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MATERIALS ANALYSES OF CERAMICS FOR GLASS FURNACE RECUPERATORS

G. W. Weber® and V. J. Tennery
ABSTRACT

The use of waste heat recuperation systems offers signi-
ficant promise for meaningful energy conservation in the
process heat industries. The potential for fuel savings
realizable from the four major industrial users — steel,
glass, aluminum, and cement — amounts to approximately
1.4 EJ (1.3 x 1015 Btu) per year. Glass furnaces alonc
acéount for a potential savings of $800,000/d in equivalent
oil at $12 per barrel. The higher efficlencies available
through the use of glass furnace recuperation in place of
current regeneration systems has not been realized primarily
because of technology and material limitations. A program
sponsored by the Office of Industrial Programs/Conservation
of the Department of Energy at Terra Tek, Inc., Salt Lake City,
Utah, has as. its objective the development of acceptable
recuperator technology for the glass industry. This report
details the analysis of candidate ceramic recuperator
materials exposed by Terra Tek to simulated industrial
glass furnace hot flue gas environments.

Several candidate structural ceramic materials including
various types of silicon carbide, several grades of alumina,
mullite, cordierite, and silicon nitride were exposed to
high-temperature flue gas atmospheres from specially con-
structed day tank furnaces. Furnace charging, operation,
and batch composition were selected to closely simulate
industrial practice. Material samples were exposed in
flues both with and without glass batch in the furnace for
times up to 116 d at temperatures from 1150 to 1550°C
(2100—2800°F). Exposed materials were examined by optical
microscopy, scanning electron microscopy, energy dispérsive:
x-ray analysis, x-ray diffraction, and x-ray fluorescence
to identify material degradation mechanisms. The materials
observations were summarized as: )

1., Silicon carbide exhibited enhanced corrosion at lower
temperatures (1150°C) when alkalies were deposited on the car-
bide from the flue gas and less corrosion at higher tempera-
tures (1350°C) when alkalies were not deposited on the carbide.

2. Alumina corrosion depended strongly upon purity and
density . Alumina contents less than 99,8% were unsatisfac-
tory above 1400°C.

3. Mullite and corderite are generally unacceptable for-
application in soda-lime glass melting environments at tem-
peratures above 1100°C.

*Now with Carborundum Company, Niagara Falls, N. Y.



4, Reaction-bonded silicon nitride exhibited behavior
generally inferior to that of silicon carbide and displayed a
corrosion rate dependence on temperature similar to the car-
bide. This similarity to the carbide is due to the same sen-
sitivity to accelerated corrosion due to the degradative
action of alkalies on the protective silica film normally formed
on the nitride.

The conclusion is that structural ceramics relying upon
either a protective SiO) film (such as SiC or Si3N4) or an
extensive silicate bonding phase (such as cordierite, mullite,
and aluminas with <947 Al)03) were severely corroded by the
fluxing action of alkalies and iron in the test environment
used. The alkalies and iron increase the fluidity of the
siliceous film and impair its oxidation protection ability.

INTRODUCTION

Recent developments concerning the limitations and economy asso-
ciated with energy availability in the United States, particularly
from fossil fuels for industrial process heat, have indicated that a
primary means for offsetting increasing demand and cost along with
dwindling supplies is through economically feasible energy conser-
vation., This conservation can take the forms of (1) minimizing heat
loss from the equipment to the surroundings with appropriate insulation,
(2) improved higher efficiency processes, and (3) utilization of tradi-
tionally rejected heat for other purposes such as for power generation
or increasing process efficiency through preheating process gases or raw
materials. The concept of preheating process or combustion air to
increase the thermodynamic efficiency of the process has received
increasing support in current Department of Energy (DOL) programec. The
four largest industries in terms of waste heat re jected in the U.S. are
steel, glass, aluminum, and cement. Together they account for estimated
potential energy cavings of 1.4 EJ (1.3 quads or 1.3 x 1015 Btu) if certain
process improvements are assumed. Development of a high-performance glass
furnace recuperator offers potential for 70% recovery of the available flue
gas heat, and this would represent $800,000/d savings in equivalent oil at
$12 per barrel.l,2 Approximately 11 GJ (107 Btu) is required in a con-
tinuous glass furnace to melt 1 Mg (one ton) of glass. Of this heat, 80%

is emitted as waste heat from the furnace, with 507 being lost in the



hot gas exhaust.3 This large energy source contains, in fact, more
than enough energy to preheat incoming combustion air and represents a
possible source of energy to produce cogenerated electricity.4

Some studies?® have concluded that regenerators are more efficient
than recuperators (fixed-boundary heat exchangers) for using hot waste
gases at 1500°C (2700°F) to preheat combustion air to 650°C (1200°F).
However, as the thermodynamic quality requirements ofAthe preheated
air are increased to increase process efficiency, recuperators are
expected to become increasingly attractive.?

A program was initiated by DOE Office of Industrial Programs/
Cunservation within the past two years to evaluate potential refractory
structural ceramic materials as candidates for use in glass furnace
recuperators with anticipated exhaust gas temperatures up to 1350°C
(2500°F). The concomitant material temperatures in this application
would exceed 1250°C (2300°F). These temperatures coupled with the
generally hostile glass furnace exhaust environment and mechancial
integrity requirements represent a demanding materials application.

The samples that were evaluated in this report were carefully
selected structural ceramic candidates for use in a glass—furnace
recuperator. These materials were exposed by Terra Tek, Inc.,

Salt Lake City, Utah, at different temperatures for varying lengths

of time to the flue gas stream from a specially constructed glaés

day tank containing a composition closely approximating one employed

for container and flat glass manufacture. Materials exposed included
several types of silion carbide, several grades of alumina, mullite,
cordierite, and silicon nitride. This report will deal with the

analyses of the test specimen behavior, microstructure, macrostructure,
and microcompoéition of these materials as they relate to their potential

use in a glass furnace recuperator.
SPECIMEN HISTORY

Special day tank furnaces were constructed at Millcreek Glass
Company of Salt Lake City, Utah, to conduct the materials testing as
subcontractors of Terra Tek, Inc. We then analyzed these exposed

samples to form the basis fur this report.



A schematic diagram of the special day tank furnaces is shown in
Fig. 1. The blocks lining the tank were alumina-zirconia-silica (AZS)
fused cast refractory called Monofrax S3.* TFused cast AZS is widely
recognized as the industry standard for soda-lime glass furnace blocks
for containing the molten glass. The furnace side walls above glass
level are superduty firebricks containing over 40% alumina and about *50%
silica. The roof is a high—alumina castable refractory. Silica refrac-
tory would normally be used in continuous melting glass furnaces in
place of the high alumina, but sllica was not suitable for this small
furnace because of frequent reheating and furnace walntenance., %

These furnaces could closely simulate the conditions in a con-
tinuous soda-lime glass melting furnace. These small furnaces could
simulate flue conditions found in larger furnaces at least within the
variability between different large furnaces and between different
exhaust ports on the same industrial-size furnace. Large furnace
environmental characteristics were replicated by simulating industrial
furnace operating conditions, such as batch carryover into the flue con-
taining the test specimens caused by charging new batch materials into
the furnace.

Two furnaces were used at Terra Tek for the specimen exposure tests
to permit simultaneous testing in combustion product exhaust and glass
furnace. éxhaust. GClass batch was charged into the furnace used for
glass melting four times a day to simulate the actual dust carryover
experienced in an industrial furnace. Temperatures in the furnace varied
from 1290 to 1625°C (2360—2955°F) with an average of about 1540°C (2800°F).

The glass batch used in the recuperator material test furnaces is
given in Table 1. As previously described, this batch was represen-
tative of soda-lime glass used in the plate and container glase
industries. Although it is unlikely that any one plaut would incor-
porate barium carbonate, borax, and cryolite together, it was felt that
all should be included to better simulate all possible components in

the exhaust of any operating plant.

*Carborundum Company, Niagara Falls, N. Y.



B8 U'ﬁNE'hf,
-, ELOCK -

{lsTeeL a

}S}ELL

\FIRE 8 INSULATION BRICK

CASTABLE
SLIDING
DOOR

MILLBOARD

SIDE TO SIDE

CROSS SECTION

Fig. 1.
Material Tests.

ORNL DWG 79-10754

FLUE

FLAME AREA
--=« BURNER

| A4 BLOCK

“EAZS” TANK BLDCKS -

[:FIRE 8 INSULATION BRICKS B3

FRONT TO BACK
CROSS SECZTION

Cross Sections of the Special Day Tank Furnaces Used at Millcreek Glass for



Table 1. Batch Composition Used in Glass Furnace
Recuperator Materials Testing

Material Charge Equivalent Oxide Equivalent 9x%de
(wt %) Delivered to Glass Glass CO?P831t1°n
(wt %)
510, 50. 64 siop 50. 64
CaCO3 14.47 Ca0 8.10
NaCU3 17.69 Nag0 ' 10.35
Dolnmite 7.24 Ca0 ©2.20
MgO 1.56
Feldspar 8.04 _ Al,03 1.45
BaCO3 0.56 BaO 0.44
" Cryolite 0.80 F 0.43
Al704 0.1Y
Na 90 0.35
Borax 0.56 B,03 0.38
Na 70 0.17

2Based on charge.

The samples were inserted into the probe ports ot the furnace [lues
as shown in Fig. 1., The rectangular flue was 230 by 60 mm (9 by;2.5 in.),
and the probes extended across the flue. The actual exhaug} test con-
figuration is shown in Filg. 2. ‘lempcraturus wmeasured by Pt vs Pt—I10% Rh
thermocouples varied from 1150°C (2100°F) at ports 25 through 27 to
1550°C (2800°F) at port 1, depending upon the height and location in the
furnace [lue aa indicated in the graphig¢ test port representation in
Fig. 3. It is apparent that significant alteratioms in flow in the
lower test section of the exhaust gas path could affect the types and
concentrations of impurities deposited in upper test sections in the
flue. The condensation, slagging, and enhanced reaction often observed
on the downstream side of sections in flow streams as a result of flow

interruptions could modify the results. The modification would depend
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upon the concentration and composition of deposited species from the

glass batch. This situation would be particularly unclear for samples

in the back of columns such as 24, 25, 26, and 27, and particular attention

was given in the test specimen analyses to detect such anomalies. The

Fufnace I test specimen results for conditions without glass in the furnace

were anticipated to be simpler to interpret than those from Furnace II,

which had glass batch carryover contributing to the test specimen corrosion

process. The comparisons between material A in position 25 and material B

in position 1, for example, need to be interpreted carefully because of

the very different environments experienced by the twu specimens.
Descriptions of the waterials by supplier, density, and fabrlcation

technique are detailed in Table 2. The material sample observations

made by Terra Tek and Millcreek Glass personnel on the samples upon

removal from the test furnaces are given in Tables 3 and 4.

Table 2. Ceramic Materials Tested

Density

! Material Designation Supplier Mg/m3 Comments
SiC Sintered alpha Ca rborundum 3.16 0.3%, 0.5% B added
Sintered to <l-um
particle silze.
5iC NC-400 Norton 2.61 Recrystallized
SiC NC~430 Norton 3.08 Reaction-sintered

(self-bonded), bonded
with S1 and C.

sicC KT Carborundum 3.01 Reaction-sintered
(self-hnnded), bonded
with Si and C.

SiC cvn MTC 3.24 Chemically vapor
depusited.

Sio0Ny Sioxyna Norton

Al704 “vistalP Loore 4.00 High-purity
polycrystalline

AlyU4 AD998 Coors 3.80 High-purity
polycrystalline

Al,03 AD-94 Coors 3.64 94% Al,0y

Al,04 AD-85 - Coors 3.40 85% Al,03

Mullite : Coors 2.85 75% Al303 — 25% Si09

Cordierite CD-1 Coors 2.40 Low thermal expansion

Zr0y Zirconia ~ Coors 5.64

Si3Ng, RBN AiResearch 2.74 Reaction bonded

aTrademark of the Norton Company.

Trademark of Coors Porcelain Company.



Table 3. Sample Observations for Furnace I (Without Glass)
Approximate
Average Exposure
Material Sample Port Temperature (d) Observations
o) (°F)

S1C-CVD 1 1 1550 2800 116 Glazed with some foam. Apparent decrease in
diameter over part of exposed length.

S1C-CVD 3 22 1225 2250 92 Glazed. No dimensional deterioration.

SicC- 1 4 1450 2650 36 Slight glazing. No dimensional deterioration. No

Sintered change. Moved to port 7.
1 7 1425 2600 44 Milky coating. No dimensional deterioration.

S1C-NC-430 1 2 1450 2650 104 Glazed. No dimensional deterioration. Milky
coating.

S$1C-NC-400 1 8 1400 2350 116 Juwe ylazing and toam. No dimensional
deterioration.

S$iC-KT 1B 13 1350 2450 116 Glazed. No dimensional deterioration. Possible

: slight rounding of sharp edge.

Al03-AD-94 1 2 1450 2650 8 Slumping slightly. Moved to port ll.

1 il 1400 2550 109 Iron staining from another sample. No dimensional
deterioration.

Al703-VISTAL 1 9 1400 2550 7 No change observed. Moved to port 3.

1 3 1450 2650 105 Iron staining from sample above. No dimensional
deterioration. Loss of "waxy"” surface.

Al,03-AD-998 1 4 1450 2650 39 No apparent deterioration.

Al703-AD-85 1 10 1400 2550 7 Severe slumping. Withdrawn.

Mullite 1 3 1450 2650 8 Easily bent at temperature. Greatly reduced
resistance to thermal shock. Withdrawn.

Mullite 3 17 1250 2300 14 Darkening of surface, crystalline development on
one side. Greatly reduced resistance to thermal

i shock. Withdrawn.

