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EVALUATION OF TUBULAR CERAMIC HEAT EXCHANGER MATERIALS IN ACIDIC
COAL ASH FROM COAL-OIL~MIXTURE COMBUSTLION

M. K. Ferber and V. J. Tennery

ABSTRACT

In a continuing study of the long—term chemical and struc~—
tural stability of candidate heat exchanger ceramics, tubes of
five different structural ceramic materials were exposed to the
hot combustion gases from a coal=oil-mixture (COM) fuel in the
Ceramic Recuperator Analysis Facility (CRAF) at about 1200°C for
about 500 h., Air flow through each tube produced a temperature
gradient across the tube wall, thereby simulating the condition
in a tuwbular heat exchanger element. As-received and exposed
materials and solidified coal slag were examined by optical
microscopy, scanning electron microscopy, electron microprobe,
energy-dispersive x-ray analysis, x-ray diffraction,
x~radiography, and chemical analysis to identify degradation
processes. Several important properties of the materials,
including room~temperature helium permeability, room-teaperature
C-ring fracture strength, and thermal expansion from room tem-
perature to 1100°C were measured for both as-received and
exposed specimens.

The five structural ceramics included three types of sili-
con carbide, a high-purity alumina, and a newly available
sialon., Siliconized $iC, sintered @-5iC, and chemically vapor
deposited (CVD) SiC survived the long-term exposure with no
major visible degradation. The alumina and sialon tubes were
cracked extensively., Acidic coal slag deposited extensively on
the upstream surface of all tubes. During cooldown, the slag
did oot strongly bond to any of the silicon carbide tubes, but a
strong bond was developed with the alumina and sialon tubes.
Thermal expansion differences between the bonded coal slag and
the tubes caused significant tensile stresses in the tubes
during ceoling, appavently resultiug in the observed fractures
for alumina and sialoa tubes.

Significant transport of various elements into and out of
the cevamics occurred during the exposure to the hot coal slag.
The silicon carbides corroded by a micropitting oxidation at the
carbide~slag interface. The S5iC and Si phases of siliconized
S$iC corroded at essentially the same rate. Recession rates for
the outer surface of all these tubes were wminimal during the
exposure.

Exposure to the hot coal slag increased the room—
temperature belium permeability of all the SiC~based tubes by
one to two orders of magnitude. The room-temperature C~ring
fracture strength increased modestly in siliconized SiC and
essentially remained the same in both sintered a and CVD SiC.



The thermal expansion of some of these materials increased
substantially from the exposure, and these increases wetve dif-
fereat in some cases for the upstream and downstream specimens
from a giveu tube., For KT and CVD SiC, boih the upstream and
downstream sides exhibited expansion increases up to about 17% at
1000°C. Sintered a-SiC had much smaller increases. The high~
Al503 tube had an expansion increase of about 14% ou the upstream
side at 1000°C bui the downstream side was essentially unchanged.
These substantial thermal expavsion increases could generaie
significant stresses in long ceramic heat exchanger tubes, and
the origin of these increases is under investigation.

INTRODUCTION

Fixed—-boundary heat exchangers (lXs) serve important functioms in the
operation of fossil energy conversion systems. To date, HXs employed in
energy conversion systems, such as coal-fired electrical generating
plants, have been fabricated of alloys. The evolution of engineeving
alloys for HX applications has played a crucial role in achieviag present
stean—cyele power plant efficiencies of about 30%. Advanced fossil energy
conversion systems, which have the potential for significantly higher
energy conversion efficiencies compared with state-of~the-art steam~cycle
systeis,; have received considerable attention in the United States in
recent years. Several system configurations have been analyzed, and the
general results of these analyses form one basis for this work on ceranic
materials for HX applications. As is well known, the thermodypamic effi-
ciency of a heat~engine—based energy conversionm cycle is proportional to
the difference between the temperature of the working fluid that drives
the engine and the exhaust fluid temperature, if other factors are main-
tained constant. Major efforts have heen made in both steam—-cycle and hot
gas turbine systems to develop mzterials to operate at even higher tewmper-~
atures because of the accompanying iocrease in efficiency. 1In steam
systens, this limit is dictated by the corrosion and mechanical properties
of alloys in the steam geonerators (HXs). 1In gas turbine systems, this
limit is dictated by the corrosion and mechanical properties of available
alloys for use in the turbine-machinery. Hot gas turbines can operate
with much higher working fluid temperatures than steam—cycle systems and
thus have the potential of providing velatively high system conversion

efficiencies if the energy losses in the exhaust are adequately miniwmized.



In systems up to several megawatts capacity, this heat is most conveniently
utilized in a steam bottoming turbine. Alloys and the technology for
their use in directly fired hot gas turbines are highly developed. The
alloys are generally sensitive to particulate and corrosive degradation by
species in the combustion gases. Because of the increasing emphasis on
use of domestic fuels such as coal and synthetic fuels to supplant
imported oil in electrical energy generating systems along with the
vequired higher conversion efficiencies to reduce bus bar energy costs,
the operation of hot gas turbines with heat derived from relatively dirty
fuels is of growing importance., There are currently two conceptual meauns
for achieving this goal. One, which has received major attention in
tecent years in O0E programs, is to remove damaging particulates from the
hot combustion gases with hot cyclones before the gases enter the turbine.
This mode of operation requires both pressurized combustors and cyclounes
in order to deliver the hot gas at the requirved pressure to the turbine
inlet. The other concept, which has received relatively little attention,
employs a high—temperature HX to isolate the turbine from potentially
damaging species in the combustion gases, In this configuration, the com-
buster does not require pressurization but the secondary side of the HX
must operate at essentially the turbine inlet pressure. Heat from the
combustion gases is transferred through the HX wall to a second gas, which
in turn drives the turbine. 1In this latter concept the material employed
in the HX must be able to operate at temperatures well above the turbine
inlet temperature, which can be 1350°C or higher, and still possess
acceptably low corrosion, strength degradation, and creep while operating
under high stresses. Selected structural ceramic materials are good can-
didates for use in this type of HX because their known high~temperature
streogth in relatively clean oxidizing environmeunts offers promise for
their use in highly contaminated environments.

In additional fossil energy system applications ceramic HXs could
serve a unique function, including pressurized fluidized bed combustors
(PFBCs) and coal gasifiers. In the fovmer application, ceramic tubes in
the bad would be employed to heat a gas such as air to operate a gas tur-
bine or perhaps generate steam in a secondary HX. In the coal gasifier

system, the gasifier product gas could be burned on the primary side of



the HX to heat a cleawn gas on the secondary side to operate a gas turbine,

Aliternatively, the HX could be used ito extract high—qualiry seansible heat
from the gas product stream before gas cleanup by water scrubbing.

We investigated the behavior of five structural ceramic materials
r
L

currently considered for use in HXs, including ihitee types of silicon

carbide, high-purity Al,03, and a sialon ceramic. Tubes of thes

e}

u’)

materials were exposed to hot gases from coal combustion for 496 h in the
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sroperties significantly. The combusiion gas temperature and ceramic
u tation in the CRAF simulatea conditioms for itubes in

a cerauic tubular cross flow HX interfaced with a coal combustor. The

combustion gas temperature at the tube positions was about 1350°C. The

uter tube wall temperatures weva about 1240°C, and air flowing through
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the tubes was heated to about 400°C. Coal was delivered te the CRAF
a coal-ocil-wixture {COM) comsisting of 10 wt 7% bituminous coal
and about 90 wt % No. 6 oil. During the exposure 291 kg of coal ash was

delivered by the combustor to the CRAF chamber. As far as we ave aware

J

this work represents the longest exposure of candidate cevamic HX

materials to actual coal combustion conducted anywhere to date. Following

J

the cuposure, helium permeability, microstructure, composition, [racture
strength, and thermal expansion of the cerawmic tubes were determined and
compaved with the properties.

reviouslv, a 500~h combustion gas exposure of 14 different cevamic
materials was completed in the CRAF, in which a relatively high-lmpurity
No. % 0il was burned., The tube configurations and tube wall temperatures
for thig firstr CRAF test were very similar to those employed in this
seccid wmarerials test. In CRAF Test 2, which is the subject of this
repott, only materials that were emploved in the eavlier tesi and showed
promise of lhaving reasonable stability in these eavironments were
included. 1In addiiion, a new sinterable sialon was included ito determine

iits behavior under these conditions.



