Deal and Grove. However, at high temperatures a simple parabolic rate
was reported.

The above authors have heen primarily concerned with the oxidation
of silicon whenever a silicon dioxide layer develops. However, silicon
may also oxidfze to silicon monoxide which happens to be a gaseous phase.
This would indicate that under propcr conditions a protective layer of
Si0, would not be formed. Instead, Si0 would form which would not remain
at the surface. Wagner (Ref 9) has ciscussed theoretically the conditions
for the formation of Si0 as well as Si0,. He considered a silicon sample
initially free of oxygen or oxide during heating in an 0,-He stream whose
oxygen content was gradually increased. Wagner proposed that if the
partial pressure PSiO at the surface is less than the equilibrium partial

pressure PSiO( for the reaction

eq)
L si(a) + % Si0,(s) = Si0(g) (3)

then the silicon surface will remain bare. However, at higher oxygen

concentrations pSiO will reach PSiO( and a protective Si0, layer may

eq)
be formed. Therefore, Wagner proprsed that an "active" to "passive"
transition should occur if

PSiO N PSiO(eq) (4)

Wagner further derived equations to determine the oxyg 2 partial pressure
above which the silicon would no longer remain bare and the oxygen partial
pressure below which an oxide would begin to volatilize. The values
quoted in the report for 1410°C are Poy(max) =6.1x107° atmospheres and

..8

Po?(m{n) = 3x10 ° atmosphcres. This indicates a range of oxygen partial

ressures where neither o<idation of the silicon nor volatilizac.ion of the
p

(&)
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oxide takes place.

Gulbransen and Jonsson {Ref 10) have investigated the active-passive
transition for s‘licon._ Their results are shoan in Fig. 1. Wagner's
equation and a similar equation derived by the authors are shown on the
figure. These lines represent the thecretical v;lues for the active to

passive transition. The circles are actual daca points.

Temperature, *C
1100 1150 1200 150 1300 B 10 1860
OF T T T H T T I
-1} ~——Meifing Point Sits) -
Passive
2 -
€
&
N, -
&2
g
[ O
- g A .
a” A A
—8-‘ -5 4 “o ° ° -
A A A
-6 Active ]
’si” o,
-1 aad —
| | L I { i i | 1

0.74 072 070 068 066 0648 062 060 053 05 05 052
)1
1.xm’

Fig. 1. Thermochemical Correlation for Active and Passive Oxidation
of Silicon (Ref 10)

Under passive oxidation, the cxide layer which formed has been pri-
marily amorphous, but as indicated, some crystalline phases of silica
have been reported. The reason the crystalline phases formed may be
due to one of two reasons. First, Brown and Kestler (Ref 11) have reported
that glasses with added Al,0; were found to devitrify to cristobalite more

rapidly than ultra-pure silica glasses, implying that impurities may nicleate
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i crystalline phases. Second, Kagstaff (Ref 12) found that water vapor :
O enhanced crystallization. ' |
From the above information it can be conzluded that the oxidation ‘

\;

of silicon may be either active or passive. If the oxygen partial sressure
is great enough tie oxidation in dry oxygen will be passive following the
equation

Si + 0, — Si0, ) (5)
and if the oxygen partial pressure is low enougi the reaction will be

active following the eguation

25i + 0,— 25i0 (€
From the data of Gulbransen and Jonsson the active to passive transition

region will be governed by the equation

- Sid,(s) + Si(s) 2 2510{g) {7)
If passive exidation occurs then the oxidation rafte can be represented by
a lirear-relationship at short times and a parabolic relationship at long
times. In wet oxygen the oxidation rate is observed to be higher than in
dry oxygen because water beccmes an oxidizing species. Finally it can be
concluded that the oxide layer produced during passive oxidation is pri-

- marily amorphous silica with some cristobalite possible.

0.idation of Silicon éarbide

The oxidation of silicon carbide although similar Lo silicon is more
complex because of the addition of carbon. With silicon there were two
equations which described the oxjdation depending on the partial pressure
of oxygen, but with silicen carbide there are many more than two equations.
Table I frcm Humphrey et al. (Ref 13) enumerates several reactions between

silicon carbide and oxygen. The date given by the authors also show that
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TABLE I

Siliccn Carbide-Oxygen Rezctions

Reactien s6c {Cal)

25°c 1627°C

SiC(s) + 20,(g) =2 SiG;(s) + CO,(g} -279.2 -215.4
SiC(s) + 30,(g)e2 $i0,(s) + C0{g) 2177 -187.2
S$:c(s) + 0,{g) & SiG.{s) + C(g) ~-184.9 -129.7
SiC(s) +30,(g)e25i0(g) + C0,{g) -110.1 1445
sic(s) + 0,(g) <= Si0(g) + C0{g) -48.6  -116.3
Sic(s) + 30,(g) =2 5i0(g) + Clg) -15.8  -49.8
- SiC{s) + 0,(g) & Si(s,z) + €0,(q) - 81.9 - 86.5
Sic(s) + 30,(g) 2 Si(s,2) + C0{g) - 2.8  -58.3

these reacticns are thermodynamically possible.

From the table it can be seen that the oxidation of silicon carbide
may lead to silicon dioxide or silicon monoxide. This indicztes that the
work by Wagner cited earlier for silicon oxidation also 2pplies tc silicon
carbide oxidation. Gulbransen and Jonsson (Ref 10) have investigated the
active to passive transition for silicon carbide. Figure 2, similar to
Fig. 1, shows three theoretical equilibrium equations and several actual
data points. It can be seer from the figure that 1ine C best represents
the data. The equetion for this line is equation C. From the figure it

can also be seen that the transition from the active to the passive state
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- Fig. 2. Thermochemical Correlation for Active and Passive Oxidation
of Silicon Carbide (Ref 10)
is expected to occur if at the surface of the sample the partial pressure
PSi0+CO is equal to the equilibrium partial pressure PSi0+C0(eq)'
Keys (Ref 14) has also studied the active oxidation of silicon carbide.