Cordierite 1 5 1425 2600 4 Hot end slumped, then fell off. Withdrawn.
Recovered end curled and badly deteriorated.

Cordierite 3 18 1250 2300 14 Exposed side of sawple darkened, blistered, and
expanded, causing sample to curl upwards.
Withdrawn.

Cordierite 4 25 1150 2100 92 Slight edge deterioration. Surface darkened. Edge
slightly rounded.

Si3N, 1B 12 1350 2450 46 Sample broken upon extraction for observation.
Possible flaw apparent. Possible slight
deterioration of expnsed surfaces

S13Ng 3B 21 1225 2250 62 Clazed. Little if any dimensional deterioration.
Sample broken easily upon extraction. Break
very similar to sample 1B.

Zr0p 1 4 1450 2650 21 Hot end slumped slightly. Severe multiple frac-
turing in intermediate region inside flue wall.
Withdrawn.

Stainless 1 26 1150 2100 28 Severe scaling. Withdrawn.

Steel-426




10

Table 4. Sample Observations for Furnace IT (With Glass)
Approximate
Average E c
Material Sample Port Temperature xzzju € Observations
(°c) (°F)
S1C-CVD 2 1 1550 2800 70 Glazed with some foam. Apparent decrease in
diameter over part- of exposed length — 48 d.
Sample eroded into two parts. Most erosion at or
near supporting wall where glass condensate is
apparent — 70 d.
Sic- 2 2, 3, 1450 2650 4 Sample moved to port l.
Sintered a or 4

2 1 1550 2800 17 Sample eroded almost into two parts. Erosion
limited to zone at supporting wall wherc material
temperature is well below 1550°C (2800°F).

siC- 3 21 1225 2250 18 Ma jor disappedrauce of matorial aver exposéd leugili:

Sintered &

SiC-NC 430 2 2 1450 2650 104 Glazed. Sample rircumference decreased at sample
wall zone of lowered temperature.

$1C-NC 400 2 8 1400 2550 116 Some¢ glazing and foam. No dimensional deteriora-
tion. Some decrease in circumference at support
wall zone.

SiC-KT 4 1 1550 2800 69 Stight decrease in diameter inside supporting wall
at much lower temperature.

S1C-KT 2 13 1350 2450 47 Glazed. Slight decrease in diameter of exposed
length. Moved to purt 6.

2 6 1425 2600 48 Slight edge deterioration. Slight decrease in cir-
cunference 13 mm (0.5 in.) inside support wall.

SiC-KT 3 21 1225 2250 69 Ma jor decrease in circumference of exposed material.

Al1203-AD-94 2 2 1450 2650 8 Slumping slightly. Moved to purt ll.

2 11 1400 2550 109 Becrease in rircumference at support wall zone.

Al,03~Vistal 2 9 1400 2550 11 No change observed. Moved to port 3,

2 3 1450 2650 146 Surface no longer feels waxy. No dimensional
deterioration. Slight slumping. Diameter
decreased 0.5 mm (0.02 in.) at supporting wall zone
only.

Ala03-Vistal 4 1150 2100 90 Material coated with a glaze on luwer sido. Glaze
easily breaks off.

Al703-AD-85 2 10 1400 2550 5 Severe slumping. Withdrawn.

Alp03~-AD-85 1150 2100 90 Glass apparently combining into the surface on
lower side.

Mullite 2 3 1450 2650 L} Faslly bent at temperature, Crystalline develop—
ment in ceramic body. Ureatly reduved rcoiotance
to thermal shock.

Mullite 4 1150 2100 90 Slight disappearance of material from lowép s1de.

Cordierite 5 1425 2600 4 Hot end slumped, then fell off. Withdrawn.

Cordlerlte 3 1150 2100 90 Sample warped upward with some deterioration of
Lower sfiea

S13N, 2 12 1350 2450 70 Glazed with some foaming initially. Slight surface
deterluration. Sample bhroken easily,upon extrac-—
tion. Break and discoloration similar to 1B.

S13Ng 4 21 1225 2250 23 Ma jor decrease in diameter over entire exposed
length. Withdrawn,

S1,0N;, 1 7 1425 2600 18 Surface covered wWith fuaw. Decrcasec in volume of
exposed material. Sample subsequently broken in
port. Exposed portion not extractable.

2r0, 2 4 1450 2650 21 Severe multiple fracturing in intermediate tem-

perature region inside flue wall, Withdrawn.
Sample broken upon withdrawal and exposed portion
lost.
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ANALYTICAL PROCEDURES
X-Ray Analysis

Standard x-ray diffraction techniques were utilized to identify
crystalline phases present in the ceramic recuperator test samples.
Powdered samples were mounted on a silicon single crystal to reduce
the x-ray background. The silicon was oriented in such a way as to
provide no contribution to the x-ray spectrum. A vertical Norelco
diffractometer uslng copper radiation with a graphite crystal differ-
ential beam monochromator was used to provide the x-ray data. Data
collection was at a 20 scan rate of 0.0021°/s with 6 s integrating
time, providing a final plot of diffracted intensity against 26,

X-ray fluorescence techniques were used to determine the qualita-
tive elemental composition of deposits present on the samples. The
samples were the same as those used in the x-ray diffraction analysis.
Silver radiation was used for excitation and a lithium-drifted silicon

detector and multichannel analyzer were used for data collection.
Ceramographic Preparation and Examination

Samples were removed'by fracturing and/or diamond sawing from the
original specimens and were placed in hollow cylindrical mounting molds.
The sample was covered with a catalyzed epoxy resin (Shell Epon 815)%*
and then imprcgnated with the epoxy by use of vacuum.

Grinding and polishing was done by use of successively coarser ,
media with water as a coolant. Typical abrasives used were 180-, 320-,
400-, and 600-grit silicon carbide papers, 0.3-um alumina and l-ym
diamond pasté. The finished sample was washed with ethyl alcohol and

air dried.

*Product of Shell 0il Company, New York.
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A reflected-light metallurgical microscope was used to observe the
microstructures. Bright field, dark field, and polarized light were

used in the analysis as appropriate.
Scanning Electron Microscopy

Fractured and as-received ceramic specimen surfaces and deposits
were examined by scanning electron microscopy (SEM). A JEOL U-3
microscope was employed. The nonconducting samples were vapor coated
with a very thin layer of gold to eliminate charging effects in the
instrument.,

Qualitative chemical analysis on SEM samples used characteristic x-
ray emissions. A lithium—drifted silicon detector with a multichannel

analyzer was used for data collection.
Electron Microprobe

Polished ceramographic sections were analyzed for elemental com-
positional distribution with an electron microprobe. Backscattered
electons were used for determination of the distribution of high-atomic-
number elements, while characteristic x-ray emissions were used for indi-

vidual elemental distributions.
RESULTS
Silicon Carbide

Several different types of silicon carbide representluy a range of
densities, fabricatlon techniqucse, impurity levels, and costs were eva-
luated in the previously described furnacc tests. The high thermal con-
ductivity, good mechanical properties, relatively low thermal expansion
with resultant thermal shock resistance, and generally good corrosion
resistance mwake SiC an attractive candidate structural ceramic material
for use in high—temperature recuperators. The SiC ceramics will be
discussed individually as their performance was quite varied in this

environment.
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Reaction Sintered or "Siliconized"” SiC

The material in this category is generally fabricated by reaction
sintering of primary silicon carbide grains with additions of silicon
and carbon, which form a secondary silicon carbide phase upon firing at
high temperature. This ceramic body can also be prepared by infiltration
of silicon into a prefired SiC and carbon precursor mixture. A second
firing converts much of the free silicon and carbon to silicon carbide.
These bodies are typified by a primary silicon carbide phase and a
dispersion of smaller secondary silicon carbide grains, tree silicon,
and porosity. Materials in this category include KT* and NC-430T.
Silicon carbide of this type that was exposed in the furnace tests is
shown in Figs. 4 and 5 for KT and Figs. 6 and 7 for NC-430 with exposure
times, temperatures, and furnace conditions. This material will
apparently withstand exposure to these combustion gases without glass in
the furnace, as evidenced by the performance of Specimen KT-1B at 1350°C
(2450°F) for 116 d and NC-430-1 at 1450°C (2650°F) for 104 d. Both
samples had a glazed appearing surface with a milky white coating and no
significant dimensional deterioration except for some slight rounding of
sharp edges in the KT material. Both samples did show some deposition
of brownish "iron-type" scale, which may attack or react with the sili-
con carbide. The samples were broken for ceramographic examination.

Microstructures of cross sections of these two samples taken about
20 or 25 mm from the exposed end are shown in Fig. 8. This region was
located approximately in the middle ot the tlue gas duct and would thus
be minimally influenced by the refractory walls and edge effects. For
this reason, this portion of each specimen was given major emphasis
throughout this study unless specifically mentioned otherwise. The
more extensive porosity and microstructural disruption of the KT
material at the glass—SiC interface region relative to the NC-430 sili-
con carbide would appear to make it less desirable for application in
this environment. This behavioral difference was surprising because

the NC-430 material was exposed to somewhat higher temperatures and was

*Carborundun Company, Niagara Falls, N.Y.

TNorton Company, Worcester, Mass.
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CYN-3211

Fig. 5. Close-Up of Reaction Bonded (Siliconized) Silicon Carbide
Exposed to Glass Furnace Environment.
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Fig. 6. Recrystallized and Reaction Sintered (Siliconized) Silicon Carbide Exposed to Glass Furnace
Environment.
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CYN-3210

NC-430-2

Fig. 7. Close-Up of Recrystallized and Reaction Sintered (Siliconized)
Silicon Carbide Exposed to Glass Furnace Environment.
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in the form of a curved thin flat section rather than a solid cylinder
like the KT specimen. Sample location in the test furnace flue might be
a possible cause of the difference in behavior. The NC-430 was in port 2
(at a higher temperature), which is essentially open to the furnace
exhaust, while the KT sample was located in port 13, where the flow is
interrupted by several other specimens between the port and flue entry.
Assuming that the convex side of the NC-430 was facing downward into the
exhaust system, the concave side would experience deposition and conden-
sation from the flow disturbance on the downstream lower velocity side.
Only the concave side of this specimen showed discoloration and deposition
of extraneous material, while the convex side was primarily covered with
glass and cristobalite. The downstream side would therefore appear to be
more subject to chemical attack because of the higher concentration of
deposits on this surface. Material deposited on the downstream side of
the sample in port 2 (NC-430) completely covered the exposed portion of
another sample located further downstream in port 13 (KT-1B). This
increased availability of corrosive foreign material on the silicon
carbide at a point in the flue considerably downstream from the location
of maximum gas temperature would be expected to increase chemical attack
on the silicon carbide.

X-ray diffraction analysis of the milky-appearing surface coating
about 15 mm from the exposed end on NC-430-1 is shown in Table Al of
the Appendix. The data correlate fairly well with the Joint Committee
on Powder Diffraction Standards (JCPDS) pattern 11-695 for o—-cristobalite
(Si02). Exposure of silicon carbide to oxidizing environments at
elevated temperatures characteristically results in development of an
amorphous glass and cristobalite on the surface, so this observation
was as anticipated.

The x-ray diffraction analysis of a portion of a brown scale
appearing 10 mm from the exposed end of sample KT-1B is shown in Table A2
of the Appendix. There is only fair correlation with two different
polytypes of SiC — 21R and 6H — and no other identifiable phases.

Exposure of siliconized silicon carbide to the exhaust flue of a
furnace containing glass resulted in significantly different behavior

than when the furnace contained no glass. Three samples of the KT
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material were exposed: KT-4 at 1550°C (2800°F) for 69 d in port 1,

KT-2 at 1350°C (2450°F) for 47 d in port 13 and 1425°C (2600°F) for 48 d
in port 6, and KT-3 at 1225°C (2250°F) for 69 d in port 3, representing
high, medium, and low flue gas temperature. The qualitative behavior of
this silicon carbide was again worst at the lowest temperature; KT-3 (at
the lowest temperature) had a major decrease in the diameter of the
exposed specimen end, while KT-4 (at the highest temperature) showed
minimal dimensional changes, except at a location close to the flue wall
where the specimen temperature was lowest. The intermediate-temperature
material showed a qualitatively intermediate corrosion rate.

The NC-430 sample 2, which was exposed at 1450°C (2650°F) for 104 d
at port 2, again showed little silicon carbide loss at the exposed end
but had severe surface recession close to the flue wall, where the sili-
con carbide temperature was lowest.

The microstructure of the siliconized silicon carbide exposed to
glass is shown in Figs. 9 and 10. Comparison of these figures indicates
that the attack on the free silicon present as a second phase in this
material increases with increasing temperature in the range 1350 to
1550°C (2450-2800°F). The disappearance of the free silicon (mp 1410°C)
secondary phase and its replacement by glass or porosity is significantly
more extensive at higher temperatures (>1410°C) and is much worse for
the KT material than for the NC material. Comparsion with Fig. 8(a)
also indicates that the microstructure of the KT silicon carbide may be
disrupted more extensively than that of NC-430 silicon carbide during
long-term flue tests in the furnace containing no glass.

The wmousl sLriking observation, however, is that the sample exposed
to the lowest temperature (1225°C) did not show the characteristic remo-
val of the free silicon phase, but showed a roughly uniform removal of
silicon and silicon carbide from the sample at an appreciable rate. The
conclusion is that two very different degradation mechanisms are opera-
tive in this type of silicon carbide, depending upon the temperature.
Fairly rapid reaction and corrosion occur at low temperatures and much
slower corrosion occurs at higher temperature, with the microstructural
degradation of the free silicon secondary phase having little apparent

effect on the bulk corrosion or surface recession rate.
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X-ray diffraction analysis of the siliconized silicon carbide
tested with glass in the furnace is given in the Appendix Tables A3
through A6. The white "foam" scale approximately 25 mm from the
exposed end on NC-430-2, which was exposed at 1450°C (2650°F) for 104 d,
corresponds reasonably well to a-cristobalite. Bluish-white deposits
15 mm from the exposed end of specimen KT-4 exposed at 1550°C (2800°F)
for 69 d apparently contained both o-cristobalite and tridymite. The
grayish surface material 30 mm from the end of KT-3 exposed at 1225°C
(2250°F) for 69 d shows o-cristobalite and Na,Ca(Si03)3 (Table A5).