EXPERIMENTAL
Ceramic Recuperator Analysis Facility

The CRAF at ORNL is a unique facility dedicated to long~duration
exposures of candidate HX materials to hot combustion gases of fossil
fuels., Details of itg desiga and construction have been published
previeuﬁly.l The CRAF is capable of generating heat by the fuel com~
bustion at a rate of up to 0.9 MW and therefore is of a scale that
approximates at least the smaller combustor systems that are of interest
for advaoced fossil eonergy conversion systems. An isometric drawing of
the CRAF is shown in Fig. 1. The tubular ceramic specimens were held, as
shown in Fig. 1, between two refractory header blocks so as to be perpen~
dicular to the flow of hot combustion gases from the burner., For this
particular ezxposure, the design of the housiag above the section con-
taining the tubes was modified slightly from that shown in Fig. 1 to per-
mit aneother materials exposure to be conducted above the tube array. This
configuration ils suown in Fig. 2 with the unit at temperature, with the
combustion gas plume visible at the exit port.

Tubular sgpecimeons of the five ceramic materials iacluded in the expo-
sure were amounted between the refractory oxide header blocks as described
previmualy.l Two tubes of each material were mounted in a single row
across the CRAF test duct as shown in Fig. 3. Figure 3(a) is a view of
the upstream side of the tube row, that is, the lower side of the tubes,
which faces the combustor chamber. Figure 3(b) is a view of the
dowanstream side of the tube row, or the upper side, showing the ther-
moccuples located at the widspan of each tube. The therwocouple wires
exit the duct through the air ionlet header block. Temperatures at the
outer surfaces of the tubes were continuously measured with Pt vs
Pt-107% &h thermocouples attached to the downstream sides of the tubes., A
high~alumina (Degussit 81-50-010) cement was applied to the thermocouple
junctions to protect them from degradation by reaction with the tube
materials or the fuel combustion products. Appropriate thermocouple com-
pensation wire was used to counnect the therwocouples to multipoint

recovders.
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Fig. l. The Ceramic Recuperator Analysis Facility dedicated to
evaluation, testing, and analysis of ceramic heat exchanger materials by
long~-term exposure to fossil fuel combustion products.



PHOTO 5230-80

Fig. 2. Ceramic Recuperator Analysis Facility at temperature during
CRAF Test 2.
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(a) 100 mm

AD-998 AD-998
ALUMINA SIALON KT SiC_ SINTERED o-SiC CVD SiC_ALUMINA CYN-4236

(b) ~AIR 100 mm

Fig. 3. The positions of individual ceramic tubes in the ten—tube
array mounted in the flue gas duct before the CRAF Test 2 exposure.
(a) Upstream side. The flue gas flow direction was into the page.
(b) Downstream side. The flue gas flow direction was away from the page.



Secondary air supplied by an auxiliary fan flowed through the tubes
during CRAF Test 2 so that they operated as HX elements in a cross—flow
mode (Fig. 4). The air velocity was measured with a Dwyer* pitot tube
located in the 100-mm ID pipe running from the exit of the secondary
blower to the air inlet transition of the CRAF. 1In addition, the pressure
was determined with the aid of a hydrometer. The temperature of the pre-
heated secondary air exiting the tubes was measured with a water-cooled,
radiation-shielded suction pyrometer.T This instrument, which was also
used to measure the flue gas inlet and outlet temperatures, included a
collection system for flue gas condensables and noncondensables present in

the flow path. Complete details are given elsewhere.!

*Product of Dwyer Instruments, Inc., Michigan City, Ind.

TLand SU 6/5/12/1 suction pyrometer, product of Land Instruments,
Inc., Tallytown, Pa.

CERAMICTRECEUPERATOR ORNL-DWG 79-15818
uB

PREHEATED
l AIR FLUE GAS  ~cpAMIC RECUPERATOR

— T Kl_ TUBE
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e

Ea g SR Hulaplapdagin 4

AMBIENT PREHEATED
AIR e AIR

— g ] EN——— P g

2 ? |

L —

FLUE GAS
AMBIENT
SUPPORT BLOCK AIR SUPPORT
BLOCK

TOP VIEW OF CERAMIC RECUPERATOR SIDE VIEW OF CERAMIC RECUPERATOR -
TUBES MOUNTED IN SUPPORT BLOCKS. TUBES MOUNTED iN SUPPORT BLOCKS.
NOTE FLUE GAS FLOW DIRECTION IS NOTE THE CERAMIC TUBES ARE
OUT OF THE PAGE. ARRANGED IN A TWO-ROW, STAGGERED

CONFIGURATION.

"ig. 4., Ceramic heat exchanger tubes mounted in ceramic support
blocks.
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Ceramic Recuperator Analysis Facility Test 2 Conditions

The fuel used in the CRAF combustor was a COM, which consisted of
10 wt % powdered bituminous coal in a Venezuelan-crude-derived No. 6 fuel
0il. The results of a chemical analysis of the coal reported by the ven-
dor are given in Table l. This coal was finely divided, with 98% of the
particles being smaller than 44 pum. The ash was characterized by high
concentrations of §i0j, Fe;03, and Aly03 as equivalent oxides. 1In
addition, the low base—to—acid ratio of 0.29 was expected to produce a
viscous slag for the operation temperatures used in CRAF Test 2.

Before the long—term exposure, the stability of the COM in the CRAF
combustor was demonstrated for furnace temperature up to 1400°C. About
1.9 m3 (500 gal) of the 10 wt % COM fuel was received for these initial
firing tests. The furnace was maintained at about 680°C by means of an
auxiliary natural gas burner when COM fuel was not used. For the actual
long-term test, the furnace was heated to approximately 1400°C with the
COM at an average heating rate of 0.040°C/s (145°C/h). This resulted in a
heating rate of 0.018°C/s (64°C/h) in the vicinity of the tubes. The
average tube temperature was 1230°C. The furnace temperature was -
controlled by an oil flow valve, which was regulated by a Barber-Coleman
PAT Controller.® A programmed p-—DatatrakT was used to obtain the desired
temperature—time schedule., The total exposure time at the 1230°C tube
temperature was 496 h. Two 18-m3 (4750-gal) shipments of COM fuel were
consumed during this period at an average rate of 0.076 m3/h (20 gal/h).
The total exposure time at 1230°C obtained from the first shipment was
290 h.

Several minor difficulties were encountered during the pumping and
firing of the COM fuel., For example, first a small oil pump at the com-
bustor malfunctioned, and later the pump that delivered the COM fuel from

the trailer became blocked. The openings in the burner nozzle were also

*Barber Coleman PAT Controller: Product of Barber-Coleman Co.,
Rockford, I11.