- He found the reaction to follow the equation
- SiC(s) + 0,(g) 2 Si0(g) + CO(g) - (8)

Using dried oxygen and sintered silicon carbide, he found the active oxi-
dation to obey a linear rate law showing a marked temperature dependence.
Because of the marked temperature dependerce, the author believed that
the rate controlling step was éhe reaction itself and not the diffusion
of oxygen to the surface.

(,3 Gulbransen et al. (Ref 15) have also investigated the active oxidation
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of silicon carbide. Using single crystals of silicon carbide the authors
found that the kinetics of active oxidation depended cn the pressure or
the gas flow. Tke products of active oxidation were determined to be
carbon moroxide «nd silicon conoxide.
Klthougn there have been some investigatiors of the active region,
most investigaters have confined their studies to the passive region
of oxidation. Suzuki (Ref 16) studied the oxidation of powdered silicpn
carbide in dry oxygen at one atmosphere for 50 hours at temperatures from
619°C to 1460°C. He found that the oxice formed was cristobalite above
1350°C and amorphous below 1200°C. He also found that between 1300°C and
1400°C the oxidation reaction generally followed a parabolic rate.
Adamsky (Ref 17) also studied the oxidation of silicon carbide

powder. However, where the measurements of Suzuki were weight gain of

the powder, the measurenents 2%0—T—T—T—T—TT—T—T7T
of Adamsky were weight gain of 210 1
a carbon dioxide collecting z0 1500 * iy
ascarite bulb. His results are 2?:: :
shown in Fig. 3. Each data glﬁ.ﬂ' 4
point represents an average of Zau.o— 3
several determinations. Oxygen ?E?"”o
at one atmosphere was purified & l:::
to remove H,, H,0, CO, and CO. 6.0
The oxide formed was amorphous 4.9
over the entire temperature 2.04

0

range. Rates were determined 0 20 40 G0 S0 100 120 140 16O 150200
’ Time, ¢, min.
to follow a parabolic law over
Fig. 3. Measured Yeight Gain of C0, Per

the entire range. The large Gram of SiC versus Time (Ref 17)

10




Jump between 14C0°C and 1500°C was attributed to a very rapid surface
reaction between silicon carbide and oxygen that controlled the reaction
until a sufficient layer of Si0, formed to produce a diffusion-controlled
mechanism.

Jorgensen 2t al. (Refs 18, 19, and 20) in a series of papers, studicd
the oxidation of silicon carbide powders and tae effects of oxygen pressure
and water vapor on the oxidation rates. Temperatures ranged from €3°C
to 1600°C. For dry, flowing oxygen at one atmasphere the authors' results

are shown in Fig. 4 where R is the fraction of completion of oxidation of

a carbide particle. The

straight lines in the figure
indicate that a parabolic
rate law was followed. The
reaction product, Si0,, was

amorphous at temperetures

[r-u-nﬂ:né
sBesegeaggye

below 1200°C. Above 1200°C - o <
10 20 30 40 50 60 7C £0 90 100 110 120
the amorphous film trans- TME (1)

formed to cristobalite after Fig. 4. Plet of the Parabolic Equation Cor-
rected for a Charge in Area vs Time

an incubation period. The for -325+400 Mesh SiC (Ref 18)

transformation was found to correspond to the change in slope of the curves
in Fig. 4. The nucleation rate of the cristobalite was found to be very
small in the dry oxygen, but water vapor in the gas greatly accelerated
the nucleation rate in agreement with Wagstaff (Ref 12). The authors found

that with changing oxygen partial pressure, thz diffuse rate constant K

shown in the equation (derived from Fig. 4)
[1 - (1-R)”3]“- T Kt (9)

was found to vary with the logarithm of the oxygen partial pressure according

11
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to the theory of oxidation of thin films as proposed by Engell and Hauffe
(Ref 21). This theory involves the transport of cations through the film

to the surface. The tﬁeory follows the parabolic ratz law where the para-
bolic constant can be defined as

K=Aln P°2+B 10}

where A and B are constants. Based on this th2ory the authors believe
the rate is controlled by the diffusion cf an ionic species in agreement

with previous investigations of silicon oxidation seen earlier. To deter-

mine the effect of water vapor different partial pressures of water vapor
vere used in a flowing oxygen stream at one atmosphere. Compared with

dry oxygen, wet oxygen gave increased rates of oxidation. The authors
believed that in both cases the diffusing species were the same and the
increase was due to a change in the nature of the oxide film. With the
vet oxygen atmosphere the oxide film was -found to be cristobalite at

1218°C and tridymite at nigher temperdtures.
Antill and Warburton (Ref 22) have studied the behavior of silicon,
a self-bonded silicon carbide, and pure silicon carbide in carbon dioxide,
water vapor, oxygen, carbon monoxide, vacua, and helium at 1000°C to 1300°C.
When silica films formed, a parabolic rate was obeyed for times up to 500
hours and there was little difference between the three materials. The
activities of the oxidants were found to decrease in the order, water
vapor, oxygen, and carbon dioxide, with carbon monoxide being inert.

For
oxidation in water vapor and carbon dioxide, the sitica films were pre-

dominantly composed of a-cristobalite. The authors deduced that in the

case of dry oxygen the diffusing species were oxygen ions, but in the

case of water vapor the diffusing species were hydroxyl ions. The authors

12
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also deduced that under active oxidation, siiica was an intermediary and

the rate determining step was the desorption of the.gaseous producté.

The latter deduction is partially based on the studies of Pultz and
Herti (Refs 23 and 24) who found that above tenperatures of 1250°C s:ilica
and silicon carbide react to give silicon monoxide and carbon dioxide.

By -a process of elimination the authcrs deduced that the rate controlling
step was either desorption or tradsport from th> reaction area of the
reaction products. Adding gases to the reaction had the effect of de-
pressing the reaction. For inert gases, the reaction rate was depressed
with an inéfease in pressure or molecuiar weight.