The x-ray diffraction pattern also indicated the presence of some
tridymite. Two diffraction patterns of KT-2 (1350°C, 47 d; 1425°C,

48 d) were obtained. Material 40 mm from the end contained a-cristobalite,
21R SiC, and Na4Ca(Si03)3. A whitish deposit 30 mm from the exposed end
exhibited similar diffraction peaks and may have contained all three of
these phases, but the correspondence of the d-spacings with ASTM reference
values was not particularly strong except for Na,sCa(Si03)3. The difficulty
of interpreting complex silicate x-ray diffraction patterns was well
demonstrated in the case of these specimens. The solubility of foreign
atoms in the structure, the complex polymorphism of silica, and the

great number of possible silicate phases make an unambiguous inter-
pretation of the phase composition of these samples very difficult.

Scanning electron microscopy was also used to investigate the
region 5 mm from the exposed end of sample NC-430-2. This region
resembled a solid white foam, as shown in Fig. ll. Figure 11(a) shows
Llie blistering of the surface and the open holes through the coating
to the underlying material, presumably SiC. Figure 11(b) at higher
magnification (1000x) shows the glassy appearance of the coating and
(c) the energy-dispersive x-ray analysis of this region. The high
concentrations of Si, Na, Ca, and K are expected from the glass
composition used in the furnace. The white cellular deposit was
apparently the recsult of a significant amount of glass batch carryover
during the test. This sample was very close to the flue entry in a

region with possible flow stagnation (port 2), as shown in Fig. 3 (p. 7).
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Fig. 11. Scanning Electron Micrographs and Microcomposition of the
Glassy Surface on Siliconized Silicon Carbide (NC-430-2) Exposed to Glass
Furnace Exhaust at 1450°C for 104 d. (a) Holes in glassy layer. (b) High
magnification. (c) Microcomposition by energy-dispersive x-ray spectroscopy
(EDS). Gold peaks are from conductive coating, not part of specimen.
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Recrystallized or "Self-Bonded" SiC

Material in this category is fabricated from fine-grained silicon
carbide by sintering without additions of sintering aids or secondary
phases. The material is characteristically porous, having significantly
poorer mechanical properties and lower thermal conductivity than the
"siliconized" silicon carbide previously discussed. Two samples of this
recrystallized silicon carbide (NC-400) are shown in Figs. 6 and 7
(pp. 16 and 17). The samples were exposed at 1400°C (2550°F) for 116 d
with (NC-400-2) and without (NC-400-1) glass at port 8 in the test fur-
nace. Sample NC—-400-1 exhibited some glazing on its surface and a
foamlike deposit of yellowish material distributed on the exposed sur-
face. This silicon carbide sample exhibited little dimensional change
during the high-temperature test with no glass in the test furnace.
Sample NC-400-2 showed glazing, foam, and some dimensional reduction
in the low-temperature region adjacent to the flue wall. The dimen-
sional behavior was analogous to that observed for the siliconized
NC-430 material at a 50°C (100°F) higher temperature.

Representative microstructures are shown in Fig. 12 (NC-400-1 and
NC-400-2). The microstructures are somewhat similar. An amorphous
surface coating penetrated easily into the extensive large open porosity
present in this silicon carbide. The material exposed to glass in the
furnace [Fig. 12(b)] shows more evidence of significant dissolution and
possible reprecipitation at the interface between the silicon carbide
and the surface coating. Relicts of a second phase in the amorphous
surface coating are visible in both samples.

X-ray diffraction analysis of the yellowish "foamed" deposits 30 to
40 mm from the end of sample NC-400-1 is shown in Table A7 of the Appendix
along with two different JCPDS patterns for a-cristobalite. The corre-
spondence to a-cristobalite is fairly good, particularly with respect
to JCPDS standard pattern 4-0379.

A similar powder diffraction analysis of the foamed deposit 5 mm
from the end of sample NC-400-2 in Table A8 correlates well with JCPDS
a—cristobalite pattern 11-695.
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Fig. 12. Microstructure of Recrystallized Silicon Carbide Exposed
at 1400°C (2550°F) for 116 d. (a) NC-400-1 exposed without glass in the
furnace. (b) NC-400-2 exposed with glass in the furnace.
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Sintered o—Silicon Carbide

This form of silicon carbide is fabricated by sintering very fine
grained (<1 pm) silicon carbide with sintering aids such as 0.5% B and
0.3% C. This variety of silicon carbide is very dense and has excellent
mechanical properties compared with some of the other less dense and
coarser grained varieties currently available. This material is
currently manufactured by Carborundum Company, Inc. The sintered g-silicon
carbide tested consisted of three samples designated as: 1 — exposed
al 1450°C (2b50°F) for 36 d and then 1425°C (2600°F) for 44 d without
glass in the test furnace, 2 — exposed at 1450°C (2650°F) for 4 d and
1550°C (2800°F) for 17 d with glass in the test furnace, and 3 — exposed
at 1225°C (2250°F) for 18 d with glass in the test furnace. These spe-
cimens are shown in Figs. 13 and l4. Sample 1 (without glass) exhibited
a milky coating with "circular" deposits very similar to those seen on
specimen NC-400-1, which had a similar thermal history and port posi-
tion. The edges of the flat concave section exhibited significant
rounding and material loss. The material loss and deposits were most
marked at a location on the specimen that was closer to the flue wall
and thus presumably cooler. Sample 2 (with glass) showed extensive
material loss, which again was concentrated at the cooler specimen loca-
tion adjacent to the wall. An extensive glassy coating is also
apparent. Sample 3 (with glass), which was tested at a significantly
lower temperature than sample 2, exhibited a significant loss of material
over mosL of the exposed length and also had a glassy surface coating.

These two samples clearly identify the region from 1225°C to 1300
or 1400°C (22502400 or 2575°F) as the region of maximum corrosion for
this variety of silicon carbide in this environment. The decreasing
corrosion rate seen along sample 3 toward the cooler locations near the
flue wall indicates that this process probably has a low temperature
limitL, which was not specifically identified during these tests. The
minimal corrosion of the portions of sample 2 at the higher test tem—
peratures and an almost linear increase in corrosion rate as the tem—

perature decreased into the wall give indication of the kinetic profile



CYN-3201

1450°C, 36 d
1425°C, 44 d
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WITH GLASS

1225°C, 18d
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Fig. 13, Sintered o-Silicon Carbide Subjected to Glass Furnace Exposure Testing.
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CYN-3209

Fig. 14, Close-Up of Sintered o-Silicon Carbide Subjected to Glass
Furnace Exposure Testing.

of the operative corrosive reaction. Isothermal corrosiou Lests would
be required to obtain data for predicting the temperature ranges in
which the corrosion rates for this silicon carbide are sufficiently low

to satisfy the required design life criteria for the material.
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The micrograph, Fig. 15, of sample 1 shows the very fine grained
microstructure and high density typical of sintered a-SiC. The inter-
face with the glassy coating is very distinct, indicating that little
penetration or attack occurs at these temperatures (1425-1450°C) without
glass in the furnace.

Figure 16 of sample 2 indicates that the sintered alpha material
was attacked and removed in the higher temperature portion of the
sample. This removal occurred along with that in the lower temperature
portions shown in Figs. 13 and 14. That two different removal processes
were at work is apparent from Fig. 17 of sample 3. This teslL specimen,
which was exposed to the lowest temperature (1225°C), suffered the most
severe corrosion. However, the SiC surface is relatively smooth and
contained only a very thin amorphous film, in contrast to the much
thicker amorphous coating and roughened SiC surface seen on sample 2
in Fig. 16. This mass removal behavior as a function of temperature

is very similar to that described earlicr for KT silicon carbide.
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Fig. 15. Microstructure of Sintered o0-Silicon Carbide (Sample 1)
Exposed at 1425°C (2600°F) for 36 d and 1450°C (2650°F) for 44 d with No
Glass in the Furnace.



il

Fig. 16. Microstructure of Sintered a-Silicon Carbide (Sample 2)
Exposed at 1450°C (2650°F) for 4 d and 1550°C (2800°F) for 17 d with

Glass in the Furnace.
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The x-ray diffraction results for samples 1 and 2 are shown in
Tables A9 and AlO of the Appendix. Alpha cristobalite was the only
identifiable extraneous crystalline phase observed in the surface

coatings of both samples.

Chemically Vapor Deposited Silicon Carbide

Chemically vapor deposited (CVD) silicon carbide can be produced so
as to be theoretically dense, impervious to gases, and with high mechan-
ical strength in relatively small shapes. However, with currently
demonstrated technology, if the size of the SiC deposit is increased to
dimensions of tens of millimeters, the available properties degrade and
approach those of dense bulk silicon carbide, such as the q-SiC
discussed previously. Presently, a generally accepted materials devel-
opment goal regarding CVD SiC includes production of an equiaxed
microstructure in large pieces by carefully controlling the process
parameters such as temperature, gases.used, or gas phase nucleating
agents. Most current approaches deposit the CVD SiC onto a moderately
porous graphite or silicon carbide substrate. Three different pieces
of CVD SiC were examined in this study and are shown in Fig. 18.

Sample 1 was exposed at 1550°C (2800°F) for 116 d without glass in

the test furnace. This material was fragile, and many fractures
occurred during post—test examination and handling. The surface of
this specimen showed a glazing effect with some "foam" type deposit
over most of the length exposed in the flue. There was also some loss
in diameter over part ot the exposed specimen length. The impervious
dense microstructure of this specimen is shown in Fig. 19. There also
appears to be some evidence of delamination from the substrate during
testing. This is evident in Fig. 18 as the substrate was tightly
bonded in the cooler, less exposed portions but became detached from the
hotter, more exposed portions. The interface between the SiC and the
amorphous surface layer is quite distinct in Fig. 19, but the heavy
concentration of a second phase immediately adjacent to the interface

indicates that under the test conditions a mechanism involving dissolution
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1550°C, 116 d
WITHOUT GLASS

1550°C, 70 d
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1225°C, 92 d
WITHOUT GLASS
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Fig. 18. Chemically Vapor Deposited Silicon Carbide Exposed to Glass Furnace Testing.
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Fig. 19. Microstructure of CVD Silicon Carbide Exposed at 1550°C
(2800°F) for 116 d with No Glass in the Furnace.

of the SiC may have been operating. The well-developed crystals visible
in the surface layer are probably cristobalite, which crystallized from
the melt during cooling.

Sample 2 was also exposed to flue gas at 1550°C (2800°F) for
70 d, but with glass in the furnace. After 48 d the specimen showed
some decrease in diameter. After 70 d the sample was corroded into
two parts at a location ncar the supporting wall, where the speciwen
temperature was lowest. Glazing was apparent over the entire surface.
Even with this severe material loss during the test, the microstructure
in Fig. 20 shows a very distinct interface with the surface coating.
The large material loss of this CVD SiC during the test when glass was
present in the furnace is very similar to that already described for
sanpples of siliconized and 0-SiC tested at lower temperatures. There is

no obvious explanation for the higher mass losses observed with the CVD
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Fig. 20. Microstructure of Chemically Vapor Deposited Silicon Carbide
Exposed at 1550°C (2800°F) for 70 d with Glass in the Furnace.

SiC at temperatures higher than those seen for the other types of SiC in
these tests. This behavior is seen in sample 3, which at low temperatures
[1225°C (2250°F)] for 92 d without glass underwent little mass loss or
dimensional change. This is a contrast to the behavior of sintered 0-SiC
with glass in the furnace at a similar test temperature. The microstruc-
ture seen in Fig. 21 shows several phases present in the surface coating
and well-developed crystals located in the coating, particularly near the
SiC-coating interface. The interface is fairly distinct with some pos-—
sible sites of exaggerated attack visible in the ceramographic sections.
The x-ray diffraction data for samples taken from these specimens
are given in Tables All, Al2, and Al3 of the Appendix. The major crystal-
line phase in the coating on all three samples was g-cristobalite. There
was also evidence of some Ca3AlSi30;7 on sample 3 and a phase containing
iron, silicon, and carbon on sample 1, although the x-ray diffraction

line correlations for either of these two latter phases were not unambiguous.
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Fig. 21, Microstructure of Chemically Vapor Deposited Silicon Carbide
Exposed at 1225°C (2250°F) for 92 d with Glass in the Furnace.