T

pw-Datatrak: Product of Research Inc., Minneapolis, Minn.
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Table 1. Chemical analysis of the coal
provided by the vendor

Overall Analysis Ash Analysis

Constituent ~ COMFESt  Eavivalent  Content
C 73.9 8i09 50.30

S 1.82 Fey0g 16.28
Ash 9.0 Al,50q 23.93
Water 0,0 Cal 2,72
MgO 0.72

S04 1.65

P70g 0.27

Na50 0.47

K70 1.60

Ti0p 0.62

Base/acid? 0.29

9he base-to—acid ratio is defined as
(Fey03 + Ca0 + Mg0 + NagO + Ky0)/(Si0y
+ A1203 + TiOZ).

eroded to an elongated shape after about 300 h of operation, which even~
tually necessitated nozzle replacement. Finally, the pressure gages on
the fuel delivery system failed after about 400 h and had to be replaced.
These problems, which were appareutly related to the erosive nature of the
fine coal particles in the fuel, resulted in several thermal excursions
during which the furonace and ceramic tube temperatures dropped rapidly
from their steady-state values. These temperature cycles are illustrated
in Figs. 5 and 6, which are the respective temperature-time plots for the
furnace and ceramic tubes. Both traces exhibit five temperature cycles
(designated 1-5). The tubes also experienced an additional temperature
deviation (3a) when the burner nozzle was cleaned. In general, the
average cooling rates experienced during each temperature cycle were
0.14°C/s (500°C/h) for the furnace aad 0,072°C/s (260°C/h) for the tubes.
Both values are considerably greater than the desired value of 0.018°C/s

(63.4°C/n). 1In addition, the average tube tewperature dropped to as low
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as 400°C (Excursion l). As discussed later, according to examination of

the exposed tubes, these thermal cycles could have caused some mechanical

damage of the sialon and Al90O3 tubes.

ORNL~-D¥WG 81-9697
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Fig. 5. Furnace temperature versus time showing temperature excur—
sions during CRAF Test 2 exposure.
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Fig. 6. Average tube temperature versus time showing six thermal
cycles experienced by tubes during CRAF Test 2 exposure.
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Visual observations of the upstream portion of the ceramic tubes
(made through a sightport in the CRAF during the exposure) revealed large
amounts of slag buildup on all tubes after about 100 h of exposure.
Furthermore, the thickness of the slag on the tubes increased with
increasing duration of exposure to the fuel combustion products. This is
illustrated in Figs. 7 through 10, which show the upstream side of the
tubes at temperature for the respective exposure durations of 50, 120,
260, and 366 h. The slag buildup was apparently not affected by the ther-
mal cycles experienced during the long-term exposure. However, the slag
deposit was probably responsible for the incredsing spread in tube tem~
peratuvres that occurred as the exposure time increased. This is shown in
Fige 6. Finally, it should be noted that the slag characteristics were
distioctly different from the formations observed dufing CRAF Test 1, in
which only a No. 6 fuel oil was used. 1In Test 1, only small nodules
formed on rthe upstream side of the silicon carbide tubes and a countiguous
hercynite coating fermed on the alumina cerawmic,

The temperatures of the flue gas entering and leaving the CRAF test
sections, the air temperature enteriag and leaving the tubes, and the aiv
velocity were measured three times during the long—term exposure. The
results are summarized in Table 2. Also included are values for the
gffectiveness of the HX tube array, the heat transfer rate, and the heat
flux through the tubes. The actual calculations were based on analyses

2,3

given elsewhere. For example, the effectiveness, €, was determined

from the expression

e = 22 12 (1)

where 79, and T, are the respective values of the air outlet and inlet
temperatures and Tlg is the flue gas inlet temperature. This equation,
which essentially gives the ratio of the actual heat transfer rate to the
maximum possible value dictated by thermodynamics, is based on the assump-

tion that the air provides the minimum product of the mass flow rate and
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AD-998 CYN-4260
ALUMINA

CVvD SiC KT SiC SIALON AD-998 CVD SiC SINTERED «-SiC

ALUMINA

Fig. 7. Upstream side of the ceramic tubes at temperature after 50 h
service, showing initiation of slag buildup.

AD-998 ' SIALON CYN-4261
ALUMINA

o

KT SiC SINTERED o-SiC CVvD SiC

Fig. 8. Upstream side of the ceramic tubes at temperature after
120 h service, showing the formation of needlelike ash deposits on the
AD-998 alumina and sialon tubes and massive deposits on other tubes.
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CYN-4276

AD-998 ALUMINA

.

SINTERED «-SiC «

ST TR

10 mm

Fig. 9. Upstream

side of the ceramic tubes at temperature after
260 h service, showing inc

reasing buildup of slag deposits on the tubes.



AD 998 ALUMINA

GLOBULAR
FEATURES

Fig. 10. Upstream side of ceramic tubes at temperature after 366 h service,
showing globular features on slag deposits and slag runs on CRAF wall.
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Table 2. Calculated values of the heat exchanger
effectiveness, heat transfer rate, and heat
flux for various exposure times

Value for each exposure time

0.18 Ms 1.61 Ms 1.68 Ms

(50 h) (447 h) (466 h)

Flue gas temperature, °C

Inlet 1,390 1,374 1,352

Qutlet 1,349 1,280 1,251
Air temperature, °C

Inlet 21 21 21

Outlet 427 281 292
Air velocity, m/s 7.6 13.0 12.4

ft/min 1,500 2,560 2,440
Heat exchanger effectiveness 0.30 0.19 0.20
Heat transfer rate, kW 28.9 31.7 31.5

Btu/h 98,660 108,070 107,440
Heat flux, kW/mZ 142.6 156.4 155.4

Btu/(in.2+h) 314 344 342

specific heat in the system.2 The heat transfer rate, &, was calculated

from
Q = DaVaACpa(TZa-— Ti1a) » 2)

where Dy is the air density, V4 is the air velocity, A4 is the cross-
sectional area of the air pipe running from the secondary blower to the
air inlet transition of the CRAF, and cpa is the heat capacity of the air.
Finally, the heat flux through the tubes was determined by dividing & by

the effective surface area of the tubes.
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As illustrated in Table 2, the HX effectiveness and thus the heat
transfer rate through the tubes dropped substantially as the exposure time
increased. 1t is likely that the slag deposit, which increased in
thickness with increasing exposure time, effectively reduced the heat
transfer through the tubes. The fact that the actual heat transfer rates
increased at the longer exposure times primarily reflects the larger air
velocities that were used inside the tubes. Indeed, if these velocities
had been constant, the heat transfer rates would have decreased substan-—
tially. It should be pointed out that in an actual HX system, increasing
the air velocity to maintain a particular heat transfer rate would result
in a greater power consumption by the blower or fan system and would
thereby affect the economics of the HX.

The results of the chemical analyses of the condensable flue gas
samples, which were collected during the measurement of the flue gas inlet
temperature, are given in Table 3. The results of an atomic absorption
chemical analysis of COM samples taken from the two fuel ghipments
(designated as COM-!l and -2) are also included in the table. The major
metallic impurities (10 ppm) in the COM fuel were Na, P, V, Ni, Si, Al,
K, Mg, and Fe. 1In addition, 1.09 to 1.1l wt %Z S was detected. Notice
that the concentrations of several of the elements in COM-2 (e.g., Na, Al,
Si, K, Ti, V, and Fe) were about half the corresponding values in COM-l.
The reasons for these differences are unknown. The major impurities in
the flue gas condensables agree fairly well with those in the COM fuel,
However, most of the impurities in the condensable matter were present in
greater concentrations. Also the concentrations detected for a given ele-
ment in each of the three flue gas condensable samples showed considerable
scatter. Finally, the gas chromatographic analyses of the noncondensable
samples (Table 4) revealed major concentrations of 0y and Ny with minor

amounts of CHy4 and COp. No 507 or S03 was detected.
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Table 3. Results of chemical analyses of COM samples
and flue gas condensables

Content, wi ppm, in two Content, wt ppm, in flue gas
shipments of coal-oil condensables for three