Key (Ref 14) in his work with self-bonded siljcon carbide found that

in the passive region for all temperatures and pressures investigated the

oxide layer contzined bubbles, many of which had reached the surface and
rdbtured. He assumed that a reaction 1ike the one shown to occur by Hertl
and Pultz could nucleate a gas bubble on -some defect or discontinuity at
the carbide surface. He then thermodynamically proved that with the dif-
fusion of oxygen to the defect the bubble could grow according to the
equation

Sic(s) + 3 C2(9) 22 €0(g) + Si0y(s) (11)

and then eventually rupture.

From the above discussions on the oxidation of both silicon carbide
and silicon the following general conclusions can be made:

1. In the active region, silicon carbide oxidizes according to the
eauation

SiC(s) + Si0,(s) — 2Si0(g) + CO(qg) (12)

where the Si0, is an intermediate phase.
2. In the passive region the silicon carbide oxidizes according to
the equation

13
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Sic + -32—02-9 50, + €O (13)
vé <:> 3. The silica layers formed under passive oxidation are composed
é ) of amorphous Si0,, a-c;istobalite, or tridymite depending on the tem--
5% T . perature and the oxidizing atmosphere.
: z 4. Under passive oxidation the silica layers are likely tc bubbie
éj: and rupture;
‘3% 5. At high temperatures ( >1500°C) a reaction between the silica
éé% layer and the silicon carbide can be expected. Therefore, at lower

temperatures, vaporization of Si0 can be expected to be small. Although

not mentioned earlier this is in agreement with Abraytis and Mayauskas
(Ref 25).
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II1. E.._crimental Apparatus and daterials

In this chapter only the apparatus and matarials directly related
to the thermogravimetric measurements will be discussed. The remaining
equipment used in this study will be described as necessary in the chap-

; ter on experimental procedures.

Sample Materials

The silicon carbide samples used for this study were generously
donated by ﬁorton Company. The samples were 1/8 inch square bars of
research grade silicon carbide cut from larger hot pressed billets.
Density of the bars was within 5% of the theoretical density of 3.22
grams per cubic centimeter. The bars were originally bending specimens,

and bars from different billets varied in composition. This composi-

tional difference did not affect the results except in one case: the
bars containing appreciable amounts of'tungsten and cobalt behaved quite
differently from those containing only small amounts of these constitu-
ents. Table II 1is a mass spectrographic analysis (by Battelle Memorial

Institute, Columbus, Ohio) of a typical sample for each of these cases.

Furnace

Figure 5 1is a cutaway view of the furnace and adjoiring hardware
showing only necessary details for the discussion that follows. Further

details may be obtained in Ref 26.
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The furnace was essentially a sealed stainless steel pipe with a
. recrystalized alumina tube (1-3/4" ID, 2" OD x 17") separating the sample
area from the tungsten heating elewent. A high vacuum was held on the

heating element side of the tube to prevent exposure of the element to
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okidizing atmospieres. The high vacuum was monitored by using a thermo-
couple gauge and an ionization gauge. ‘

Temperature controf was either manual or automatic. In the manual
mode a constant amount of power was supplied to the heating element. How-
ever, constant power did not maintain a constant temperature in the sample
area. To ma%ntain constant temperature the power to the heating element
was varied using the automatic mo&e.

The automatic mode functioned by amplifying the output of one of two
thermocouples (Pt -6 Rh, Pt ~30Rh) in the sample area, comparing it with
a bucking voltage provided by a digital set point circuit, and then as
necessary switching in or out of the heating element circuit an adjustable,

low-resistance rheostat. The output of the second thermocouple was directed

to a potentiometer for monitoring the sample area temperature. With this

arrangement of the two thermocouples, the temperature in tihe sample area

was maintained within +2°C.

Besides the basic equipment described above, some additional features
were incorporated in the furnace. These features included two shield
assemblies, one at each end of the furnace tube extending to within two
inches of the center of the sample area; and an insertion assembly for
inserting samples from the bottom of the furnace.

The two shield assemblies were constructed and added to the furnace
to prevent excessive heat flow from the sample area and thus allow the
furnace to be opened at temperature without risk of thermal shock cracking
the furnace tube. The assemblies also helped maintain a constant terper-
ature in the sample area. The shield tubes (7/8" ID, 1-1/8" 0D x 6-1/2")
were made of high temperature mullite, and the shields (1-3/4" diameter)

were made of alumina disks. Platinum wire was used to attach the shields

18
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to the tubes. In the lower shield assembly, grooves were cut in the tube

and shields so that two 1/8" two-hcie alumina rcds could be incorporzted
to hold the two thermeccouples.

Caps for the thermocouple rods were also machined from aluaina to

cover the thermocouples and thus cut down on vapirizatiin of the plati-

num. from the thermocouples.

The insertion assembly was machined from brass and aluminum to be

used in conjunction with a commercially available 0-ring sealed, bearing

for a 3/8 inch diameter stainless steel shaft. The upper end of the

steel shaft was drilled and colleted to accept and hold securely a two

hole 3/16 inch by 9 inch alumina rod. The upper portion of this rod is

shown later in this paper in Fig. 9. To the lower end of the steel
shaft was attached an adjustable handle so that the travel of the shaft

could be limited. With the insertion assembly, a sample could be intro-

duced into the center of the sample area without disturbing the environ-
ment in the sample area. The lower portion of the insertion assembly

was machined so that it could be quickly disconnected from the upper por-
tion. This allowed rapid retrieval of anything which may have inadver-

tently fallen into the furnace, as well as providing access to the sample

holding alumina rod. Caution was taken to be sure that the furnace tube

was never open at both ends at the same time. With both endsopen, a

chimney effect could be created, possibly cracking the tube and/or des-

troying delicate electronic equipment in the balance.