Approximate silicon carbide loss rates are shown in Table 5. These
loss rates were calculated from measurements taken on the exposed material
of the maximum "clean" diameter and the minimum diameter observed near the
midplane of the exposed section, except in the case of the second sintered
0—~2 measurement, which was made at a location adjacent to the wall for
comparison. These measurements are subject to considerable error because
of the thickness of deposits on the surfaces developed during exposure
and should be regarded only as a first approximation of material
degradation. Even with the uncertainties involved, the radial loss rate
measurements are surprisingly consistent. The exposed end of sintered
alpha sample 3 and the section of sintered alpha sample 2 adjacent to
the furnace wall were, as described earlier, believed to be at similar
temperatures. The similarity in corrosion rates for 400 to 500 h
exposure is encouraging in showing internal consistency in the results.
Ceramographic examination of specimens exposed at higher temperatures

showed evidence of a different material loss mechanism compared with
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Table 5. Diametral Changes of SiC Specimens

Midplane Poat—aeet S lnlfier fomn . Radial
Sample Temperature ixposure -Dismistey e in Diameter Loss
(°c) a2 e (m) (km/h)
Sintered o-3 1225 430 11.4 6.0 2.69 63
Sintered a-2 1450 96
1550 408 1257 116 0.5 1.1
a 504 1257 6.4 352 6.3
CVD-2 1550 1680 10.7 8.3 1.2 0.7
NC-430-2 1450 2500 a2 10.5 3.2 1.3
KI=2 1350 1100
1450 1150 12.7 1952 0.8 0.3

IMeasured not at midplane but at minimum diameter, adjacent to wall,
where the temperature was probably about 1250°C.

silicon carbide tested at lower temperatures. This difference in mechanism
is reflected in one-sixth the loss rates at 1450 to 1550°C compared with
those observed at 1250°C for similar silicon carbide materials. This
observation was consistent for the sintered alpha, NC-430, and CVD silicon
carbide for times varying by a factor of 5. The CVD silicon carbide had

a slightly lower than average loss rate, which may have been due to a
slower parabolic law time dependence, possibly because it was a purer
denser material. The KT silicon carbide exhibited an anomalously low loss
rate. This excellent performance at similar times and temperatures (a
surface recession rate about one-fourth the rate observed for NC-430)

may be because the KT specimens were solid cylinders rather than the
relatively "flat" specimens of the NC and sintered alpha silicon carbide.

A better understanding of the loss mechanism of all these silicon carbides
under the test conditions used, determined with identical sample geometries,
should be Lhe objective of future work to establish it the KT material

actually has superior corrosion resistance.
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Alumina

We tested four different types of commercial alumina ceramic speci-
mens, which had different densities and silica contents and had been
made with selected fabrication techniques. Although alumina has a
lower thermal conductivity and poorer thermal shock resistance than
silicon carbide, its chemical stability in this environment makes it an
attractive candidate for use in glass furnace recuperators. The ceramics
tested represent a set of increasing purity including 85 wt % Al)03
(AD-85), 94 wt % Al,03 (AD-94), 99.8 wt % Alp03 (AD-998), and high-purity
Vistal® alumina (>99.8 wt % Al03).

The AD-94 and -998 alumina samples are shown in Figs. 22 and 23.
Tables 3 and 4, (pp. 9—10) identify the three samples of AD-85 that were
tested. Specimen AD-85-1 was exposed at 1400°C (2550°F) without glass
in the furnace and experienced such severe slumping that it was withdrawn
after 7 d. Sample AD-85-2 was exposed also at 1400°C (2550°F), with
glass in the furnace; it slumped so severely that it was withdrawn after
5 d. A third sample, AD-85-3, was tested at lower temperatures 1150°C
(2250°F) and after 90 d showed evidence of considerable interaction
with materials in the flue gas on its lower exposed side. Alumina
ceramics of this purity are apparently not satisfactory above 1150°C
(2250°F) in the environment used in this test and are of questionable
value even below that temperature in this environment.

Ceramic AD-94 has higher purity than AD-85. Sample AD-94-1 was
tested at 1450°C (2650°F) for 8 d without glass. Slumping was observed,
and the sample was then moved to a location at 1400°C (2550°F) and
maintained there for 109 d. A brown staining is apparent on this
sample, but there was little dimensional deterioration. Sample AD-94-2
had an identical thermal history to sample 1 but was exposed with glass
in the furnace. A significant buildup of a dark coating was observed
on this sample along with some slight dimensional loss adjacent to the

flue wall, and slumping was noticeable.

*Coors, Inc., Golden, Colorado.
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1450°C, 8 d
1400°C, 109 d
- WITHOUT GLASS

1450°C, 8 d
~ 1400°C, 109 d
WITH GLASS

1450°C, 39 d
WITHOUT GLASS

w
e

1450°C, 85 d
WITH GLASS

Fig. 22. High-Purity Alumina Ceramic Specimens Exposed to Glass-Furnacz Off-Gas Atmosphere.
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AD-998-2

Fig. 23. Close-Up of High—Purity Alumina Ceramic Specimens Exposed
to Glass Furnace Off-Gas Atmosphere.

The microstructures of these two samples are shown in Fig. 24. The
sample tested without glass (AD-94-1) retained the characteristic
microstructure of a high—-alumina ceramic, consisting of small alumina
grains surrounded by a siliceous bonding phase and small scattered poro-
sity. A significant change was apparent in the sample tested with glass
in the furnace. An amorphous phase from the surface, probably an alkali



Fig. 24.

PHOTO 4621-78

Microstructure of Alumina Porcelain AD-94 Exposed at 1450°C (2650°F) for 8 d and 1400°C

(2550°F) for 109 d. Left: without glass in the furnace. Right: with glass.

Y
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silicate melt, completely penetrated the ceramic, separated the indivi-
dual grains, and filled the available porosity. The lack of a discrete
interface between the original specimen and the surface deposit illus-
trates the extensive penetration of the melt into the alumina ceramic
microstructure. As the crystals observed in the surface deposit have a
morphology unlike that found in the bulk ceramic, they apparently deve-
loped upon cooling and are not discrete corundum crystals removed from the
matrix. The AD-94-2 specimen would be expected to have very poor high-
temperature mechanical properties as a result of the presence of this
extensive and continous amorphous material. This ceramirc wonld, there-
fore, be an unlikely candidate for structural use in recuperators for
this application.

X-ray diffraction analyses of a pink region and a white deposit
10 mm from the end of AD-94-1 specimen indicated that the principal
phase present in the surface sample was o-alumina, with a possibility of
a phase resembling BaMgyAl3(SigAl3030p) being present. The elemental
composition (wt %) as identified by x-ray fluorescence was Al, 18.53;
Si,: 2.53: P,20.163 Ca, 0:.18; Ti;.0s27; Hes 40915 vand 0, 37415 #ihe
very high concentration of iron in the deposit could cause the observed
discoloration and a concomitant degradation of refractoriness and mechan-
ical properties. The source of the iron contamination frow Lhe test
configuraltion is unclear.

The glassy deposit on sample AD-94-2 10 mm from the exposed end
contained only o-alumina as a crystalline phase. Chemical analysis of
the deposit (wt %) revealed Al 33.32; Si, 10.39; Ca, 0.34; Ti, 0.62;

Fe, 1.92; Na, 7.43; K, 0U.43; and 0, 45.54. This deposit is apparently a
soda-lime silicate glass with g—alumina crystals present, as observed in
Fig. 24. As both these deposits are much richer in alumina and lower in
silica than the original glass batch material, it appeurs that the pri-
mary alumina crystals dissolve in the deposit, and alumina recrystallizes
upon cooling. The concentrations of iron and titanium are noteworthy
because these potentially deleterious components appear to be con-—

centrating on the test samples.
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The high-purity alumina ceramic samples, AD-998-1 and -2, as
described in Tables 3 and 4 (pp. 9—10), performed significantly better than
the less pure aluminas already discussed. Sample AD-998-1 was exposed
at 1450°C (2650°F) for 39 d without glass with no apparent deterioration.
Sample AD-998-2 was exposed with glass at the same temperature for 85 d
and experienced little dimensional deterioration. Some slumping was
apparent in both samples, but it was much less than that observed at the
same temperature for the AD-94 material. The test temperature appeared
to be excessive for these aluminas for practical applications under the
stresses anticipated in recuperator structures.

The post-test microstructure of AD-998-2 is shown in Fig. 25. The
microstructure is very similar to that observed for the lower purity
alumina ceramic at a lower test temperature 1400°C (2550°F) without
glass in the furnace (AD-94-1). The extensive penetration of the
Al703 microstructure by the melt on the surface observed in AD-94-2
(with glass) is not evident in this case. The importance of the purity
of alumina ceramics in determining survival in glass tank flue gas
environments is apparent from these results. Although the interface is
distinct with little evidence of extensive melt penetration into AD-998-
2, the porosity near the interface was apparently filled. This filling
may indicate the beginning of the corrosion process described earlier
for AD-94-2. 1If subsequent tests confirm this possibility, alumina
ceramics of this type may not be viable for use in glass melting appli-
cations. The distinctly different "lathlike" crystals in the deposit
are much like those identified as a—-alumina in sample AD-94-2.

The x-ray diffraction analysis indicated that the brown deposit
located 20 mm from the exposed end of sample AD-998-2 consisted primarily
of a-alumina. No other crystalline phases were identified. Chemical
analysis of this deposit (wt %) revealed Na, 10.62; Mg, 0.11; Al, 22.43;
SHl7.223 16 10:8551Ga, 1067 3 Ty 15033 e vl a82< and |0, 455255 “This
composition is roughly equivalent to that of the deposit on AD-94-2
except that the silica content is higher and the alumina content is
lower for 998-2, indicating that this higher purity ceramic is less
soluble in the melt deposit. Thus the melt dissolved less alumina from
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Fig. 25. Microstructure of High-Purity (99.8 wt %) Alumina (AD-998-2)
Exposed at 1450°C (2650°F) for 85 d with Glass in the Furnace.

the specimen during the test. The source of magnesium is probably an
ad jacent sample such as cordierite, as it is unlikely that the manu-
facturer used magnesia as a sintering aid in AD-998.

Three samples of an alumina ceramic having the highest initial
density and purity (Vistal) were tested. Their post—test appearance is
shown in Figa. 26 and 27. The Vistal 1 sample, exposed at 1400°C
(2550°F) for 7 d and then at 1450°C (2650°F) for 105 d without glass
exhibited the best behavior of all the ceramic materials tested under
these conditions. Negligible corrosion occurred, and only a loss of the
surface finish was observed, in addition to a slight discoloration that
was probably attributable to iron. The Vistal 2 sample was exposed at
1400°C (2550°F) for 11 d and 1450°C (2650°F) for 146 d with glass in the
furnace. Some slumping was observed along with 5% reduction in diameter

near the flue wall. The microstructure of the Vistal 1 sample is shown



CYN-3196

1400°C, 7 d
1450°C, 105 d
WITHOUT GLASS

vistal-1

1400°C, 11d
" 1450°C, 146 d

~ WITH GLASS

== 2100°C,90d

vistal-4 WITH GLASS

Fig. 26. High-Purity (Vistal) Alumina Exposed to Glass Furnace High-Temperature Exhaust Stream.

Gy
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CYN-3212

vistal-1

vistal-4

Fig. 27. Close-Up of High-Purity (Vistal) Alumina Exposed to Glass
Furnace High-Temperature Exhaust Stream.

in Fig. 28. Two sections were examined: 0.l m and 35 mm from the
cxposed end. Little degradation or altlack is apparent in either region
except for some slight penetration along the grain boundaries close to
the Al703—-deposit interface. The microstructure of samples Vistal 1 and

2 are compared in Fig. 29. The sharp distinct interface between the Al,03
and the deposit in sample 2 is readily visible. The relatively low

concentration of crystalline phase in the deposits also indicates less
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Y-156619

(b)

Fig. 28. Microstructure of High-Purity (Vistal) Alumina Exposed
at 1400°C (2600°F) for 7 d and 1450°C (2650°F) for 105 d with No Glass
in the Furnace. (a) 35 mm from exposed end. (b) 0.1 m from exposed end.



PHOTO 4623-78

Fig. 29. Microstructure of High-Purity Vistal Aluminas Exposed to Glass Furnace High-
Temperature Exhaust Stream. Left: specimen 1 exposed 7 d at 1450°C and 105 d at 1450°C without
glass in the furnace. Right: specimen 2 exposed 11 d at 1400°C and 146 d at 1450°C with glass.

8y
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dissolution for this ceramic in the melt than for less pure alumina
ceramics. The grains appear to be more distinct for Vistal 2, which

may indicate that an amorphous phase has penetrated the ceramic and
decorated the grain boundaries. Available data do not allow an unequivo-
cable conclusion on this point.

X-ray diffraction data for Vistal alumina specimens are given in
Tables Al4, Al5, and Al6 of the Appendix. A discolored spot located
10 mm from the end of the Vistal 1 sample was essentially o-alumina,
indicating that no detectable solid solution had occurred in the alumina
from any contaminant elements. A brown coating located 5 mm from the
end of Vistal sample 2 was more difficult to index uniquely but apparently
contained NaCayAl309 and FeO°*(Cr,Al)»03 or CaO+2FeO. The brown coating
40 mm from the end of the Vistal sample 4 contained at least two phases,
including o—alumina and a sodium calcium silicate of a type such as
NapCap(Si03)3 or Na,Ca(Si03)3.

Scanning electron microscopy was used to examine the microcom-
position and morphology of the cross section and surface of the Vistal 2
sample and the surface in the regions of the Vistal 4 sample. Figure 30
shows the morphology of fracture sections of the interior of the Vistal 2
sample as well as the ceramic—-deposit interface region. The difference in
the morphology clearly shows the granular crystalline nature of the poly-
crystalline ceramic in contrast to the relatively featureless conchoidal
fracture surface characteristic of an amorphous material. The microprobe
data for the interface in Fig. 30 indicates the predominance of Si and Al
plus the presence of Na, K, Ca, Ti, and Fe. The detector used was limilLed
to elements with atomic numbers above ten. These are the elements found
in similar analyses of surface deposits from the AD-94 and -998 specimens.
Figure 31 of the surface of the Vistal 2 specimen 40 mm from the exposed
end tested at 1400°C (2550°F) and then at 1450°C (2650°F) contained regions
that appear to have been molten. These regions were surrounded by deposits
that were more crystalline in appearance. Microcompositional data given
in Fig. 31 are essentially identical with that seen at the specimen-

deposit interface in Fig. 30.
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Fig. 30. Scanning Electron Micrographs and Microcompositional
Analysis (EDS) of High-Purity Alumina (Vistal 2) Exposed to Glass
Gold

Furnace Environment at 1450°C for 146 d and 1400°C for 11 d.
peaks in EDS are from conductive coating, not part of specimen.
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Fig. 31. Scanning Electron Micrograph and Microcompositional Analysis
of Surface of High-Purity Alumina (Vistal 2) Exposed to Glass Furnace
Environment at 1450°C for 146 d and 1400°C for 11 d.