Element mixture? exposure times
coM—-1 COM~2 50 h 447 h 466 h
B na na 40 30 50
Na 53 29 300 1000 500
Mg 18 18 70 500 50
Al 1100 590 70 1000 —
Si 780 450 wa jor 600 ma jor
P 510 90 300 100 300
) 1.11% 1.09% major  major majov
Ci na na - <4 —
K 130 75 20 300 >2000
Ca 1.6 1.3 200 300 ma jor
Ti 71 36 2000 40 ma jor
v 31 18 500 50 2000
Cr 2.2 2.1 300 5000 >2000
Mu 1.0 0.8 100 50 600
Fe 690 360 800 500 >2000
Co 0.5 0.5 10 0.5 8
Ni 28 15 200 50 1000
Cu 1.6 1.2 200 50 4
Zn 3.4 2.5 500 80 100
Ga na na - 1 —
St 4.3 2.6 20 6 90
Y na na 5 <0.1 4
Zr na na 6 0.3 3
Ba 3.6 1.7 200 200 260
Pb 3.9 1.7 70 700 100

Atomic absorption chemical analysis by Technical
Laboratories, Chattanooga, Tenn. na means not analyzed.

b@park gsource mAass spectroscopy by Analytical Chemistry,
ORNL. A dash means that the element was not detected,
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Table 4. Gas—chrowmatographic
analysis of noncoadeunsables

Content, vol %, after
three exposuresa

Component

50 h 447 h 466 h
09 11.6 19,4 19.1
No 80.5 716.4 78.2
CHy, <0.1 <0.1 <0.1
Co <0.1 <0.1 <0.1
COy 0.3 0.75 1.84
8Cy - — -
S03 - - —
H,0 <0.1 - e

dp dash means not detected.
Description of Ceramic Matevials

Five ceramic materials including KT SiC, «SiC, CVD SiC, AD 998
Al503, and a sialon were selected for inclusion in CRAF Test 2., The
selection was based on results obtainedl in CRAF Test 1 and other factors.
The KT SiC, which is a siliconized silicon carbide,; has received con-
siderable attention previously as a potential HX material.®»® Silicounized
§iC can be fabricated by one of twe technigques. One method involves the
formulation of silicon carbide grains combined with silicon and carbon as
admixtures. During a high-temperature firing process the silicon and car~
bon react to form silicoan carbide by simultaoneous reaction and sintering.
In the other method silicon is infiltrated into a prefired SiC and carbon
precurser mixture., A second firing converts most of the free silicon and
carbon to silicon carbide. The final microstructure consists of the pri-
matry silicon carbide phase, a dispersion of smaller secondary $iC grains,
a matrix of free silicon; small concentrations of uareacted graphite, and
some porosity. The free silicon results in an abrupt mechanical degrada-

tion of the material at temperatures above 1250°C as one approaches the
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melting point of silicon (1410°C). 1In addition, metallic impurities in
the service environment can combine with the silicon to form low—melting
eutectics, which can extrude out of the body.

The «-5iC is a dense, single~phase material, which has better mechan-
ical properties than the siliconized SiC. It is prepared by sintering
very fine-grained (<1 pm) silicon carbide using a relatively small amount
of sintering aids including about 0.5 wt %4 B and 0.5 wt %4 C. These
dopants, which are requirved for full densification, also reduce oxidation
and corrosion resistance of the bulk material.

Chemically vapor deposited (CVD) silicon carbide is typically a
theoretically dense material that is impervious to gases and characterized
by a high mechanical strength when the material is fabricated into swmall
shapes. 1Its fabrication requires use of gas mixtures such as methyl-
trichlorosilane (MTS or CH3-8iCl3), hydrogen, and an inert gas and the
subsequent deposition of 5iC onto a porous graphite or silicon carbidse
substrate at high temperatures. Generally only swall shapes of puve CVD
SiC (up to a few millimeters) can be produced frow this process. Although
larger deposits are possible,; they often contain process—~induced delamina~
tions or cracks due to 5iC grain growth, which degrade the resulting
properties.

The AD 998 aluminum oxide is a fully dense, fine-grained material,
which as fabricated contains minor amounts of silicate glass. Although
this ceramic has a lower thermal conductivity and lower thermal shock
resistance than the silicon cavbides, its chemical stability, fabrication
technology, and potentially low cost are attractive characteristics for HX
applications involving fossil fuel combustion environwments,

The final material exposed in CRAF Test 2 and subsequently analyzed
was the relatively new sialon material. In general, the term sialon is
used to identify a broad range of composiiions existing within the
silicon-aluminum-oxygen—uitvogen system, However mosi commercial sialon
materials of interest are based on the A”~sialon formulation, in which the
major phase is a solid solution involving Al;03 and Si3N4.6’7 This solid
solution, which can be based on an expanded B-5iyN, structure, has a range
of compositions given by S5i3.,81,0,N,.. 4. The reported properties that

make the B87-sialon a prospective HX wmaterial include low thermal
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expansion, good thermal shock resistance, moderate high—temperature
strength, and good oxidation resistance. In addition, it can be fabricated
into dense shapes by conventional sinteriag techaiques as long as a liquid
phase is present at the sintering temperature. This can be accomplished
by using formulations within the system SigN4—5i09-Al)p03-AlN since these
result in the presence of a liquid phase in equilibrium with the 87-sialon
at temperatures above 1700°C. Alternately, additions of wmetal oxides such
as Mg0 to the B~ composition can react with the B” constituents to form a
liquid phase at the firing temperature. However, since these liquids can
degrade the properties of the ceramic, their presence must be minimized
during the final stages of the densification process.

A GE 128 sialon having an initial starting compositon of approxi-
mately 64 wt % Si3Ny, 26 wt % Alp03, 8.5 wt % AIN, 0.9 wt % SiOp, aad
0.6 wt % MgO was chosen for exposure in CRAF¥ Test 2. The microstructure
of this wmaterial reportedly consists primarily of the B’-sialbn coin~
position with minor awmcunts of porosity.6 This porosity significantly
limits the room—temperature four-point bend strength to about 320 MPa
(47 ksi). lowever, considerable variations in these properties and
characteristics can result from minor changes in processing techniques,

Two tubes of each of the five ceramic materials were exposed to the
combustion products of the COM fuel in CRAF Test 2, The pretest dimen-
sions of each tube (Table 5) varied considerably. Normally, we would have
preferred tubes of equivalent dimensions, but for matevials such as sialon
and KT SiC specifying specific dimensions would have resulted in excessive

delivery times.
Characterization of the Tubular Materials

The physical and mechanical properties of the five types of struc—
tural cevamic materials ugsed in CRAF Test 2 are givean in Table 6 and the
compositions in Table 7. The data on the silicon carbide and alumina
ceramics were obtained from the vendors, and the data for the sialon were
determined from published report56»7 describing the development of sialon
materials, Since these properties were wmeasured on generic materials made

specifically for swall-scale laboratory tests, they were not necessarily



Table 5. Diwmensions, materials, and sources of ceramic tubes exposed in CRAF Test 2
Dimensions, mm
Designation Material Source
Length 0D 1D

KT-1 305.4 25,9 13,2 Siliconized SiC Carborundum Co., Niagara Falls, ¥N.7.
K7-2 304,38 26.0 13.4 Siliconized SiC Carborundum Co., Niagara Falls, N.Y.
Sintered Alpha-l 304.4 25,2 18.8  Pressureless sintered SiC Carborundum Co., Niagara Falls, N.Y.
Sintered Alpha-2  304.8 25.3 18,8  Pressureless sintered SiC Carborundum Co., NiagaraiFalls, N.Y.
CvVD~-1 306.0 23.6 19,1 Chemically vapor-deposited $iC Deposits and Composites, Herndon, Va.
Cvp=-2 292.3 23,2 19.2 Chemically vapor-deposited SiC Deposits and Composites, Herndon, Va.
AD 998-1 280,68 25.3 18,9 High-purity alumina Coors Porcelain Co., Golden, Colo,
AD 998-2 279.8 25.4 18,9 High-purity alumina Coors Porcelain Co., Golden, Colo,
Sialon-1 225.4 23.5 18,0 B~ Sialon General Electric Co., Philadelphia
Sialon=-2 223.8  23.5 18,1 87 Sialon General Electric Co., Philadelphia