Gas System

Figure 6 shows a schematic drawing of the gas handling system used

in this study. Research grade oxygen containing impurities of water vapor,

carbon dioxide, carbon monoxide, hydrogen. argon, and nitrogen was used

19
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as tke gas soorce. To remove the water vapor, casiom dioxide, carbom
monoxide, aad EyCrogee, the gas was sutjected to 3 & rirg train contain-
ing, in crder, tte following: magsesium perchlo-ate, indicator drierite,
ascarite, cogper pellets 2¢ 160°C, copper oxide at 100°C, ascarite, indi-
cator drierite, aénd magnesium perchlorate.

- After leaving the drying train, the cas, if desived, vas subjected
to a vater seteritor which cor-isted of Labbling the treaties oxygen
through distilled vater. The gas then flowed throuch a varizble-area
floumeter (Katheson T-€09) and into the sample area. The gas could then
leave the s;r.ple area by oae of three paths: either (1) directly to a
txc cubic feet per ainute cechanical pump; (2) through a neediec valve
and then to the pump; or (3) through a carbon dioxide trap, the needle
valve, and then the pump. Upon leaving the pup the gas entered a closed
exiiaust systen to prevent acazulation of toxic or explosive gases.

The carbon dioxide trap was made of two cosponents as shown in Fig. 6.
The first cozponent was a glass tube Containing copper-copper oxide tum-
ings at 3G0°C to convert carbon monoxide to carbon dioxide,and the second
coaponenit was a liquid nitrogen cold trap designed to freeze out the car-
bon dioxide. The cold trap was made of glass and appropriately valvec so
that it could be removed from the system to recover the solid carbon
dioxide. The carton dioxide was recovered by allowing the cold trap to
warm up to ambient temperature and flowing the evoived gases through a
vieighed ascarite buib. The difference in before and after weights was the
amount of carbon dioxide recovered. Figure 7 shows the system for recov-
ery of the carbon dioxide. A second ascarite bulb was used in series with
the weighed bulb so that contamination by the ambient atmosphere was

minimized.

21
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When flowing gas wes desirad, the two needie valves in the systex
were adjusted to maintain the desired flow and pressure. Thic pressure
s neasured one of two ways. For the rangs 1 atzosphere to §.091 atzo-
sphere a #¥allace-Tiernan gauge was used a_r.d for the range 1003 microns
to 1 micron a thermocouple Gzuge wes gsed.

Balance Arrangesent and
Sample Suspension

Figure 8 shows a simplified view of the baiance and sample suspen-
sion system. The balance was a Cahn RH Electrobalance (sce Ref 27 for
the principle of operation) with its output directed to a two speed (15
minutes per inch and 5 minutes per inch) Léeds and Northrup Speedomax H,
AZAR recorder.

The output of the balance was adjustable by means of a gain contrel
so that the weight gain across the full scale of the recorder could be
selected from various predeteiminad values. The output was also biased

using a manually adjusted potentiometer so that weight change measurements
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exceeding the scale of the recorder, but within the limits of the balance,
O could be adjusted so the recerder trace ws always wfthin the recorder
range. The amount of biasirg necessary was indicated on the potentiometer

and thus the weight change ves zlways knosm. Capacity of the halance was
100 gra=zs and weight charges on the order of 10 nicrograss could be mea-
sured. The balance was rigidly counted in 2 vacuum chamber whizh housed
the sase gas envircrzent as the sacple area.

Suspended from one side of the balance bv a Nichrome wire was a
tare pan for holdirg weights to tring the balance output within the range _;
of the reco}der. Suspended fron the other side of the balance, also by :

a Nichroze wire, was a platinuz counterweight and a platimm hook for
susperding samples. At approxirmitely the ridpoint of the counterweight i ;
wire was located a side arm for raisinc and lowering the counterweight
and any sample suspended from it.

The sample suspension techniques for the two types of weight measure- i ;
ments made in this study are shown in Fig. 9. The samples and suspension ~

are shown in the proper positicn for making a run. The shield assemblies

w—ronsant mawamie <o 4
0

have not been shovn for clarity. The technique far vaporization measure-
ments involved hanging an alumina crucible by a platinum hook from the

Nichrome balance wire. The crucible was heavy enough to act as a counter-

KEs gtons £ty

weight and thus the platinum counterweighp was not needed for vaporization

runs. The samples for the vaporization runs were introduced from the
bottom of the furnace by means of the previously mentioned insertion
assembly. The inset shows how the sapphire hook was held by the alumina
rod to prevent turning of the sample. The sapphire hooks for both types

of runs were formed with a torch frem 0.02 inch diameter sapphire rods.
Weight change runs involved hanging the samule with sapphire hooks direce:y

from the platinum counterweiaht as shown.
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Sample Preparaticn

(AL 23

As previously mentioned the samples were raceived from Norton Com-
pany in the form of 1/8 inch square bars.

WP

Prio- to any sample preparation,
bars known to come from different billets were X-rayed to obtain a standard

I

X-ray pattern for 2ach billet and its associatec bars. The X-ray procedure

Daad L2 LA T a7 f St SR

will be discussed in a later section of this chapter.

The bars were then mounted on glass plates with mounting wax, and cut

ORI TINT

with a diamond saw into smaller bars approximately 1/2 inch long. Still
mounted on the glass plates, each of the smaller bars had a.0.030 inch

(3 20 L TN R AL T oA

hole drilled through the bar near one end for suspending the bars on the

ALY Sy

sapphire hooks. The drilling was done with a Sheffield Cavitron Ultra-

‘;mm.u‘«um«;mwmmmwga\ﬁmmmmmm

sonic Machine Tool. After drilling, the samples were removed from the

glass and cleaned of all traces of the mounting wax, using an ultrasonic

cleaner.

AL o Ty N YA S IAE 4 B

For each high temperature run a sample was first measured with a

centimeter micrometer to find the average length of each of the three

. dimensions. Several measurements were made in each dimension to arrive
at the average. Using the three averages the 'surface areé of the sample
was computed. No allowance was made for the hole because the area of the
hole was small compared to the total area of the sample.