Scanning electron microscopic results from the surface of the
Vistal 4 specimen in Figs. 32 and 33 show two different morphologies and
types of surface deposits. The more clearly developed lathlike crystals
apparent in Fig. 32 conlained more silicon and potassium and less sodium
than the more poorly developed material shown in Fig. 33. Both these
deposits from the lower temperature Vistal 4 sample contained more
sodium and less aluminum than those found on the higher temperature

Vistal 2 sample.
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Fig. 32. Scanning Electron Micrographs and Microcompositional
Analysis (EDS) of Lathlike Crystals on High-Purity Alumina (Vistal 4)
Exposed to Glass Furnace Environment at 1150°C for 90 d. Gold peaks
are from conductive coating, not specimen.
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Fig. 33. Scanning Electron Microscope and Microcompositional Analysis
(EDS) of Poorly Developed Surface Features on High-Purity Alumina (Vistal 4)
Exposed to Glass Furnace Environment at 1150°C for 90 d. Gold lines are
from conductive coating, not specimen.
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1450°C, 8d
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- 1450°C, 8d
" WITH GLASS

- 1250°C, 14 d
" WITHOUT GLASS

1150°C, 90 d
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Mullite Exposec to Glass Furnace High-Temperature Exhaust Stream.
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Mullite

Mullite, with an ideal composition of 3A1703°25i0) or AlgSi0;3, is
often employed as a less expensive, less refractory material than high-
purity alumina. The high silica content and generally higher impurity
concentration make mullite materials potentially less resistant to
corrosion at high temperatures in a glass furnace environment.

Four mullite samples were exposed in the test matrix and are shown
after testing in Figs. 34 and 35. Mullite-l was exposed at 1450°C
(2650°F) for 8 d without glass in the furnace but underwent such major
deformation that it was withdrawn from the test. Mullite-2 was exposed
under the same thermal conditions but with glass in the furnace. Ma jor
deformation was again observed and, in addition, crystalline growth was
visible in the material. This glazing and crystal growth are par-
ticularly visible in Fig. 35.

CYN-3216

4

Fig. 35. Close-Up of Mullite Exposed to Glass Furnace High-Temperature
Exhaust Stream.
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Mullite samples 3 and 4 were exposed at significantly lower tem-—
peratures. Mullite-3 was exposed at 1250°C (2300°F) for 14 d without
glass in the furnace. It exhibited extensive surface darkening and
crystalline growth and was withdrawn from the test. Mullite-4 was
tested for 90 d at 1050°C (2100°F) with glass and displayed discolora-
tion and some material loss on the lower exposed side.

Ceramography of the Mullite sample 1 (Fig. 36) revealed little
microstructural alteration during the relatively short high—temperature
exposure. The very fine microstructure including small evenly distri-
buted porosity is representative of ceramic bodies of this type. Only
in the outer 20 ym was there an apparent increase in grain size during
the test. The microstructure of the mullite sample 2 exposed to the
same thermal conditions as sample 1 but with glass in the test furnace

was significantly different, as is apparent in Fig. 37 of sections taken

- Y-156627

POROSITY LLITE 200 um 'MODIFIED  MOUNTING

SURFACE MATERIAL
REGION

Fig. 36. Microstructure of Mullite (Sample 1) Exposed at 1450°C for
8 d with No Glass in the Furnace.
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Fig. 37. Microstructure of Mullite (Sample 2) Exposed at 1450°C for
8 d with Glass in the Furnace. (a) 25 mm and (b) 50 mm from exposed end.
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50 and 25 mm from the end of the exposed specimen length. The small
grain size in the interior is still apparent but the outer 0.7 to 1 mm
of the rod had been converted into very large lathlike crystals with
aspect ratios exceeding 10 surrounded by large amounts of amorphous
material. The mechanical degradation was significant, and thermal shock
propreties accompanying such a conversion would, in our view, make this
material of little value in glass furnace applications at these tempera-
tures.

The microstructure of the Mullite sample 3, which was exposed at a
temperature 200°C (350°F) lower than sample 1 for 14 d without glass in
the furnace, shows changes similar to those in samples 1 and 2. In

sample 3, the outer 200 to 300 ym had changed, as shown in Fig. 38.

GLASSY SECONDARY PRIMARY
PHASE RECRYSTALLIZED  POROSITY MULLITE

Fig. 38. Microstructure of Mullite (Sample 3) Exposed at 1250°C for
14 d with No Glass in the Furnace.
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This behavior indicates that temperature alone readily changes a rela-
tively large amount of material in this mullite ceramic, but exposure to
vapors and product carryover from glass melting significantly enhances
the conversion. An extensive degradation in mechanical and thermal shock
properties would be anticapated for this mullite ceramic exposed to these
conditions for any significant time.

Microstructural examination of mullite sample 4, which was exposed
at 1150°C with glass, is shown in Fig. 39. The inside wall of the hollow
tube specimen is in the initial stages of the changes noted in the previous
two figures. The exterior wall shows the formation of an amorphous region

about 100 ym thick in the bulk material adjacent to the interface with

RECRYSTALLIZED

SECONDARY

REACTION PRIMARY CRYSTALS AND

ZONE POROSITY  MULLITE GLASSY PHASE
— —

| Y-156631

Fig. 39. Microstructure of Mullite (Sample 4) Exposed at 1150°C for
90 d with Glass in the Furnace.
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the deposit. The extent of the modification of the bulk material in such
a comparatively short time (90 d) makes serious consideration of mullite
for use in this environment very questionable even for temperatures as
low as 1150°C (2100°F).

X-ray diffraction analysis of the mullite sample 1 was done for two
locations; 1A, 25 mm from the cold end, and 1B, 50 mm from the exposed
end. Sample 1A, which would be expected to represent "as-received"
material, contained mullite, AlgSip0;3, as the only identifiable
crystalline phase. Sample 1B, which had shown negligible microstructural
change, also contained only mullite as a crystalline phase. Mullite
sample 3, 2U mm trom the exposed end in the region that had shown sig-
nificant microstructural modification (Fig. 38), contained crystalline
mullite and possibly a—alumina plus amorphous material, The "conversion"
process apparently consists of mullite decomposing to a—alumina and an
amorphorous siliceous phase. Mullite sample 4, which had shown the slight
conversion at the outer surface (Fig. 39), contained mullite and also a
small quantity of an unidentified phase. These x-ray observations agree
well with the observed microstructures described earlier.

X-ray fluorescence measurements made to determine elemental com-—
positional analysis indicated results given in Table 6. Samples 1A, 1B
and 3 had very similar aluminum, silicon, and oxygen contents, indi-
cating that the composition remained very close to that of the initial
mullite when no glass was present in the furnace. The titanium and iron
contents are very comparable to those seen earlier for the high-purity
aluminas and, as such, probably represent the contamination level of
these two elements in these furnaces. Mullite specimen 4 has a com-
position more like that expected in the cooler regions of a recuperator
as a result of carryover from a glass furnace with high sodium,
potassium, and phosphorous contents. However, these components are
still retained in the amorphous phase, as the x-ray diffraction data

indicated only mullite as a crystalline phase.
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Table 6. Compositional Analysis of Mullite Samples Exposed to Glass
Furnace Exhaust as Determined by X-Ray Fluorescence
Temperature Time With or Content, wt %
Specimen e (d) Without

(38D LGSR Glass Al si K Ti Fe P s Na 0
1A 1450 2650 8 Without 39,561 E1h2961 0 06 261, 1501049 48.6
18 1450 2650 8 Without 33.46 15.18 1.63 1.10 48. 62
3 1250 2300 14 Without 31,33 16.16 0.54 1.68 1.95 48.35
4 1150 2100 90 With 10.94 12,00  4.26 2.18 15,93 | 3.36 17,380 43,95

Cordierite

Cordierite is a low-thermal-expansion compound with an ideal com—

position of 2Mg0°®2A1703°55i09 (MgpAl,4Si5018) and is relatively inexpen-—

sive and of moderate refractoriness.

in heat exchangers, recuperators, and regenerators is largely because of

The increasing interest in its use

its excellent thermal shock resistance and fabricability. Five samples

of cordierite were evaluated in this study, as shown in Figs. 40 and 41.

Cordierite specimen 1 was exposed at 1425°C (2600°F) for 117 d

without glass in the furnace.

slumped and fell to the bottom of the furnace flue, where it remained for

After exposure for 5 d the hot end

the rest of the 117 d until it could be recovered.

When recovered, the

sample was badly deteriorated and curled and was not examined further.

Specimen 2, exposcd to tlie same temperature with glass, also lost its

end and was not examined further.

the temperature stability range of this material.

Specimen 3 was exposed at 1250°C (2300°F) for 14 d without glass in

Apparently 1425°C (2600°F) is above

the furnace and showed blistering, darkening, expansion, and hleating

with concomitant curvature development.

Its microstructure is shown in



11425°C, 117 d
'WITHOUT GLASS

~ 1425°C,4d
~ WITH GLASS

11250°C, 14 d
'WITHOUT GLASS

» 1150°C, 92 d
WITHOUT GLASS

(o]
N

1150°C, 90 d
WITH GLASS

Fig. 40. Cordierite Expesed to Glass Furnace High-Temperaturs Exhaust Stream.
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Fig. 41, Close-Up of Cordierite Exposed to Glass Furnace High-
Temperature Exhaust Stream.

Fig. 42. The very fine characteristic microstructure of cordierite
ceramics, consisting of almost indistinguishable crystalline features
and widely dispersed fine porosity, has been significantly changed.
Large, almost continuous porosity has formed, gnd a region within 300 um
of the surface has recrystallized significantly, as evidenced by the
equiaxed crystals surrounded by amorphous material, which is presumably
a glass. The conditions for samples 1, 2, and 3 were obviously too

severe for cordierite ceramics.
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CORDIERITE : POROSITY : REGION

. Y-156637

Fig. 42. Microstructure of Cordierite (Sample 3) Exposed at 1250°C
(2300°F) for 14 d Without Glass in the Furnace.

Cordierite sample 4 was exposed at 1150°C (2100°F) for 92 d without
glass in the furnace. After this time, slight edge rounding and signi-
ficant discoloration had occurred. The ceramographic section shown in
Fig. 43 demonstrated the characteristic microstructure in the interior
of the specimen with coalescence of the porosity and a modified equiaxed
microstructure near the surface. A lighter colored second phase at the
interface between the ceramic and the coating is believed to result from
metallic impurities, particularly iron, which are responsible for the
observed discoloration as well as the microstructural modification.

The final specimen, cordierite 5, was also expused al 1150°C
(2100°F) for 90 d but with glass in the furnace. It was significantly
deformed, with substantial deterioration on the side toward the furnace.

Two metallographic sections were analyzed: (A) 50 and (B) 15 mm from the
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Fig. 43. Microstructure of Cordierite (Sample 4) Exposed at 1150°C
(2100°F) for 92 d Without Glass in the Furnace.

exposed end. As seen in Fig. 44, the microstructures are similar, with
a 0.7 to 0.9-mm-thick zone of coalesced porosity and possibly recrystallized
material intermediate between the bulk material and the surface deposit.
The cracks in section A of this sample may have been caused during
ceramographic preparation. The depth and type of the modification in the
structure of this ceramir as well as thc observed beliavior of the bulk
material would indicate that even at 1150°C (2100°F) cordierite is not a
viable structural material in this environment.

X-ray diffraction and microcompositional analyses were conducted

on samples 3, 4, 5A, and 5B. Sample 3 contained mullite, indialite
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2. FoRomTY MICROSTRUCTURE ZONE

Fig. 44. Microstructurc of Cordierite (Sample 5) Fxposed at 1150°C

(2100°F) for 90 d. (a) Section A, 50 mm from the exposed end. (b) Section B,
15 mm from the exposed end.
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(a polymorphic low-temperature form of MgyAl;Si50;1g) or cordierite (a high-
temperature polymorph of Mg2A14Si5018), MgAl704, and some unidentified
phase(s). Sample 4 contained indialite (or cordierite) and possibly
silica with some unknown phase(s) like those found for sample 3. These
observations are consistent with the significant modification of the
microstructure at 1250°C (2300°F) seen in Fig. 42 and the less signifi-
cant changes observed at 1150°C (2100°F) in Fig. 43. The high-
temperature decomposition of cordierite normally results in mullite
and/or silica. The decomposition process is strongly temperature sen-—
sitive in the region included in the furnace tests. Sample 5, which
contained more of the glassy surface deposit, indexed fairly well as
NagAl,Si4017 (5A) and Na3KA1,4Si401¢ (5B), with some missing lines and
different intensities than those reported in the literature. These
phases also agree well with those expected from glass batch carryover
for a conventional glass tank. Confirmation that they are a result of
batch carryover is demonstrated by the high sodium content, which is not
found in the base ceramic.

Elemental compositional analysis of the cordierite samples is shown
in Table 7. Higher sodium and calcium contents were present in samples
exposed to glass batch carryover from the furnace. The high concentrations
of these "fluxing" elements, which form low melting or amorphous alumino-
silicates, probably account for the poor structural stability of cordierite
in the test environment. We find it extremely unlikely that cordierite
could be used in commerical glass plant recuperators regardless of the

temperatures employed because of this chemical compatibility problem.