N
w



Vendor—-suppliied physical and mechanical properties of the
ceramic materials used in CRAF Test 2

Property

value for each material

KT SiC a=51C CVD SiC AD 998 Al 03

GE 128 Sialen

Density, Mg/m3

Modulus of Elasticity, GPa
25°C
1000°¢C
1200°C

Strength, MPa

ensile at 25°C

—3

ompcessive at 25°C

(9]

Flexural at 25°C
1000°C
1200°C
1300°C
Linear Thermal Expansion,

25—-1008°C

Thermal Conductivity, W/ {meK}

25°¢C
200°C
1200°¢C

3.1 3.1 3,21 3.82
386 410 499 345
375
352
142 314
1034 2206
304 6990 186
151
157 482
°¢cl x 1076
4,68 4.80 8.0
29.4
112 23.0
28 40

2.91

243

e

300

250
160

3.1
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Table 7. Chemical composition of the ceramic materials
used in CRAF Test 2

Content, wt %, ia each material

constituent KT SicC ®-S1C CvD SicC igzgzg g?aiii
5iC 90 100 100
Free Si 10
Al503 99.8 26,0
SigNy 64,0
5i0s 0.07 0.9
AIN 8.3
Fes03 0.025
Ca0 0.030 0.1
Mg0 0.050 0.6
Other 0,025

representative of the bulk tubular materials employed in this experimental
exposure. Furthermore, many differences were found when data from Table 6
were compared with property values from the literature.?s3 yor these
reasons, both the as-received and exposed tubes were extensively charac—
terized by the techaoiques outlined in Table 8., The visual examinations
and dimensional measurements provided an indication of bulk changes ia the
ceramic materials resulting from the long-term exposure to the COM fuel.
The radiographic examinations, microstructural characterization, x-vay
diffraction, and microcomposition analyses were used to detect physical
and chemical changes in the five materials that could adversely affect
their performance as structural HXs. The details of the procedures and
sample preparations required for these techniques are well established and
therefore not repeated here, Finally, the characterization also involved
determination of as-received and postexposure values of the helium perme-~
ability, thermal expansion, and fracture strength. The measurecment of
these properties, which constitute critical factors in the design of

2

structural ceramic H¥s,* is discussed in more detail in the following

text,




Table 8. Analyses used to characterize
the structural materials

Visual examination
Dimensional weasurements
Radiographic nondestructive examination
Helium permeability
Microstructural characterization
Scanning electron microscopy
Optical microscopy {metallography)
X~ray diffraction
Microcomposition
Wet chemical analysis
Spark-source mass spectroscopy
Induction-coupled plasma spectroscopy
Fast-neutron activation analysis
Energy-dispersive x~ray analysis
Thermal expansion

Mechanical strength

In many high-temperature HX designs, helium or another gas is used in
large volume at high pressure as a working fluid on the secondary side.
l.eakage, which can occur by physical permeation through the bulk wmaterial,
cracks, or leaking joints, can seriously reduce the effectiveness of the
1iX. We measured the room—temperature helium permeability through the
tubular waterials using a Veeco® helium leak detector (Model MS AB)
calibrated with a standard leak rate source. Descriptions of the asso~
cilated test fixture and measurement procedure are given in an eavlierx

publication.l

The helium leak rate was determined for both the as-
received and surviving exposed tubes with successive pressure differen-—

tials of 101, 274, 446, and 618 kPa (l4.6, 39.7, 64.7, and 89.6 psi)

*Product of Veeco Instruments, Inc., Plainview, N.Y.
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maintained across the tube wall, The gas permeability, X, which is analo-
gous to the thermal conductivilty, was also determined for each tube by

using the formula

‘- N In(r,/r;) (3)
TSR TARP T

where

K = permeabilitcy, mz,

v = wviscosity of the gas, Pac°s,

V = helium leak rate, m3/s,

AP = absolute pressure deop across the sample, Pa,
P = oguter radius of the tube,

r; = dnner radius of the tube, and

L = length of the tube, m.

The helium leak varte determined as a function of temperature would
have been desirable since the permeability of gases through dense ceramic
materials usually varies exponentially with tewperature. However, the
Low—temperature capabilty of the epoxy adhesive that was used to atitach
the necessary fixturiang to the tube ends made high—temperature per-
meability measurements ilmpractical,

The thermal expansion of tubular ceramic materials is generally
believed to be one of the wost important thermophysical properties
controlliog the therwal stress aond thermal shock resistaocce of ceramic HX
Structures.t Changes ia the thermal ezpansion of cevamic vecuperator
tubas resulting from the exposure to fossil fuel combustion products can
lead to cracking or fracture of the tubes. Therefore, the charac~
terization techoniques used ian CRAF Test 2 included measureaents of the
thermal expansion of approximately 25-mm~long specimens machined from the
as-received and exposed tubes, In the latter case, samples from bhoth the

upstream and downstream portions of each tube were analyzed. All expansion
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measuremsnts were made from room temperature £o 1200°C in air with a high—
temperature dilatometer”® calibrated with a high-purity recrystallized
alumina standard.

The mechanical sirength of the matevials is another critical property
required for the design of HXs. Our use of wmore conventional bar—type
samples from the tubes for the strength determination would have iaovolved
complicated machining techniques, which might have altered the intriasic
characteristics of the surface flaws along the tube., Alteration of the
surface flaw population could have a major effect on the measured fracture
strengths, Therefocre, a C-ring diametral coumpression testl0,11
[Fig. 11(a)] was employed in the strength characterization of the as-
received and exposed tubes. The main advanitage of this technique, which
provided adequate results in a previous study,l is that fracture is iai-
riated along the outside surface of the C-ring sample, where the tensile
stresses are highest [Fig. 11(b)}. 1In CRAF Test 2 this outer surface area
was most subject to streungth variations resulting from the 496-h exposure
to the combustion products of the COM fuel. Coansequently, the rasults of
the C-ring compression tests of the as—received and exposed samples were
expected to provide a good indication of the relative change in strength
due to reactions between the tubular specimens and the constituents in the
fuel combustion gases. TJTun the case of the nonoxide ceramics, strength
variations could also result from oxidation of the materials at the expo—
sure temperature,

Each C-ring specimen with a cross-sectional thickness of 6.6 mm was

l machine

loaded to failure at room temperature in air with an Instron
operating at a crosshead speed of 8.5 um/s (0.020 in./min). The exposed

samples weve oriented such that fracture occurred in the upsfream region

*Harrop thermal dilatometric analyzer, model TD-715, product of
Harrop Laboratory, Columbus, Ohio.

Tproduct of Instron Corporation, Canton, Mass.
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ORNL-DWG 81-12848

SPECIMEN
MIDPLANE

~ FRACTURE TENDS
TO INITIATE HERE

(a) L A’l AXIS

COMPRESSION

STRESSES AT
TENSION N\ SPECIMEN MIDPLANE
f } {
(b) =+, r=R r=rg
Fig. 11.

C-ring specimen geometry, showing the stress distribution
resulting from the application of a compressive load,

of the original tube. The fracture stress, ¢, was calculated from the

expression,

P r +r R—~r
0 i 0

0= e |1+ - , (4)
(r, — rpw 2r, r— K

where P is the breaking force (negative for compressive loading),
o= (ry + r;)/2, and B = (r, — r;)/1n(r,/»r;). The parameters w, r,, and

r; are defined in Fig. 11(a). Although it would have been desirable to
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determine the strength characteristics of the tubular materials at high
temperatures in either air or the flue gas combustion enviroament, equip-
ment limitations made such measurement impractical.