) After the sample was measured, it was cleaned with acetone and then
with alcohol. The sapphire hooks to be used during the thermogravimetric
measurement were also cleaned at this time with acetone and alcohol.

o~ During and after cleaning, the sample and the hooks were carefully handled

with clean forceps to prevent contamination by such things as natural skin
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oil. The sample and the hooks were then weighec separately several times
to obtain an average weight for each. A Mettler H20 balance was used to
determine the weights to the nearest 10 microgrems. The sample and the

hooks were now read; to be placed in the furnace..

Weight Chrnge Measu-ement

Prior to placiag the sample apd the hooks into the furnace the tem-
perature in the samole area was adjusted to the jredetermined temperature
of the run. If the furnace was off, this was accomplished by manually
increasing the power to the heating element over a period of 3 to 4 hours
until the desired temperature was reached. By slowly increasing the
furnace temperature, two possible damaging things were avoided. First,
hot spots in the furnace were avoided, and second, outgassing of furnace
components vias slow enough to prevent oxidation of the tungsten heating
element. '

If, however, the furnace had been at a temperature above 1000°C
for several days the temperature vas manually adjusted more rapidly to
the desired temperature using as a guide an upper limit pressure of 1x107%
on the furnace ionization gauge. In either case once the desired tempera-
ture had been attained manually, the furnace control was switched to the
automatic mode and the digital set point circuit was adjusted to hold the
temperature.

The next step was to carefully place the correct tare weight on the
ba]énce tare pan. For the first run this was largely experimental, but
for succeeding runs a correction factor obtained f{rom the first run was
merely added to the combined weights of the sample and the hooks to

arrive at the required tare weight. Once the tare weight was in place

L0H°2
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the sample and ihe hooks were suspended from the other side of the balance.
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. However, the samp’.e and the small hook it was tuspended from were not hung

B - TN Lo TR

in the position shown previously in Fig. 9. Iastead they were suspended

directly from the counterweight. In this position, the sample could be

.
JAK e 2

lovwered with the side arm, but it would never r2ach the hot portion of the

N AL

sample area.
The system was then sealed and pumped down to a pressure of 500
microns. Oxygen was then admitted until the pressure in the system reached

150 torr. Running conditions were then established in the sample area.

N ooy AL e "
N R o D A SN D LA

If static conditions were desired, the sample area was closed off from
all system components except the balance and the Wallace-Tiernan gauge.
If flowing conditions were desired, the two needle valves were adjusted
to maintain a total pressure of 150 torr and a flow rate of approximately

70 cubic centimeters of gas per minute.

After running conditions were established the arrested sample and

hooks were Towered by means of the side arm into the furnace. The re-

corder was then turned on to the two milligram full scale setting and

the potentiometer adjusted to bring the recorder trace within scale.
The recorder trace was allowed to stabilize (approximately 15 minutes)
to obtain a "zero weight" for the sample. )

Without touching.the potenticmeter, the.recorder was turned off and
the sample was arrested with the side arm. Using oxygen, the system was
then pressurized to ambient pressure, being careful to not disturb the
settings of the twe needle va]veg if flowing conditions were required.

A slight change in the flow rate shifted appreciably the trace on the

recorder. Pressure changes also shifted the recorder trace, but not near

as much as flow rate changes.
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The system was then opened and the sample was suspended in the run-

ning position shown in Fig. 9. However, the sample was still arrested

by the side arm and not yet in the hot sample a~ea. The system was again

sealed and pumped out. This time, though, it was- pumped out to 150 microns

and then pressurized to 150 torr again with oxygen. If static conditions

were required, they vere established as before; but if flowing conditions
were required, the flow was established without disturbing either needle
valve. At this point the flow, if desired, was diverted through the
carbon dioxide trap and/or the saturator. This did not affect the flow
nor shift the recorder trace.

After allowing approximately 15 minutes for stabilization of the
systan (less if static) the temperature was checked and adjusted if neces-
sary. The sample was then lowered into the hot sample area and the recor-
dér was immediately turned on. The recorder was set on fast speed for
the first 15 minutes and then shifted to slow speed for the remainder of

- the run.

If th~ carbon dioxide trap was being used, it was necessary periodi-
cally during the run to collect the carbon dioxide. The first step of
the collection procedure was to temporarily establish static conditions in
the sampie area without disturbing the needle valves. The cold trap was
then sealed off and an evacuated balloon was attached to one valve. This
valve was then opened and the cold trap was removed from the liquid ni-
trogen. The previously mentioned ascarite buib system was then connected

to the other valve of the cold trap. When the balloon indicated a posi-

tive pressure in the cold trap the valve to the ascarite bulbs was opened.

The gas in the balloon was then forced back into the cold trap and the

balloon vaive was c¢losed. Oxygen was then connected to the balloon valve

29

R AN

22

2%

ke oty et N B et s oA,

[PPTN

e

PRV T




2LV VL RSP PLE LA M RPN P R G Y RIT PRI TR RIS g ",@"!Iﬁ PRETLRTET ST T

O

L]

TR STITTOW L IR R SR AR T O A VT 4T

¥ GRS N

LI R aatrd R tis LA L St ey

to sweep the cold trap cf all the carbor dioxide it contained. The cold

trap was then repleced in the system and flow ccnditions were reestablished.
The weighed ascarize bulb was then reweighed to determine the amount of
carbon dioxide collected.

After a planned number of hours (usually 48) the recorder was turned
off and the sémple arrested. Again using oxygen the system was pressurized
to ambient pressure and opened. U§ing forceps, -he sample and hooks were

retrieved and then weighed on the Mettler balance.

Yaporization Measurement

The procedure for vaporization measurements is very similar to that
used for weight change measurements. Therefore, only the differences
betwieen the two will be pointed out in this section.

- First, because much of the crucible in a vgporization run was out of
the hot zone and because of the size of the crucible, a recorder trace
using flowing oxyagen was very erratic. Hence vaporization runs were made
only in static environments.

Second, the crucible was hung from the balance and the sample was
set in the insertion assembly as shown in Fig. 9.  Static conditions
vere then set up as before with the sample pulled down out of the hot
zone. Then with the crucible in the hot zone the recorder was turned on.