Table 7. Compositional Analysis by X-Ray Fluorescence of
Cordierite Samples Exposed to Glass Furnace Exhaust

With or  Temperature Exposure Content, wt %
Sample Without (°c) ()
Glass Na Mg Al Si K Ca Ti Fe 0
3 Without 1250 14 7.08 4,03 2l.16 18.4 1.00 0.20 2,03 46,11
4 Without 1150 92 5.80 3.9 19,58 18,0 1.02 0.13 0.32 5.79 45,46
5A With 1150 90 16.52 3.88 10465 17,5 0.39" @ 4,67 1535 « 3,13 41.91
5B With 1150 90 14,06 2.85 19:95. 15,7 031 1,57 1.68 43,85
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Silicon Nitride

Silicon nitride (Si3N4) ceramics have been the subject of extensive
research and development in recent years in an attempt to develop a
high-temperature structural material with mechanical properties suitable
for use in highly stressed heat engine components, such as turbine
blades, at 1250 to 1300°C. Because of the background of information
generated in recent years on this material and its promise as an advanced
high-temperature structural material, it was also included in the test
matrix. As its high-temperature chemical compatibility with glass tank
carryover was expected to be poorer than that of silicon carbide or
alumina, only four samples were evaluated. Three of these samples are

shown in Figs. 45 and 46.

_ e R b o S SRR CYN-3207

Fig. 45. Close-Up Silicon Nitride Exposed to Glass Furnace High-
Temperature Exhaust Flue.
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CYN-3194

1350°C, 46 d
WITHOUT GLASS

1225°C, 62 d
ITHOUT GLASS

1225°C, 23 d
WITH GLASS

Silicon Nitride Samples Tested in Glass Furnace High-Temperature Exhaust Flue.

69



70

Sample 1B was exposed at 1350°C (2450°F) for 46 d without glass in
the furnace and was broken during its removal from the test flue. A
slight deterioration of the sample surface was evident. Sample 2,
exposed at the temperature for 70 d with glass in the furnace, showed
evidence of major strength degradation, as it broke easily upon removal
from the test flue despite considerable care. Some surface changes judged
to be deterioration were observed as well. The poor mechanical behavior
may be attributed to intrinsic defects in the as-manufactured material,
but this possibility was not pursued further. The microstructure varied
signifticantly across the specimen diameter for all silicon nitride
samples. This behavior is illustrated for sample 1B in Fig. 47. A
coating attributed to oxidation of the nitride consists of amorphous
glass and no obvious crystalline phases. The surface of the sample at
the interface between this coating and the bulk ceramic appears to be
selectively etched in that major components appear to be preferentially
removed during exposure.

Sample 3B, exposed at 1225°C (2250°F) for 62 d without glass in the
furnace, also exhibited a glazing on the surface and broke very easily
upon removal from the test flue in a manner analagous to the previous
samples. Microstructural results shown in Fig. 48 are analogous to
those of sample 1B in Fig. 47. The microstructure varies considerably
across the post—test sample cross section, and some major components
are removed selectively near the surface. Crystals were distributed in
the amorphous coating on this specimen.

Sample 4 was exposed at 1225°C (2250°F) for 23 d with glass in the
furnace, underwent a major decrease in diameter over its exposed length,
and was withdrawn from the test. Silicon nitride loss was significantly
worse than that seen for the sample exposed without glass in the furnace
at 1350°C (2450°F) tor longer times. This increase in mass loss at low
temperatures when exposed to glass batch carryover is reminiscent of the
behavior of silicon carbide noted earlier in this report. The
microstructure (shown in Fig. 49) consisted of an amorphous layer on the
sample surface similar to that in sample 1B. The silicon nitride had a
microstructure much like that observed at the center of the two speci-

mens discussed previously. The sample mass loss was apparently such
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Y-156632
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AMORPHOUS REACTION
SURFACE ZONE

Fig. 47. Microstructural Variation in Silicon Nitride Cylindrical
Test Specimen (Sample 1B) Exposed at 1350°C (2450°F) for 46 d Without
Glass. (a) Outside surface of rod. (b) Center of rod.
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Fig. 48. Microstructural Variation in Silicon Nitride Cylindrical

Test Specimen (Sample 3B) Exposed at 1225°C (2250°F) for 62 d Without
Glass. (a) Outside surface of rod. (b) Center of rod.
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Y-156636

v AMORPHOUS

POROSITY SURFACE
LAYER

Fig. 49. Microstructure of Silicon Nitride (Sample 4) Exposed at
1225°C (2250°F) for 23 d with Glass in the Furnace.

that the surface section shown in Fig. 49 is close to the original cen-
terline of the spccimen. This observation and those on samples 1B and

3B suggest that the cross—sectional microstructural variation observed in
these post—test cylindrical rod samples was not caused by the exposure
environment or thermal conditions but rather was present in the as-
manufactured material. Unfortunately, no archive material was available
to substantiate this conclusion.

X-ray diffraction analysis results revealed that cristobalite
(Si0p) is the poorly developed crystalline phase present in the coating
on sample 1B and that the coating on sample 4 was essentially amorphous
with only one diffraction line attributable to cristobalite. These
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results agree with the surface microstructures shown in Figs. 47 and 49,

which had no well-defined crystalline phase in the surface coatings.

The coating on sample 3B had optically observable crystalline phases,

and the x-ray results indicated well-developed cristobalite and 0-Fep03

phases plus unidentifiable peaks. These results agree with other reported

oxidation studies of silicon nitride, wherein the nitride ceramic acquired

an oxidation protective coating of amorphous SiOj3. The source of the

iron to produce the Fej03 in the coating on sample 3B is unknown. It may

have originated from the stainless steel samples tested in the same flue,

from other furnare refractories, or from within the nitride ceramic itself.
Elemental analyses of the post—-test coatings are given in Table 8.

The high sodium content in the coating of sample 4 was anticipated

because this sample was exposed to sodium from the glass melting process

Table 8. Compositional Analysis of Silicon
Nitride Exposed to Glass Furnace High-
Temperature Exhaust Stream

Sample 1B 3B 4
With or Without Glass  Without Without With
Temperature, °C 1350 1225 1225
Exposure, d 46 62 23
Coulent, wt %
Si 31.14 30.49 29.08
Al 8522 7.11 2.73
Na 9.83 1+20 20.04
Fe 0.68 7532 2575
K 0.78 1523 1.08
Ca 0.96
T 1.61 .52
Mg 1.26
Ni 1.63
Cr 0.73 0.21

0 47.7 47.5 44.1
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via vapor transport and batch carryover. Since this sample experienced
the highest corrosion and mass loss and the coating did not contain many
of the other often deleterious’ impurities such as Ti, Mg, and Ni (see 3B)
and had less than half the iron in sample 3B, we conclude that the sodium
was a principal determinant of the stability of silicon nitride ceramics

in this environment.
DISCUSSION OF RESULTS
Silicon Carbide

Resistance of silicon carbide ceramics to chemical attack and to
reaction in-oxidizing environments has been the subject of a con-
siderable amount of investigation in recent years. The high melting
point and low vapor pressure of silicon carbide give it exceptional sta-
bility at high temperatures in vacuum and inert atmospheres. It has
also been found to be "stable” in oxidizing environments under certain
conditions.

The stability of silicon carbide at high temperatures in oxidizing
environments has been shown to be due to the formation of a dense pro-
tective silica film on the surface. The oxidation process obeys a para-
bolic dependence on time,6 in which the rate can be quite low at tempera-
tures in the range 1200 to 1500°C. The ability of the oxide film to form
a contiguous protective layer is proposed in the literature to explain
the oxidation resistance of silicon carbide in intermediate temperature
ranges, where the oxidation rate is a minimum.” At temperatures above
1700°C, the weight loss of silicon carbide in oxidizing environments is
reported8 to vary linearly with time as a result of mass loss by evapo-
ration of SiO. At 2000°C, the vapor pressure of silicon carhide, in
fact, reaches about 1.3 Pa.’ 4

Jorgensen et al.10 indicated that oxidation of silicon carbide in
oxygen is impeded because cristobalite forms at higher temperatures
instead of vitreous silica, ostensibly because of a change in the

diffusion rate of oxygen through the protective film. When atmospheric
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moisture was present in the gas phase, as was the case in the current
tests, the reaction rate through the vitreous silica increased by a
factor of approximately 35 at 923°C, Similar data were not available
for the effects of moisture on oxidation temperatures at which cristobalite
formation is favored.

The correlation of these silicon carbide oxidation mechanisms with
the material losses given in Table 5 (p. 37) was not straightforward.
Oxidation of commercially available KT SiC in air has been reported to
extend to a depth of 3 um at 1000 to 1300°C in 100 h., In similar studies,
so—called "pure”
depth of 1.5 ym at 1300°C to 0.3 pm at 1000°C iu 100 L iu uvxygen.lP—12

The maximum observed corrosion in this study was 3 mm in 2500 h at

SiC oxidized slightly slower to produce an oxidation

1225°C., If the reported experimental oxidation results on silicon car-
bide are linearly extended by a factor of 25 (from 100 to 2500 h), which
is a pessimistic assumption because of the known .parabolic oxidation
dependence, the material conversion would amount to 75 um, which is

only 0.025 times the actual observed silicon carbide loss.

A more complex and destructive corrosion mechanism or combination
of mechanisms in addition to oxidation is therefore required to explain
the relatively high corrosion rate observed in this work at temperatures
near 1200°C. Our observed silicon carbide losses were lower at the
higher test temperatures. At test temperatures of about 1200°C the high
corrosion rates may be a result of the formation of a vitreous film that
either provides limited protective capability or actively reacts with
the silicon carbide. At the higher temperatures, the formation of some
other phase(s) may somehow reduce this reaction rate.

Results of the analyeses of the u—~ray diffraction patterne of
samples exposed to glass in the furnace were discussed previously. The
coating on sintered 0-SiC sample 2, which was badly corroded, contained
very little crystalline material, while the coating on sample 3 (1450 and
1550°C) contained a considerable quantity of crystalline phases. The KT

'sample 3 test at lower temperature (1225°C), which resulted in more

material loss, had a coating containing poorly developed crystalline
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phases, whereas the less extensively corroded KT-4 sample (1550°C) con-
tained a considerable amount of crystalline material. The relative lack
of development of crystalline phases in the coating of the samples tested
at the lower temperature appears to correlate reasonably well with the
greater observed corrosion.

Observed compositional differences in the sample coatings asso-
ciated with different sample test locations and temperatures in the flue
could also have a major influence in determining the various corrosion -
rates. Comparison of the microcompositional analysis of the coatings
removed from the Vistal alumina ceramic exposed at high temperature
(Fig. 32, p. 52, 1400 and 1450°C, sample Vistal 2) with those formed at
lower test temperatures (Figs. 33 and 34, 1150°C, Vistal 4) and at higher
temperatures on NC-430 SiC (sample 2 at 1450°C, in Fig. 11, p. 24) clearly
indicates that the cdatings formed on samples tested at lower temperatures
contain much higher sodium, potassium, and iron concentrations. The well-
established "fluxing"” ability and solubility of these species in siliceous
melts could explain the'increased attack at lower temperatures. This
could be particularl& true if the silicate melt films formed had lower
viscosities at a given temperature than the corresponding relatively pure
vitreous silica film. A reduction in the viscosity of the protective film
would increase the diffusion of various ionic species and hence probably
increase the reaction rates.

Reported investigations of the corrosion of silicon carbide by alkali
salts in various partial pressures of oxygen support this phenomenological
explanation of the observed results. The normally excellent oxidation
resistance of silicon carbide derived from formation of a contiguous
silicon dioxide coating has been observed to change to other modes of
behavior under certain conditions, including accelerated corrosion in
the presence of oxides.®:13:14 yiyoo apg Chatterjil4 found that basic
oxides can dissolve the protective Si0) coating on silicon carbide to
form silicates with accelerated corrosion. Additionally, when the
oxygen partial pressure at the SiC interface with the coating is below
a certain value, active oxidation can occur, forming gaseous species at

the interface. This process results in rapid corrocion, particularly
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if the evolved gaseous species can react with a silicate-forming
melt.14716 This behavior was observed for silicon carbide at tempera-—
tures as low as 900°C when alkaline salt melts were present,

The blisters and bubble formation observed on the silicon carbide
samples in this study are indicative of gaseous evolution from active
oxidation at low oxygen partial pressures.14 Gaseous Si0 and CO are
formed at the interface betwen the‘Sidz layer and the SiC surface

according to the equation
SiC + 0y + 810(g) + Cu(g) .

The ability of these gases to pass through the protective silica laycr
as they are generated depends upon the viscosity of the layer. As
sodium (or other alkali) is added to the silica from condensation from
the flue gas stream, the viscosity decreases dramatically. This
increased fluidity permits more rapid release of the gaseous Si0O and CO
and more rapid diffusion of 0Oy through to the interface to react with
freshly exposed SiC and increase the rate of material loss and conversion.
As temperature is increased and less alkali condences on the silica
layer, the film viscosity remains high and gaseous transport is impeded.
If viscosity is sufficiently high, the silica acts as an effective ual-
dation protective barrier to limit corrasion once initial oxidation hLaus
occurred.

Recent work by other investigators would support our hypothesis
that sodium contamination of the protective silica film is the critical
degradation mechanism. !/ Pierson and Hannal8 reported that fhe most
prevelant spgcies present in typical glass melting furnace flue gas
'streams is NajS04, which melts at 843°C and forms a eutectic at 800°C
withh 72 wol % 510+ 'The protective S10p layer is thus easily attacked
by NayS04 to form a relatively low-viscosity liquid, which flows readily
from the silicon carbide surface and continually exposes new surface to
the gas stream. Additionally, smithl7 has reported that the protective
$i02 film that forms on SiC at 1200°C, if contaminated with impurities

such as iron and alumina, becomes too fluid at higher temperatures to
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provide adequate protection for the silicon carbide. These observations
are consistent with our observations that very thin vitreous films
were found on those tubes with high corrosion rates whose post-test
coatings had the highest sodium contents. Thicker, partially crystallized
coatings were found on the less corroded samples whose coatings had lower
sodium contents. A

These conclusions cause considerable concern over the potential for
utilization of silicon carbide ceramics in oxidizing environments con-—
taining sodium, particularly at temperatures above about 800°C. These
temperature and atmosphere conditions include those common to many of
the proposed applications of this material, particularly in ceramic heat
exchangers. The presence of alkalies from hot topping compounds used in
steel soaking pits as well as from soda-lime glass production and in
various dirty fuel ashes and slags requires a critical determination of
the suitability of silicon carbide ceramics in new or advanced

applications.
Alumina

The higher purity alumina ceramics were more stable in the furnace
tests than the less pure alumina ceramics, which contained silica as a
ma jor impurity. The Vistal ceramic was unquestionably the most stable
alumina ceramic tested relative to its resistance to corrosion by species
from the glass melting process. Sodium carbonate, caustic soda, and
sodium peroxide can reportedly be fused in higher purity alumina vessels
with little observed reaction.l9 It follows that high-purity alumina is
resistant to the degradation by sodium compounds at moderately high tem-—
‘peratures in this environment.