It should be noted that visual examinations, dimeasional
measurements, radiographic examinations, and helium permeability measure-
wents were made on the actual tubes used in CRAF Test 2 both before and
after the 496-h exposure. However, the determination of the microstruc-—
tural, x~ray diffraction, microcompositional, thermal expansion, and
mechanical strength characteristics of the five as-received materials
required the use of representative archive tubular samples. The detailed
sectioning plans for these pretest analyses are outlined in Fig. 12. One
exposed tube of each ceramic material was sectioned into C-ring and ther~
mal expansion specimens (Fig. 13), and the other tube was used ia the
fabrication of x-ray diffraction, microcompositional, scananing electron
microscopy, and metallographic samples (Fig. 1l4). These last four analy-
ses were also used to characterize the coal slag deposits remaining on the
exposed tubes. Finally, it should be noted that no exposed analytical
specimens were fabricated from portions of the tube near the air inlet
end, since the reaction between the slag and ceramic was generally negli-

gible in these regions.

ORNL-DWG 81-3698

- AS-RECEIVED-
TUBE

\

Fig. 12. Typical sampling plans for pretest characterization of
cervamic tubes in CRAF Test 2.
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ORNL-DWG 81-8700
~POST-TEST TUBE

.
AR FLUE GAS FLOW DIRECTION

-UPSTREAM THERMAL
EXPANSION SAMPLE

DOWNSTREAM THERMALY
EXPANSION SAMPLE -

Fig. 13. Sectioning plans for C-ring and thermal expansion s:
from exposed tubes.

ORNL-DWG 81-956389
FLUE GAS FLOW DIRECTION

~\§% - POST-TEST TUBE
.,

Fig, 14, Sectioning plans for w-vay, metallographis, scanniog

electron microscopy, and microcompositiconal samples {row exposed tubes,
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RESULTS AND DISCUSSTON

Views of the upstream and downstream regions of the ten-tube array
before starting CRAF Test 2 were shown previously in Fig. 3. Fuel slag
deposits on the upstream side of the ceramic tubes were observed as small
localized spots when viewed through the viewport at about 30 h. They
increased in size and exhibited more structure at 50 h as shown in Fig. 7.
The structure and amount of the fuel slag depositing on the tubes as a
fuaction of time were much different from those observed previously in
CRAF Test 1, in which only No. 6 residual oil was burned. As will be shown
subsequently, this difference was attributable to combustion of coal in
Test 2. There was evidence that the fuel slag deposited on the tubes
during this experiment was primarily derived frowm the coal ash in the COM
fuel, This observation verified an earlier assumption that use of COM
fuel in the CRAF combustor was a convenient method for burning coal in the
unit, and that the use of No. 6 0il as a coal carrier had a minimal effect
on the fuel slag composition or the reactions between the fuel slag and
the five ceramic materials. The use of COM fuel for ceramic material
exposures at high temperatures was therefore judged to be a suitable simu~
lation of direct coal combustion for studying effects of coal slag on the
properties and structure of the materials.

As combustion time increased to 120 h, the coal slag deposits on the
tubular ceramic specimens attained a stringerlike character, as shown in
Fig. 8. The deposits became larger and attained a more rounded appearance
by 260 h, as shown in Fig. 9. The air flow direction through the tubes in
all these figures is left to right, The effects of lower tube wall tem—
peratureés at the air inlet end are apparent in Fig. 9, where the globular
slaglike features are visible on the left side of the view. The large
slag deposit visible near the viewport is attributed to introduction of
air into the duct to cool the window. This air reduced the local gas tem—
perature and increased the oxygen coutent of the combustion gas. These
two events would increase deposition of slag from the hot gas and increase
the slag viscosity. The slag deposits on the upstream side of the ceramic
tube surfaces beyond the first 2 to 3 cm from the air inlet end had a

relatively smooth surface, as shown in Fig. 9. At 366 h, some globular
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features were visible on the tube deposits, as shown in Fig. 10. The
large slag growth pear the viewport window is also visible but out of
focus in the foreground of this figure. Coal slag runs on the CRAF walls
also are clearly visible in Fig. 10. These resulted from the hot slag
condensing on the refractory walls above the tubes and then running down—
ward along the walls. At about this time in the combustion run, sigoaifi-
cant back pressure in the furnace became noticeable., The morphology of
the slag deposits remained essentially the same, as observed through the
viewport, from about 350 h of combustion until completion of the exposure
at 496 h,

After CRAF Test 2 was completed, the top transition section con-
taining the flue gas outlet port was removed and the CRAF disassembled,
The upstream (lower) side of the ten-tube array contained a thick deposit
of coal slag, but the downstream (upper) side of the tubes contained rela-
tively thin slag deposits. The upstream (lower) side of the tube array
while still in place in the CRAF is shown in Fig. 15. The walls of the
CRAF duct below the tube row contained essentially no coal slag. Slag bas
deposited extensively at the tubes and on all wall surfaces of the duct
above the tubes. This obserﬁation suggests that the coal ash coastituents
could not condense at the combustion gas temperature present below the
tubes. Slag deposition at the tubes was due to the decrease iu gas tem-
perature by heat extraction by the tubes and/or dus to changes in flow
streamlines in the vicinity of the tubes. The decrease in gas temperature
was apparently the major cause of slag deposition because the metal probe
tube that oviginially projected perpendicularly into the gas stream just
below the tubes (visible in Fig. 15) contained essentially no slag
deposit. If gas flow disturbance was a major cause of slag deposition,
rather than the gas temperature, this wetal probe tube, which underwent
significant corrosion and deformation, would bhave contaluned slag.

The downstream (upper) side of the tube row after removal of the top
section of the CRAF is shown in Fig. 16. ©Note that the spaces between the
tubes are nearly filled with solidified slag. 5lag deposition on the
downstream surface of the tubes was minimal, so the thermocouple protec—

tion tubes are still readily discernible.
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Fig. 15. Exposed tube array showing extreme slag buildup or upstream surface of ceramic
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After CRAF disassembly, the ceramic tubes and their adherent slag
were removed from the facility along with the refractory header blocks.
The upstream (lower) side of the tube row is shown in Fig. 17, The slag
surface that faced impinging combustion gas was relatively smooth and
brown., The clean tube ends in Fig, 17 indicate where the tubes protruded
into holes in the header blocks, which had been removed. The two tubes
having the larger diameters are short KT SiC collars, which had to be used
as extension tubes with the shorter GE 128 sialon materials. The large
crack in the slag in Fig. 17 developed during header block removal. The
coal slag joining the ten tubes was carefully fractured in the region
between the tubes to separate the specimens from each other for analyses.
This was accomplished without difficulty since the slag in this region was
relatively thin. Each tube was then examined macroscopically. The helium
permeability of the surviving exposed tubes was also measured. The tubes
were then sectioned into samples for determination of C-ring fracture
strength, thermal expansion, microcomposition, and chemical composition.
The results of these various analyses are presented and discussed in the

remainder of this report.

Macroscopic Examinations of Individual Tubes

After the 496-h exposure, all tubes were completely covered with a
coal slag, which ranged in color from dark brown to black. The thickness
of the coal slag ranged from 38 to 76 mm on the upstream surface and
3 to 13 mm on the downstream surface. The nature of this buildup, which
was similar on all tubes, is illustrated for the Al903 tube by the
upstream, downstream, side, and cross-sectional views shown in Figs. 18
through 21, respectively. The side view (Fig. 20) shows that the final
morphology of the upstream coal slag depended on its horizontal position
along the tube. For example, the slag structure near the air inlet end
was characterized by columnar growth directed upstream from the tubular
surface. However, as the air outlet side was approached, this columnar
growth was completely eliminated, so that the surface contour of the slag
was considerably more uniform. One explanation for this variation in the

slag morphology is that, during the 496-h exposure, introduction of air
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Fig. 17. Upstream surface of exposed ceramic tubes atter removal from CRAF unit.
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18.

Upstream view of exposed AD-998 Al,03 tube.
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Fig.