Third, once a stable trace was attained with the crucible, the sample
was raised into the position under the crucible shown in Fig. 9.

Fourth, after the planned number of hours, the sample was pulled down
from the hot zone, but the crucible was kept at the static conditions of
the run for approximately 6 hours. This 6-hour period was needed to de-
termine how much of the weight gain on the crucible was attributable to

deposition of platinum vaporizing from the thermocouples.

30

T ok W NP S YRS

A
M
e

d

b

A
-
3

I3
hY
i
9
k4
k3
2
2




ig'}m,-.;-.. LT s - " - - - . - .. - . e

iy
CheEn

3258

3k

GAW/MC/72-11

é:} X-Ray Analysis

. As previously nentioned, a sample from each billet was X-rayed to

TR AT Y

obtain a standard X-ray pattern. After the oxidation and second weighing

ool
.

of a sample, the sampie was X-rayed on several sides. The X-ray unit
used was a North Amarican Philips Company, Inc. Lype 2045B/3 machine with
a copper X-ray tube. Standard X-ray diffraction techniques were used and

care was taken to b2 sure that each X-ray pattern was obtained under the
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same conditions as the standard pattern.

The X-ray patterns obtained from the oxidized samples were then

compared with the standard pattern. Comparing the patterns readily showed
where new peaks existed in the "oxidized" pattern. Then using known pat-
terns of suspected oxide products, the constituent attributable to each
new peak was determined.

High temperature X-ray work was done on a General Electric XRDS
X-Ray spectrogoniometer. As with the low temperature X-ray work, copper
Ko radiation was used. The silicon carbide was first prepared by grinding
and then sifting through a 325 mesh sieve. The powder was then applied
to a platinum heater in an acetone slurry. To the back side of the heater
was attached a thermocouple for monitoring the temperature. The heater
and the thermocouple were then placed in the sample chamber of the X-ray
machine. The heater Qas connected to a powef source and.the thermocouple
to a potentiometer. An X-ray pattern was then obtained for the powdered
silicon carbide. The heater was then turned on and power was applied
until the desired temperature was reached. X-ray patterns were then ob-
tained for the oxidizing sample while it was at temperature. As with
the low temperature patterns, comparisons vere made to determine the

oxidation products.
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Metallograph Analysis

After X-raying, the next step was to cross-section, mount, and polish
a sample in preparation for analysis under the netallograph. The samples
vere cut with a diamond saw and then mounted ir Bakeiite. Pieces of
brass were al§o motnted in the Bakelite with the sampie. The brass
helped controi rourding of the mount during polishing. Samples viere
polished first through 600-grit carborundum paper. The samples were then
polished on a wheel with 3 micron and 1/4 micron diamond pastes. The
diamond paste was removed by flushing with alcohol and the alcohol was
evaporated with a heat gun.

A Bausch and Lomb Research II Metallograph was then used to obtain
high magsification Polaroid prints of each cross-sectioned sample. The
area of prime interest on each sample was the oxide-matrix interface.
Photographs were taken of areas of the interface which were representa-

tive of the entire sample.

Probe Analysis

To determine what elements were in the matrix and oxide layer of
the cross sections observed under the metallograph, an electron probe
was utilized. The pirobe mode by Applied Research Laboratories was capable
of detecting the presence of different predetermined eléments in a sample.
However there were some limitations to the machine. The important limi-
tations were that only elements in sufficient quantities (depends on the
element, what form it is in, and its distribution in sample) were detected,
and only the presence and not the quantity of the element was detected.
Output from the prebe vias directed to an oscilloscope. Polaroid prints

were made with an attachment that used the oscilloscope trace as the

32
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light source. Light spots on the prints indicated a presence of the

element in question, and dark areas indicated the absence of the element.
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Y. Results and Discussion

Table 111 i5 2 sumzzry of the samples cxidized and the conditions
under which the (xidztior tcck place. The saxoles containing the tungstern
and the cobalt are rarkzd with an asterisk. As previously mentioned, the
tungsten was in the fora of tungsten cerbide. Because of this and the
presence of cobalt, it was believed that the s*licon carbide was ground

with a tungsten carbide wheel with cobalt as tie binder. This beiief,
however, was not confirmed by Korton Cospany since the silicon carbide
was still being researched and the inform2tion was therefore proprietary.
TABLE 111
Suzsary of Oxidation Runs
-gzgglﬁ Temperature Condition$ Oxygen Duggzion
1 1300°C static as-received 48 hrs
2 1400°C static as-received 48 hrs
3 1400°C flowing as-received 48 hrs
4 1500°C static as-received 48 hrs
- 5 1500°C flowing cleaned ) 48 hrs
6+ 1500°C static cleaned 54 hrs i
7 1600°C static as-received 48 hrs i
g 1400°C flowing cleaned 38 hrs *
g% 1500°C flowing cleaned 48 hrs %

*Contains small amounts of tungsten carbide and cobalt, as per Table II.
tVaporization measurement.
5A11 samples were run at a total oxygen pressure of 150 torr.
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Thernogravimetric Data ‘

Figures 10, 11, 12, and 13 show the thermogravimetric results in the ¥
form of weight change per unit zrea i mitligrans per square centimeter

versus time in kours. The mxbers in parentheces indicate the sample

nmmber in Table 111. As shesm in Fig. 10, a big jump in the rate of

oxidation vas observed from 1£80°C to 1500°C. To determine the reason 3

for the jump, an cxidation run at 1500°C usirg <leaned oxygen was made. :

The results for the two 1500°C runs are shown in Fig. 11. Thke reason for

the juxp was due to the water vapor in the as-received oxygen. This is
in agreement witk Jorgensen (Ref 20), Lea (Ref 28) and Suzuki (Ref 16).