The presence of even small amounts of certain impurities in alumina
ceramics, particularly silica, strongly affects the high-temperature
mechanical properties and the resistance to corrosion. The performance
of 85% Alp03 compositions was unacceptable, even at 1150°C (2250°F).
Ceramics with purity levels of 94% Aly03 had somewhat improved behavior,

but the material is clearly not a serious structural material candidate
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for use at 1400°C (2550°F) in a glass furnace environment. Alumina
ceramics of 99.87% Alj903 showed significant performance improvement such
that use temperatures of about 1400°C (2550°F) would be marginal for long-
term exposure in these environments. The >99.8%-pure Vistal material
performed satisfactorily even up to 1450°C (2650°F).

The present high cost of Vistal-type aluminas and the relatively
good performance of silicon carbides at very high temperatures, 1300 to
1550°C under conditions where alkalies do not concentrate in the oxida-
tion protective coating, suggests that ceramic heat exchangers constructed
of both materials may be a cost effective design approach. Use of silicon
carbide at temperatures in the range 1400 to 1550°C, under low alkali
deposition conditions would be effective in the hotter portion of a waste
heat recovery heat exchanger. Commercial high purity aluminas are not
recommended at such high temperatures because of their high creep rates.
Use of alumina ceramics such as AD-998 in regions where the potential
for alkali deposition is higher and service temperatures are lower
(about 1350°C) may be a very feasible design approach to a recuperator

for use in these environments.
Mullite and Cordierite

As described in some detall in the results section, both mullite
(3A1703°25107) and cordierite (2Mg0°*2A1,03°5Si09) were unsatisfactory
for use in glass furnace environments, even at temperatures as low as
1150°C. The mullite material was the better of the two, with microstruc-
tural modification occurring at 1150°C, which would be anticipated to
lead to failure in service times too short to provide economically
viable heat recovery systems. Cordierite was so severely attacked, even
at 1150°C when glass was present in the furnace, that it is unsuitable
for use in this environment.

The standard mullite refractories that are available2U>2l are
usually made by adding alumina to available clays to approximate the
required bulk composition of mullite after the ceramic is fired during

fabrication. These bodies are subject to considerable chemical attack
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under conditions of the tests reported here, because of the nature of

the bondlng phase, which gives these materlals their mechanical
integrity. More recently introduced mullltes are fabricated by adding
alumina to previously synthesized "mullite,” which is somewhat high in
silica, with finely divided mullite as a bonding material. These mullite

ceramics can be of very high purity, contain at least 70% Al703, and
have been found to be superior to some more expensive clay-bonded

aluminas.l9

These materials have found extensive use in crucibles for melting
corrosive materials and in slagging environments as well as in the glass
industrf, particularly in use for borosilicate glass manufacturing
environments, where fluxing by the alkalies present in soda-lime glasses
is not a problem. These materials could, therefore, possibly be used at
lower temperatures in heat recovery systems for carefully selected appli-
cations not requiring the alkali resistance of pure aluminas.

Cordierite has been found in other investigations, including indus-
trlal recuperator demonstration projects, to be unsuitable for use in
glass furnace applications.22 In view of its high silica content, low
refractoriness, and low-temperature eutectics with alkalies and silicates,

this conclusion is not surprising.
Silicon Nitride

The performance of silicon nitride in these tests was analogous to
that observed for silicon carbide. The silicon nitride samples showed
dramatically increased corrosion at lower temperatures when high levels
of sodium were present in the surface deposits. This situation was
apparently aggravated by considerable microstructural variation ecross
the sample cross section in the particular silicon nitride selected for
the tests. Some component appeared to be selectlvely removed from the

nitride during test exposure, although the nittide was reported to be

[ ” -

2Ll e

primarily SigNy. o
A considerable body of literature has reCéﬁ%&&devolved out of devel-
opment efforts to utilize silicon nitride as a high-temperature load-

bearing structural ceramic matérial. The efforts have only recently been
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directed towards improved understanding of the high-temperature oxidation
and corrosion properties. Recent oxidation studies of Si3N4 have shown
that on exposure to oxygen at high temperature thnis material forms a
protective coating, which remains coherent for several hundred hours
below 1350°C. Above 1350°C the coating spalls for oxidation times
exceeding 20 to 30 h.23-25 1t was also found that oxidation is conﬁrolled
by inward oxygen diffusion through the coating with subsequent release

of Np(g) at the nitride-coating interface. This release of Ny causes
bubbles that can expand with sufficient pressure to cause film rupture.
The corrosion scale formed contained large amounts of MgSiO3 resulting
from preferential diffusion of magnesium through the film from the
substrate. Magnesium is used in fabricating some types of silicon nitride
ceramics.b The formation of multicomponent silicates substantially
decreased the oxidation fesistance of silicon nitride ceramics at tem-—
peratures at which the film exists essentially as a liquid.

These observations coincide with the observation of selective remo-
val of a major component from the nitride in the severely attacked
samples examined in this study. The deleterious effect of the alkalies
on the protective silicate film occurs apparently in the same manner as
that observed on silicon carbide.

Silicon nitride would therefore appear to have no advantage over
silicon carbide for high—temperature heat-recovery systems with environ-
ments similar to those reported here. In fact, if the processing dif-
ficulties demonstrated by the observed microstructural variation in the
test samples are considered, silicon carbide is a significantly more
attractive material candidate. This is especially true considering the
selective removal of the grain boundary phase from the Si3N, observed

during the test and the deleterious effect on the protective film.

CONCLUSIONS

1. Silicon carbide exposed to glass furnace exhaust gases showed
enhanced corrosion at lower temperatures (1150°C) when alkalies were
deposited on the carbide. Corrosion at higher temperatures (1540°C)

without alkali deposition was significantly less.
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2. Alumina corrosion in glass—-furnace exhaust gas depends strongly
upon the purity and density of the ceramic material; The lowest corrosion
rate observed for all materials was for Vistal high-density, high-purity
(>99.8% Al703) alumina. Alumina contents of less than 99.8% Al903 were
unsatisfactory above 1400°C. ~

3. Mullite and cordierite are generally unacceptable for application
in sodé¥lime‘glass melting environments for temperatures above 1100°C.

4. Reaction-bonded silicon nitride exhibits behavior inferior to
silicon carbide in soda-lime glass furnace flue environments and displays
a similar corrosion rate dependénce with temperature and a similar
sensitivipy to accelerated corrosion because of ‘alkalies in the protective
film. '
; ‘5. Materials that rely upon either a protective Sin film (such as
SiC or Si3N4) or an extensive silicate bonding phase (sucﬁ as.cordierite,
mullite, and aluminas with <94% Al503) were severely corroded by the
fluxing action of alkalies and iron in the test environment. These
substances increase the fluidity of the siliceous film, resulting in .

unacceptable degradation and material loss.
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Table Al. ZX-Ray Diffraction Analysis of Milky Surface Coating
on Silicon Carbide NC-430-1 Exposed at 1450°C for 104 d

JCPDS 11-695

Observed
a-Cristobalite

d, pm I/Io d, pm I/Ig
402.57 100 405 100
336.68 2 353 4
312.79 10 314 12
283,90 11 284. 1 14
268.16 1 |
248,34 19 ' 248.5 20
219.62 4
211,74 5 211.8 6
202.10 5
201.76 5 201.9 4
194,00 4
193.02 6 192.9 6
187.72 5 187.0 8
187.22 6
170.04 3
169.69 4
169.37 4 .
169.23 4 169.0 ' 4
161.27 6 161.2 ‘
161.04 6
153.61 4 153.3 4
152.08 3
149.68 4 149.4 . 6
143.40 5 143.1 44
136.99 3
136.75 3 136.5 4
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X-Ray Diffraction Analysis of Browm
Scale 10 mm from End on Silicon Carbide KT-1B
Exposed at 1350°C for 116 d

JCPDS 22-1319

JCPDS 22-1273

Observed
0-S1C-21R a-SiC-6H

d, pm I/ Io d, pm I/ d,pm I/ Iy
512.59 5
486.98 5
408.63 94
318.21 13
312,63 12
282,34 19 263 76 262.1 40
257,03 4 ‘
251.17 100 253 100 251.1 100
235.56 15 235 10
220.29 4
217.61 16 217 10
214,25 3
205.61 7
204.66 7
203.83 7
202.64 9
201.91 7 201 30
201,01 7
199.79 5
191.78 8
163,30 8 162 10
163.01 8
154,24 39
153.99 79 154 80 153.7 35
145,04 5
142,12 7 144 30
131,47 24 131.1 70 131.1 40
129.03 4 129.3 10 128.6 15
125.85 4 125.9 30 125.6 7
124.59 8 125.9 30
109.02 4 108.9 20
108.74 4 108.7 15
100.01 7 100.4 15
99.80 5 099.9 50
" 98.95 5 098.6 20
97.55 6 097.3 15
97.27 4 097.3 40
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Table A3. X-Ray Diffraction Analysis of White Foam Scale
25 mm from Exposed End of Silicon Carbide NC-430-2

‘Exposed at 1450°C for 104 d With Glass

Observed | JCPDS 4-0379
S$i0p a-Cristobalite

d, pm I/Ig d, pm I/1,
504.16 _ 4

457.68

424,51 7

400.96 100 404 100
311.57 22 313.8 12
309.91 22

282,86 19 284,5 14
247,48 39 248.9 18
217.72 3

207.27 3 212.1 4
196.50 90 193.2 4
191.51 7 187.4 4
168.78 4 169.2 3
163,36 5 164.2 i
160,92 6 161.2 5
153.72 3 153.5 2
153.27 3

152.86 3

149.29 3 149.5 3
143.42 3 143.2 2
143.01 3 142.3 1
124.49 4 123.5 <1
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Table A4. X-Ray Diffraction Analysis of
Bluish-White Deposits 15 mm from
Exposed End of Silicon Carbide
KT-4 Exposed at 1540°C for
69 d With Glass

Observed JCPDS 4-0379 JCPDS 18-1170
§10; a~Cristobalite Tridymite

d, pm I/Ig d, pm I/I, d,pm I/Iy
815.95 ]
507.55 5
432,81 60 433 90
429,63 84 411 100
427.62 100
404,94 78 404 100
401 9 o] Ju vy
379.74 57 382 50
323,51 8 325.0 4
312.08 10 313.8 12 312.6 <1
295.76 18 297.5 30
282.97 13 284,5 14
276.92 7 277.6 8
261.76 5
249,02 23 248.9 18 249 10
248,31 25 250 20
247,37 20 246.8 6
230. 36 11 234.2 <4 231 20
229,65 11 229.4 2
211.42 6 212.1 4 211.7 4
208,95 8
208. 52 10 208.6 8
208.25 8 '
193.02 7 193.2 4
192.55 8
187,08 b 18/.4 4 187,4 2
186.98 6
172,94 5 173.6 1
169,21 9 169.2 3 169.5 12
168,84 9
163.07 7 164.2 1 163.5 8
160,92 8 161.2 5 160.0 10
154,23 5 154;6 2
153.88 10 153.5 2
152,97 i} 1504 10
149,24 5 149.5 3
143,97 6 143.2 2
142.99 5 142.3 1
180,27 3
140,12 5 140.1 1
139,94 6
136,25 5 136.8 1
135.09 S 135.3 1
131,48 K 133. A ]
130.71 4 130.1 2
124,59 4 123.5 <1
122,95 4
115.49 4 115.56 <1
109.69 4 109,89 3




93

Table A5. X-Ray Diffraction Analysis of Grayish Surface
Material 30 mm from Exposed End of Silicon Carbide
KT-3 Exposed at 1225°C for 69 d With Glass

Observed JCPDS 4-0379 JCPDS 18-1170 JCPDS 1-1064
$105 a-Cristobalite §10,,Tridymite Na,Ca(S103)3

d, pn I/Ig d, pm I/Ig d,pm I/1 d, pm I/Ig
877.95 24
762,68 18
705.23 12
428.10 58 433 90
406.38 95 404 100 411 100 410 20
401,74 100 '
392.23 24
379.81 40 382 50 379 20
332.41 40 328 5
312.08 76 313.8 12 298 30
248,47 56 248.9 18 250 20 268 100
227.46 24 234,2 B I 231 20
202.30 22 202.4 3
201. 44 24
191.66 42 193.2 4 189 : 60
179.45 20 180 10
165.29 22 '
163.73 36 164,2 1
163. 26 37 162 20
161,03 19 161.2
154,35 20 153.5 2 154 S0
151.72 20
145.89 18 '
143.82 20 144 20
143,17 18 143.2 2
139.90 08 A 139 10
137.19 .25
137.02 25 136.8 1
135.02 25 135.3 1 134 40
124,55 32 123.5 <1 : 122 10 -
124,24 24
110.82 34 111,12 1 114 10