19.

Downstream view of exposed AD-998 Al,03 tube, showing location of cracks.
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SIDE VIEW

20, Side view of exposed AD-998 Al,03 tube, illustrating the extensive cracking.
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into the tubes lowered the temperature in the vicinity of the air ianlet
port, which limited the slag mobility and ultimately resulted in the
columnar buildup. Since the magnitude of the temperature reduction attrib-
utable to the air flow through the tubes decreased as the air outlet side
was approached, the temperature of the slag and thus its fluidity
increased with increasing distance from the air inlet port. Consequently,
the enhanced slag mobility resulted in a more uniform upstream surface
morphology. However, in spite of this increased fluidity, the cross-
sectional view (Fig. 21) indicates that the overall shape of the slag
deposit, which depended on both the slag viscosity and the aerodynamics of
the flue gas around the tube, was still quite complex. 1In addition, the
upstream coal slag contained an intricate network of gas bubbles, whose
average size increased with increasing radial distance from the tube
surface. Finally, it should be pointed out that the cracks observed in
the exposed Aly03 tubes (Figs. 20—21) were also found in the sialon tubes
but not in the silicon carbide materials. Reasons for this cracking
problem are discussed in more detail below.

The upstream coal slag was easily removed from all the SiC tubes after
cooldown following completion of the test exposure., Figure 22 shows the
upstream surface of a KT SiC tube along with the upstream slag, which was
removed and rotated 180° to expose the surface adjacent to the tube. Close
examination indicates that the number and size of the voids or gas bubbles
at the slag—ceramic interface gradually increased as the air outlet side
of the tube was approached. This behavior, which is also reflected by the
variation in the extent of the slag remnants remaining on the upstream
KT SiC surface (Fig. 23), was presumably due to increase in interfacial
temperature along the tube that resulted as the air temperature increased
during its flow through the tube. Figure 24, which is a cross—-sectional
view of the KT SiC with the upstream slag removed, suggests that the sur-—
face receded only a limited amount in the material as a result of the
high-temperature exposure to the coal slag. These results were typical of
all the silicon carbide tubes. 1In fact, neither the a-SiC nor the CVD SiC
showed evidence of appreciable surface corrosion.

The increased resistance to slag removal exhibited by the alumina and

sialon tubes gave evidence of greater bonding between these ceramics and
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Fig. 22. Upstream view of exposed KT SiC and removed coal slag.
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Upstream surface of exposed KT SiC, showing

slag remnants.
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the slag. In the case of the alumina tube, Fig. 21 indicates that the
Al703-slag interface was relatively distinct (i.e., the bonding was very
localized). However, two intermediate phases were observed at the inter-
face between the slag and the sialon tubes. The first phase, which was
adjacent to the tube surface, was light colored and approximately 150 um
thick. This phase, which is shown in Fig. 25, was apparently formed by
oxidation of the sialon. This oxidation product was also observed at the
ends of the tube along the outside surface. These end regions, which were
protected by the KT SiC extension tubes during the actual exposure, are
shown in the upstream view of the exposed tube (Fig. 26). The second
phase occurred between the oxidation layer and coal slag (Fig. 25). It
was brownish and approximately 30 pm thick. The chemical characteristics

of both phases are discussed in more detail in the following section.

SLAG LAYER ORIGINAL CYN-4538
SIALON
MATERIAL

BROWNISH
PHASE

LIGHT-COLORED
PHASE

UPSTREAM W%
REGION |

Fig. 25. Upstream surface of exposed sialon tube, showing various
phases formed.
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« LIGHT-COLORED OXIDATION PHASE

Fig. 26. Upstream surface of exposed sialon tubes with the coal slag
removed.

No cracks were observed in any of the exposed SiC tubes with a low—
power optical examination. However, radial and longitudinal cracks were
clearly present in the Al;03 (Figs. 19-21) and sialon (Fig. 27) tubes.

The alumina probably cracked during the final cooldown, since slag had not
penetrated into the tube interior or along the crack surfaces. The
appearance of fly ash on the interior of the air outlet side of the sialon
exXtension tube suggested that this material had cracked at some time
during the high-temperature exposure, possibly during one of the thermal
cycles. However, no slag was observed along the crack surfaces in these
tubes. The extensive cracking in these two materials could have been
related to the increased slag adherence. For example, if one assumes that

the thermal expansion coefficient of the slag was less than that of either
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the sialon or Alj03, then upon cooldown the slag would partially constrain
the contraction of the ceramic tube. The existence of this constraint
would also require that the temperature be sufficiently low to avoid
viscous deformation of the coal slag., Therefore tensile stresses would
develop along the outside of the tube surface., An estimate of the stress
magnitude is given in a subsequent section.

The macroscopic examinations also involved dimensional measurements
and a radiographic analysis. The dimensions of all surviving tubes
agreed with the respective pretest values given in Table 5, hence the
496-h exposure caused no large-scale deformation of the tubes. The pre-
test radiographic analyses did not reveal any major defects in any of the
tubes. Unfortunately, program schedule constraints prevented the posttest
radiographic examination. However, successful evacuation of all surviving
SiC tubes to less than 13 mPa (1 X 1074 torr) during the helium per—
meability analyses suggests that these materials contained no through-

thickness defects.
Microcomposition

The results of the microcompositional studies — including wet chemi-
cal analysis, spark source mass spectroscopy, induction—-coupled plasma
spectroscopy, and fast-neutron activation analysis — are summarized in
Table 9. The elemental composition of both as-received and exposed
samples of the five tubular materials is given in the table. 1In general,
the exposed samples were limited to the upstream region of the tubes. In
addition, the analytical specimens removed from these tubular materials
were cut to remove the residual coal slag from the upstream surface.
Therefore, elemental variations in Table 9 represent changes that
occurred in the bulk material as a result of the long-term exposure
to the COM combustion products. Table 9 also includes the primary
elements detected in representative upstream and downstream samples
of the coal slag removed from several of the tubes. However, some of the
major elemental concentrations (silicon in the SiC-based materials and
aluminum and oxygen in the Alj0Oj ceramic) are not given as specific values
because inherent limitations in the analytical techniques precluded their

measurement,



Table 9. Results of elemental analyses of as-received and exposed tubes
plus upstream and downstream coal slag samplesa

Concentration, wt ppmb

Element KT SiC Alpha-SiC CVD SiC Sialon Al;03 Coal Slag

As received Exposed As received Exposed As received Exposed As received Exposed As received Exposed Downstream Upstream
Al 900 700 900 700 900 80 17.8%¢ 16.9%¢ Ma jor Major 10,0%¢ 11.9%¢
B 3.0 1.0 800 70 0.3 S 40 5 1 5 200 3
C (free) 0.87%9 0.6819 0.38%9 0.56%9 <0.06%9 <0.129 na na na na na na
Ca 80 70 30 70 30 20 0.1%¢ 0.,1%¢ 100 500 2000 700
Co <2 900 <1 3000 <2 900 2000 900 <0.3 3 300 300
cr 30 80 30 800 30 20 300 50 20 20 800 200
Cu 40 20 3 20 5 3 10 10 <0.5 3 100 30
Fe 3000 2000 300 800 2000 800 0.6%¢ 0.7¢ 500 8 9,1%¢ 8.0%¢
Ga <1 3 <1 5 <1 <3 & 5 40 200 200 200
K 10 30 1 100 40 30 200 1000 0.1 10 3000 3000
La <5 20 <5 10 <5 3 3 5 0.1 a3 50 50
Mg <1 10 <1 10 10 <10 2.3%¢ 2.3%¢ 20 70 20 200
Mn 200 200 3 5 20 5 100 50 5 1 200 200
Mo <3 5 <3 5 <3 10 30 5 na na na na
Na 20 5 5 70 20 20 60 50 8.0 20 0,3%¢ 0.4%¢
NL 40 100 20 400 40 10 60 400 6.0 100 0.1%¢ 0.3%¢
¢} 0.06%¢ 0.362¢€ 0.06%¢ 0.28%°¢ 0.08%°¢ 0.59%¢€ 12.6%¢€ 14,62€ Ma jor Ma jor na na
P 10 3 1 3 3 3 10 30 0.5 10 300 300
S 10 10 10 10 10 10 40 100 20 40 40 100
Si Ma jor Ma jor Ma jor Ma jor Ma jor Major na na na na na na
Si (free) 7.83%4 7.74%9 na na <0.124 0.1%d na na 500 200 na na
Ta <2 100 <2 5000 <2 50 2000 500 na <20 20 50
Ti 200 100 60 600 10 1000 200 20 200 0.4%¢ 0.5%¢
Y <1 1 <1 1 <1 <1 5 20 30 21 10 5
v 70 200 20 10 70 1 10 200 5 S 600 600
Zn <0.7 A <0.7 20 <0.7 <3 20 3 €0.03 3 200 200
Zr 0.20 20 <1 5 0.4 1 10 20 8 20 50 10