Enough samples were not available to determine tbe'magnitude of the same
expected junp at the other texperatures. However, the available results

¢o indicate that because of water vapor, 1400°C can be considered the

s - ’
2y it
" angﬁimm

practical upper tezperature licit under similar oxidation corditions for ’
the silicon carbide tested. ¥

Figure 12 shoxs the data for the oxidation of the silicon carbide

samples marked with an asterisk in Table III. It should be noted that

the scale of the ordirate is changed and that comparing this data with

the previous data shows the new material to have slower rates of oxida- %

oetian
» oy m)sy?.:sim.Am:nmctlu.v.mh

duie

tion. Although the primary difference betveen the two sample types is
tungsten carbide and cobalt, Table 1I also shows other differences.

Therefore, it could not be determined what elements or compouncgs vere

contributing to the slower rates observed. Time did not permit oxidation

runs using oxygen with water vapor, but increased rates were expected

based on the similarities between the oxide layers of these semples and

the layers of previous ones. These similarities will be pointed out later

in this chapter.
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Figure 13 shows a coxparison beticen flowing end static conditions
at 1400°C. The ¢’ fference is epproxicately i0Z and is well within ex-
perigental accurecy. Over long periods of time, balances of the type
used in this stucy have been known to drift ezounts greater than the
difference shomm.

Upon careful =xesinzticn ¢f the greghs for weighi gain versus tize,
some undulation w=s noted in the traces, although it is not very obvious
in the cese of samdles rusber 4 and 7. These changes in oxidation rates
were caused by rupiures in the oxide layer exposing unoxidized matrix
raterial. éapid oxidztion took place and the rate increased until the
rupture had besn "healed” with a new oxide_]ayer. Furtner evidence of
this will be given later in this chapter.

Semple number 6 was a vaporization measurement. Compared to the
wé%ght gain of the sample, the vieight gain of the crucible due to con-
densible vapors was virtually nonexistant. This indicated that at
temperatures at or below 1500°C and at oxycen pressures above 150 torr,
the only appreciable vapor species leaving the oxidizing silicon carbide
were either carbon monoxide, carbon dioxide or both. The fact that one
or both of the oxides of zarbon was leaving the surface was verified by
using the carbon dioxide irap. Unfortunafély, qualitative results were
not obtained, but a color change of the ascarite from brown to white
during collection indicqted that a carbon oxide had vaporized from the
silicon carbide. QGualitative results were not found for the collection
of carbon dioxide becausz contamination of the ascarite by water vapor

could not be prevented.

Metallograpn Data

Figures 14 and 15 show metallograph pictures of cross sections of

40
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the silicon carbide sampies. Figure 14 shows. representative aféasfof
samples oxidized in the as-received oxygen and Fig: 15 shows.areéas. repré-
sentative of samples oxidized in clean oxygen. The.lightfarea'(A).iﬁ "
each photograph is the silicon carbide matrix. The gray band (B) immgde
iately adjacent to- the matrix is the oxide layer. rThe‘remaihihg dark
area (C) s ‘the epoxy or Bakelite used to mount the samples.

In Fig. 14 the holes in the oxide were due to trapped carbon monoxide:
or carbon dioxide. These holes are a clear indication that the oxide was
an amorphous phase. The holes also indicate that the diffusing spéecies
during oxiéation.was oxygen diffusing through the oxjde layer to. the
silicon carbide in agreement with Jorgensén (Ref 6), and that thé-reactién
took place a; the silicon carbide--oxide interface. If silicon carbide
had been the diffusing species there would not have.been bubbles in the
oxide.

It was observed, except in the sample oxidized at 1600°C, that the
oxide layers were continuous and fairTy uniform over the entire surface
of the samples. Physical evidence of rupture was also observed in these

samples; this phenomenon was believed to be the reason for the undulating

. weight gain traces.

The sample oxidized at 1600°C did not have a uniform oxide layer
over the sample. Instéaé, the surface was coVered‘With larga o#ide beads
spaced approximately one millimeter apart with a very thin oxide film

between beads. A cross section of one of the beads is shown in the 1600°C
photograph. It was believed that the bead formed in the following manner:

As the oxide rapidly grew on the surface of the sample some carbon mon-

oxide or carbon dioxide was trapped under the oxide layer. As more gas

formed, the carbon oxide bubble expanded to reach.a state of lower energy.




The expanding bubble pushed the vitreous oxide 1ayeé in front of it, thusl
causing the oxide from the surrounding areas to flow towards the~bubbfe.
Physically, this is very similar to water beadiag up on a polished surface.
By comparing. the o*ide layers of the samples oxidized with as-received
oxygen with the layers of the samples oxidized with cleaned oxygen, it was
observed that the cleaned oxygen resulted in thinner layers and fewer

bubbles. There was, however, evidence of rupture in the samples oxidized

in the cleaned oxygen. This was expected since the energy to break through

a thin layer is less than that required to break through a thick layer.

X-Ray Data

In all samples, physical observations and X-réy traces showed the
presence of an amorphous oxide layer. However, the X~r$y traces also
skowed the presence of crystalline phases in the oxide. One crystalline

phase which appeared in all samples was alumina. Tridymite and a-cristo-

1 balitz, two crystalline phases of siljca, also appeared, and in one case

3

(sample number 4) an aluminum silicate, mullite, was found. Mullite
probably formed in other cases too, but there was not a sufficient amount
for the X-ray traces to show it. 'Sample number 4 gained the most weight
and therefore had the most alumina in the.oxide layer. Assuming that the
alumina was uniformly-spread through the sample, then as oxidation took

place the matrix surface receded exposing the alumina. Although the

percentage of alumina to silica in the oxide was probably the same for
each sample, the more of each there was the greater was the possibility
that any chemical combination of the two would be seen in the X-ray traces.
Although it could not be confirmed (again proprietary information),
aluminum was believed to be uniformly spread through the matrix in the

form of alumina. Alumina is sometimes used as a grain growth inhibitor.
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(:> Since there was no evidence of any other grain growth inhibitors in the

sample it was assumed that alumina was being used for that ‘purpose.