110.53 22 111 10
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Table A6. X-Ray Diffraction Analysis of Silicon Carbide KT-2
Exposed at 1350°C (47 d) and 1425°C (48 d) With Glass

Observed JCPDS 11-695 JCPDS 22-1319 JCPDS 1-1064  Whitish Deposit

40 mm from end 5§10, a-Cristobalite SiC-21 Na,Ca(5i03)3 30 mm from End
d, pm I/1g d, pm I/1g d,pm . I/Ig d»mm I/Iy d, pm I/Ig
632.6 9 534.9 28
403.7 25 410 20 404.0 95
401.2 38 405 100 379 20 '
399.6 43 403, 1 100
367.0 9 407,7 44
350.4
344.0 10
328.8 24 314 12 328 5 337.6 64
296.4 4
279.5 7 284.1 14

264.8 6

263 70 268 100 268.5 36

258.4 %

252.0 12 253.6 32
251.1 19 248.5 20 253 100 253.8 32
245.7 10 246.5 6 247 20

217.7 10 210 10 220.3 40
209,0 6 211.8 6 211.9 28
205.2 6 201.9 4 201 .30

199.5 8 192.9 6 202.3 26
168,9 ] LhY, () 4 166 10

159.0 5 160.0 4 162 10 159.8 16
154.1 37 154 %0 152, 4 32
153.6 17 153.3 4 154 80

152.4 9 151 20

i46.1 7 146 30 144 20 146.0 22
144.9 5 143.1 44

141.3 5 142,3 1 141 20 139 10

134.9 7 134.5 1 133.7 10 134 40 134,6 20
132.2 6 133.3 4 131.1 70 133,6 20
126.9 4 128.1 A 125.9 30 127.7 18
120.2 4 120.6 4

119.7 100 122 10

119.4 41 118.8 2 119 30

1146 3 115.6 4 114 10 109. 96 16
101.2 4 101 20

96.8 36 97.3 40 97.66 13

93.5 20 96.2 10
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Table A7. X-Ray Diffraction Analysis of Yellowish Foamed
Deposit 30 to 40 mm from the End of Silicon Carbide
NC-400-1 Exposed at 1400°C for 116 d Without Glass

Observed JCPDS 11-695 JCPDS 4-0379

. §i0; a-Cristobalite Si0;, a-Cristobalite
d, pm I/Ig d, pm I/I, d, pm I/I
532,24 4 ‘
402.16 100 405 100 | 404 100
337,92 5
335.41 5 353 4 ,
312.63 6 314 12 313.8 12
283.83 9 284.1 14 284.5 ' 14
268.31 3
265.94 3
251.84 4
248,83 16 248.5 20 248,9 18
219.28 4
211.15 5 212.8 6 212.1 4
202,69 4 201.9 4 : 202.4
193.25 4 192.9 6 193.2 4
187.65 4
187.36 5 187.0 . 8 187.4 4
170.02 4 .
169,10 4 169,0 4 169.2 3
162,42 5 163.4 2 1642 1
161.86 5
161.23 7. 161.2 6 161.2 5
152,07 3 153.3 4 153.5 2
143.61 4 )
143.28 4 143.1 44 143.2 2
110.33 2 111.12 1
110,09 2 109.98 3
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Table A8. X-Ray Diffraction Analysis of Foamed Deposit
5 mm from the End of Silicon Carbide NC-400-1
Exposed at 1400°C for 116 4 with Glass

Observed JCPDS 11-695

Si0y a-Cristobalite

d, pm I/I d, pm I/Ig
494,.8 2

405.7 100 405 100
312.4 8 314 12
284.0 9 284.1 14
248.5 24 248.5 20
212.0 5 211.8 6
204.0 5 201.9 4
192,5 5 192.9 6
187.1 5 187.0 3
169.2 3 169.0 4
162.7 8 163.4 2
161.8 8 161.2 6
153.4 4 153.3 4
149.5 3 149.4 6
144,5 6 143,1 44
136.5 4 136.5 4
129.9 3 129.9 4
128.2 3 128.1 4
123.1 2 123.3 2
12046 2 120.6 4
113.4 10

109.7 2

107.9 2
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Table A9. X-Ray Diffraction Analysis of Surface Coating
on Sintered Alpha Silicon Carbide Sample Exposed at
1450°C for 36 d and 1425°C for 44 d Without Glass

Observed JCPDS 4-0379
_ 5109 a—Cristobalite
d, pm I/ d, pm o I/Ig
402.5 : 100 404 100
339.16 ‘
335.85 8 4 12
203,90 13 284,59 14
267.85 , 7
267.09 7
247,76 22 248.5 18
219.16 3
210.59 8 212,1 4
210.34 8 '
201.66 5 202.4 : 3
192.66 9 193.2 4
"187.51 8 187.4 4
186. 65 8
169,14 6 169,2 - 3
168.72 6
160. 90 6 161.2 5
153.43 3 153.5
151,92 3
151.71 3
149,52 5 149.5 3
143,68 4 143.2 2
142,88 6 142.3 1
142,11 3 140.1 1
139.94 3 140.1 1
136.92 4 136.8 1
136. 54 3
136.15 3
128.09 4 128.2 2
118,47 4 118.4 2
117.68 3 117.62 1
110.0 4 111.12 1
110,00 4 109. 89 3
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Table A10. X-Ray Diffraction Analysis of Surface Coating on
Sintered Alpha Silicon -Carbide Sample 2 Exposed at 1450°C

for 4 d and 1550°C for 17 d With Glass

JCPDS 4-0379

Observed JCPDS 11-695

Si0y a—-Cristobalite §i0y, a-Cristobalite
d, pm I/Ty d, pm I/1 d, pm I/I
398.17 100 405 100 404 100
310,11 9 . 314 12 314 12
281.43 16 284.1 14 284.5 14
246444 12 240.5 20 248.9 18
245,32 8 246.5 6 246.8 6
244,81 8
210,50 3 211.8 6 212.1 4
200,93 4 200.9 4 202.4 3
192,87 6 192.9 6 193,2 4
192.08 18 192,9 6 193.2 4
186.23 8 1387.0 8 187.4 4
172,35 2 173.0 2 173.6 1
168,31 3 169.0 4 169.2 3
160.51 5 161.2 6 160.4 2
152.75 4 ©153.3 4 153.5 2
149.08 4 149.4 6 149.5 3
142.71 4 143.1 44 143.2 2
139.45 4 139.8 4 140.1' 1
136.19 5 136.5 4 136. 8 1
133.08 4 133.3 4 133.6 1
129.57 .3 129.9 4 . 130.1 2
127.83 3 128.1 4 128.2 2
109. 50 5 118 2 109. 89 3
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Table All. X-Ray Diffraction Analysis of Chemically Vapor
Depositgd Silicon Carbide Sample 1 Exposed at
1540°C for 116 d Without Glass

Observed JCPDS 13-651 JCPDS 4-0379

Fe-Si-C . §i0y, a-Cristobalite

d, pm I/1g d, pm I/, d, pm I/Ig

729.9 100 724 100

540.7 3 |

330.1 5

470.8 8 448 20

405.9 8 441 20 404 : 100

371.3 2

341.1 2 7

332.3 18 360 100 313.8 12

280.5 3 308 50 284.5 14

266.5 3 o

251.0 3 ‘ 248.9 18

236.2 4 240 . 50

227.6 4

200.0 2 203 50 202.4 3

188. 1 4 187.4 4

177.1 2 175.6 1

174.9 2 173.6 1

171.5 2 169, 2 3

162.5 3 161.2 5.

148.7 2 149.5 3

144.3 1 143,72 2

141.8 1 o ‘ 142.3 1

131.6 1 133.6 1

128.7 1 128.2 2

117.5 1 117.6 1

115.2 1 115.5 <1
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Table Al2. X-Ray Diffraction Analysis of Chemically
Vapor Deposited Silicon Carbide Sample 2 Exposed
at 1550°C for 70 d With Glass

JCPDS 11-695

Observed

_ $i0y a-Cristobalite

d, pm I/Ig d,vpm A o I/Io
s16.0 - -3

454,0

447.3 i ' 3

401.4 . 100 405 100
137.7 353 4
334.7

324.8 314 12
310.7 6 314 12
302,35 4

282.7 12 284.1 14
277.9 4

267.1 3

248.9 248,5 20
247.6 _ 13 248.5 20
246,3 23 246.5 6
217.0 6 211.8 6
208.8 6 201.9 4
199.0 7 192.9 6
190,0 6

185.2 6 187.0 8
184,5 6

166.9 5 169.0 4
166.3 6 163.4 2
158,9 » 9 160.0 4
158.5 9 161.2 6
151,2 5 153.3 h
149.5 5 149, 4 b
146.9 5

140,.8 6 141.9 4
134.6 5 134,6 <2
134.2 6 133.3 4
132,1 4

130.8 4 129,9 4
128.7 5

127.5 4 128.1 4
125.7 4

123.9 3

121,9 3 121.8 4
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Table A13, X-Ray Diffraction Pattern of Chemically Vapor
Deposited Silicon Carbide Sample 3 Exposed at
1225°C for 92 d Without Glass

Observed JCPDS 11-695 JCPDS 3-826

, A $i05 a—Cristobalite Ca3Alp5i30)2
d, pm I/Iy d, ;-)mr - f/Io d, pmu I/Ig
753.3
622.1 9
427.6 10
404.5 100 405 100
361.0 8 353 4
339.3
330.9
309.8 12 314 12
293.3 42 296 o 80
291.5 27
283.3 17 284.1 14
265.9 21 265 100
248.7 100 248.5 20
242.5 8 244 60
218.6 8
215.7 10 216 " 60
207.3 19 211,8 6 ‘
202.3 11
190.9 7 192.9 6 192 70
186.3 7 187.0
182.7 10
168.4 14 169.0 4
165.3 5 165 80
161.9 10 161.2
160.3 19 . 160.0 4
159.8 18 158 90
152.7 13 153.3 4
147.2 22 149.4 6
144,6 12 143.1 44
i42.2 7 141,9 T4
139.1 10 139.8 4
130.6 10 129.9 4
127.3 6 128.1 4
125.6 5 124.2 <2

i18,5 8 118.3 2




Table Al4. X

Alum

102

-Ray Diffraction Analysis of High-Purity Vistal
ina Sample 1 Exposed at 1400°C for 7 d
and 1450°C for 105 d Without Glass

JCPDS 11-695

Observed
Si0p a-Cristobalite

d, pm I/I : d, pm I/Ig
346,67 30 ‘ 348 80
254,42 71 255 90
237.11 61 238 40
216.10 1 216.5 <1
208.14 94 209 100
173,98 35 174 50
159.94 100 160 80
151.36 . 6 151. 4 )
140.43 34 | 140.4 30
140,23 54 140 : 30
137.28 61 137 50
133.56 2 133.7

127.53 2 127.6 4
123,93 8 123.9 i6
123.43 13 123,43 8
119.30 1

118.94 3 118.98 8
116.03 1 116.00 <1
114,74 4 114,70 6
112.43 8 112.55 6
109.96 6 109,88 8
108. 26 9 108.31 4
107.99. 6

107.80 9 107.81 8
104,29 25 104,26 14
101.75 11 101.75 2
99.82 13 99.76 12
98.29 1 98.19 4
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Table Al15. X-Ray Diffraction Analysis of Brown Coating 5 mm
from the End of High-Purity Vistal Alumina Sample 2 Exposed
at 1400°C for 11 d and 1450°C for 146 d With Glass

JCPDS Standards

Observed
NaCa4Al30q FeO* (Cr,AL) 703 Ca0® 2Fe0

d, pm I/Ig d, pm I/Ig d,pm I/Ig d, pm I/Ig
322. 84 24 295 60

322.39 24

243,25 12

242, 64 12

241.09 45 267 100 252 100 259 40
226. 83 10

225,80 28 219 80 207 70 224 100
225,24 14

199. 56 39 191 80

167.96 27

1'55.05 100 155 100 160 90 159 80
136. 80 48 134 60 146 90 135 50
133.94 26 ' 110 60

121.25 7 121 60

120.96 6

120.53 9

116. 63 5

112.58 6 112 20
106. 06 3 | 103 30
102. 69 7 102 60 » 100 50
98. 42 11 85 60 92 50




Table Al6.

104

X-Ray Diffraction Analysis of Brown Coating

40 mm from the End of High-Purity Vistal Alumina
Sample 4 Exposed at 1150°C for 90 d With Glass

JCPDS Standards

Observed
a=Al,03 NaZnSiOg*Hp0 NapCap(Si03)3 Na4Ca(S103)3

d, pm I/Iy d, pm I/Iy d,pm I/Ig d, pm I/Ip d, pm /'y
435,29 10 443 10
418.21 63 410 20
371.62 27 378 30 379 20
351.38 10 347.9 75
334.63 21

330,22 52 337 50 328 5
301.29 8

290. 34 14 293 50

279.34 5 272 30

265,58 100 265 100 268 100
261.44 77 262 50
256.70 66 : 256 100
254.61 13 255.2 90
252,48 7 252 5
245,52 5
234.42 10 236 10 237 10
227.09 25 225 5
223,29 5
21413 11 215 5 218 10
208,27 11 208.5 100

186,61 92 187 60 189 60
181.93 13

180,22 10 180 10

179.74 i0 175 10

177.62 5 180 10
173.52 ‘ 174.0 45 174 10 172 5
164, /6 6 164 10

141.R2 7 16041 a0 162 20
154, 54 22 155 20 154 50
131.99 19 152 30

148,61 14

148,49 i4

146:91 ]

139,58 6 137.4 50 139 80 134 40
133,24 5 133 20

133,00 4

131.07 4 130 20

i18.82 5 133 20 122 10
117.63 5 118 10 119 . <30
117.33 4 113 20

101.27 4 101 10

Y9.16 4 099 20

98.99 4
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