Tridymite and a-cristobalite did not appear togéiﬁer except in tus
. _ .- cases, samples 8 and 9. Except for 8 énd 9, tridymite was observed in
‘ only X-ray traces of samples that were run under static con&itions, and
a-cristobalite was observed in only X-ray traces of saﬁp]es run under

flowing conditions. In the ca§e°of samples numbers 8 and 9, the X-ray

trace of the material before oxidation indicated the presence of some
‘tridymite. The tridymite was removed befd}e oxidation with hot hydro~

- fluoric acid. Because conditions were flowing during oxidation, it was

: then expected that a-cristobalite would be the crystalline phase appearing.
E A possible explanation for the appearince of both is that the flowing gas
% nucleated o-cristobalite and tridymite particles not removed with ‘the
% Q:} . acid nucleated more tridymite.
% It should be noted that the primary silica phase in all samples was
; the amorphous phase. The amorphous néfure of the oxide was also more
predominant when cleaned oxygen was used. These results were expected
and are in agreement with Wagstaff (Ref 12) who fouﬁd devitrification
enhanced with the presence of water vapor.

In an effort to determine whether the crgsta]line phases of silica
were present during ox{dation or whether they appeafed on cooling, high
temperature X-ray traces were obtained. The traces showed that in air

the crystalline phase, a-cristobalite, was present at both 1400°C and
. 1500°C.

Probe Data

Figures 16, 17, and 18 are photographs of probe scans for different

chemical elements on three different samples. Figure 16 is representative
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of 211 the oxidized samples cx;:eptﬂ, 8, and 9. Figure 17 is represes-
—tative’-ofs_qﬂsiaaj 9, and Fig. 18 shows the bead on the 1600°C sample -
(mumber 7). Probe scass were made for a wide variety of elements, but
orly those elemenis that were positively ideantified with a saxple are .
shows with that samle. Other elements were present in the samples as
shown by the mass spectrographic amalysis, but the quantities were too
suall to be detectad with the srobe. The scan “or a parficular element

is indicated by its chemical symbol. BSE standc for back scatter electron
and is a pi;ihre, similar to a metallograpk picture, shoxizg the area
probed. In all cases the Targe 1ight arez in the BSE picture is the
matrix and the grar band is the oxide layer. The dark area is again
either the Bakelite or epoxy mount.

i To eliminate some confusion it should be pointed out that the probe
could not distinguish between the sample and the mount. Therefore, with
the epoxy mount used for the sample shown in Fig. 18 it was expected ihat
the probe would show a presence of silicon, carbon, and oxygen in the
mount as well as the sample. With the samples shown in the other two
figures, Bakelite mounts were used. Therefore, scanning across these
mounts showed traces of carbon and oxygen.

Figure 16 shows ?hat there was silicon, aluminum and oxygen spread
uniformly through the oxide layer. Also thé concentration of aluminum
was greater in the oxide than in the matrix. Tnis supports the belief
that as the silicon carbide surface recedes, the exposed alumina congre-
gated in the oxide layer.

- The probe trace for oxygen shows an abundance of oxygen in the oxide
layer as well as oxygen in the matrix. This further supports the belief

that the aluminum in the samples was in the form of alumina.
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The prote trace for carbon shous clearly that there xas no carbon
in the oxide. What carben may zppezr to be ikere is either carbon trappes
2s a carbon oxide bubtle under the surface or dizmornd past that rewaired
from polisning.

The trece for silicon shows tnat there wes a greater abundance of
silicon in t5e matrix than in the oxide. This was expected since the
density of tie matrix is higher than tke density of the oxide.

Figure 17 shows not cnly the szze things Fig. 16 did, but it also
skows wniere the tungsten and cobalt were located in these samples. The
trace for ;aba]t shows that the cobz2it in the matrix vas uniformly dis-

tributed. WUhat appears to be ccb2it in the oxide and the mount was only
“noise™ on the probe.

By comparing the BSE tracez and the traces for tungsten and silicon

it was readily apparent that the bright particles in the matrix on the
BSE trace were tungsten carbide particles: These bright spots also
matchad up vith the areas void of si]%éon on the silicon trace.

Figure 13 shows the same bead seen earlier in fig. 14. Figure 14

showed quite clearly two different bands of material within the bead.
This is not shown clearly on the BSE photograph, but the probe traces
for silicon, aluminum, and oxygen cleariy indicate the reason for the.

bands seen earlier. The traces indicate that the inner band was alumina

and the outer band was silica. It was believed that the formation of the

bands was a phnysical phenomena and not a chemical phenomena. The phe-

nomena was possibly a cooling effect or possibly an efiect due to thé
beading up of the oxide.
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¥1. Coszlucions and Recqaaeﬂﬁztfbns

Based on the results of this study, the Tollowing can be conciuded:

1.

2.

3¢

From en oxidation standpoint the silicon carbide studied can be

used up te end including a temperature of 1400°C in envircmaents
containing approxinatéix 150 torr of oxygen. Abave this tesmpera-

ture water vapor causes a marked increase in the rate ¢f oxication.

The -oxidaticn reaction can be represented Ly the equation-

sic + (1+3)0,—>si0, + co, (12)

where the carbon oxide may be carbon monoxide cr carkon dioxide.
The equation is valid because vaperization of condensible vapors
was shown to be negligitle and the alumina was sheswn to be in-
active in the oxidation resction. -

The preduct of the oxidation reaétion is a protective layer of
silica containing primarily a%orphous silica. The crystalline

phases tridymite and e-cristobalite may also be present, parti-

cularly if weter vapor is present.

Some recommendations need to be made concerning further study of the

oxidation of hot pressed silicon carbide and precautions that might be

taken to avoid difficulties. These are as follows:

1.

Because samples in this study varied, enough samples of one type
should be obtained to effectively investigate future work.
A different method should be devised for recovering the solid

carbon dioxide from the cold trap.

With silicon carbide powders, oxidation rates are known to be

dependent on oxvgen pressure. This dependence should be investigated

et
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for the hot pressed silicon carbide.
4. The effeci of water vapor on the oxidition rate should be in-
vestigated furiher.

5. The mechenis of alusinz segregation saould be investigated.

52
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