9petermined by spark-source spectroscoplc analysis unless specified otherwise; na means not analyzed.
bueight percent if % is shown.

®Determined by inductively coupled plasma spectroscopy.

dDetermined by wet chemical analysis.

®Determined by neutron activation chemical analysis.

0¢
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KT SiC (Siliconized SiC)

For the KT SiC ceramic, the elemental composition changes considered
significant include contents of the free C, Fe, Na, Ni, O, free Si, V,
Co, and Ta, The free carbon countent decreased from 0.87 to 0.68 wt %,
indicating that some of the free carbon, which is typically present in
siliconized SiC, either oxidized or reacted to form some oxidation~
resistant carbide during the exposure. The microstructural observations
indicate that the free carbon decrease was most likely due to carbon oxi-
dation to €O or COy during the high-temperature exposure. The elemental
iron concentration decreased slightly from 3000 to 2000 wt ppm, which is
opposite to the relatively large increase observed! in the KT SiC exposed
to Ne. 6 oil combustion in CRAF Test 1. 1In that experimeat both iroa and
nickel from the fuel ash diffused into the silicon phase of the material,
but that process did not occur as readily in this experiment. The nickel
content increased only slightly from 40 to 100 ppm in the KT material
during the Test 2 exposure, whereas it increased by a factor sxceeding 100
during Ne. 6 oil combustion exposure in Test 1, 1In Test 1, the nickel and
iron from the fuel ash diffused into the silicon phase and were always
located together within the silicon in the siliconized SiC. This dif-
fusion process was apparently impeded in the presence of the coal slag
during Test 2, perhaps because the slag covered the tube surface and pro-
tected it from the nickel present in the o0il ash in the COM fuel., Also,
in Test 2 the iron present in the slag liquid did not diffuse into the
KT SiC. This observation suggests that nickel plays some role in allowing
iron to diffuse into the silicon phase. Since the concentration of iron
and nickel in the silicon phase of siliconized SiC is expected to result
in formation of low-melting eutectics, their presence or absence could
have considerable importance to the high—temperature mechanical properties
of this type of ceramic. The decrease in sodium content in the XT SiC
indicated that alkali ions do not diffuse readlly from the siliceous slag
into this cervamic. The oxygen conteat increased by about the same ratio
(final/initial oxygen =~ 6) as observed in Test 1, and this oxygen was prob-

ably present as crystalline and amorphous phases on both the intexrnal and
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external tube surfaces. The free silicon content was essentially
unchanged by the exposure during Test 2. The tubes employed in this test
contained about 7.8 wt % free silicon compared with a value of 2.1 wi % in
the tubes exposed in Test l. This obsevvation illustrated the rather wide
variation in the silicon phase conteat in this commercial ceramic
material. The manufacturer's data sheets for KT SiC state the free sili-
con coontent as having a nominal value of 10 wt %Z. The vanadium content of
this ceramic increased by a factor of about 2.9 to 200 ppm during Test 2.
In Test 1, this ratio increased by a factor of 50 to about 1000 wt ppnm,
indicating that vanadium in the combustion gases from No. 6 oil alone dif-
fuses more readily into the KT SiC than when coal slag is present.
Therefore the presence of a coating of coal slag on the outer tube surface
apparently inhibited transport of iron, nickel, and vanadium from the com-
bustion gas into the carbide in some manner. Both ihe cobalt and tantalum
concentrations increased from below detection limits of <2 wt ppm in the
as-received material to 900 and 100 wt ppm, respectively, in the exposed
materials. The same type of change (an increase in these two elements
with exposure) was observed for the other two types of SiC-based ceramic
materials studied. Cobalt was detectable at a relatively low con-
centration in the fuel, as shown in Table 3, and this may be the source of
some of the cobalt detected in the exposed SiC ceramics. However,
according to cobalt analysis of the fuel shown in Table 3 and the 36.8 Mg
of fuel buraed, only about 20 g Co was available from the fuel. Other
sources of cobalt might include the combustor lining, which included a

variety of experimental oxide refractories.

Sintered o-SiC

For the sintered o~5iC ceramic, the elemental composition changes
considered significant include B, free C, Cr, Fe, Ni, 0, Ti, Co, and Ta.
Boron is employed as a sintering aid in the fabrication of this structural
ceramic, and during the higb-temperature exposure the boron concentration
decreased by a factor of about 1ll. The boron apparently diffuses to the
surface of this wmaterial during high-temperature oxidation and enters the

siliceous oxidation products developed on the surface of the silicon
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carbide. The free carbon content of the as-received o-SiC tubes was about
0.4 wi %Z. Transmission electron microscopic analyses of the «~SiC have
shown the free carbon to be present in pyrocarbon or graphitic regions
located largely at a-35iC grain junctiouns. They have dimensions up to
abpout 0,1 um, and appareutly are the result of use of excess carbon in the
formulation of this material.

The suggested increase in free carbon coatent of the exposed tubes to
about 0.6 wt % frowm the chemical analyses is difficult to explain at
present., The chromium content increased by a factor of about 27 to
800 wt ppm, and a similar change io chromium concentration occurred in
this material in Test 1. The analyzed chrowmiuwm concentration in the fuel
was about 2 wt ppm, and during the experiwent some chrowmium probably
became available from a few exposed ends of stainless steel anchors in the
monolithic refractory door of the combustor and from chrowmium-bearing
experimental refractories located in the combustor. Chromium con-
centrations in the slag deposited on the tubes and in condensate extracted
from the hot gases above the tubes were also in the range from 200 to
/7000 wt ppim. This material was the only SiC-type ceramic employed ia this
experimeat that showed a significaont increase in chromium. The iroan con-
centration in the o SiC tubeg increased by a factor of about 3 to
800 wt ppm during the exposure, which is very similar to the increase
observed in Test 1. The extensive iron present in the coal slag in this
exposure did not therefore result in a substantial increase ia iron dif-
fusion into this material. The aickel content in exposed a~5iC from
Test 2 of 400 wit ppm was about the same as noted in Test 1, which suggests
that uander the exposure conditions of Test 2 nickel diffused into this
ceramic about as readily as in the presence of residual oil combustion
gases alona, This behavior is in contrast to the previously discussed
observation for siliconized KT SiC, which showed more diffusion of iron
and nickel into the KT SiC when coali slag was not present. These results
suggest that nickel may diffuse into «8iC frowm the slag py a different
process than that operative in siliconized 5iC ceramics. The analyzed
oxygen concentration of about 0.3 wt % in the exposed a-5iC from this
experiment is probably due to remnants of the coal slag on the outer sur-~

face of the tube as well as the silica oxidation film present on the inner
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surface of the tube. The oxygen concentration is similar to that observed
for this material im Test 1, The titanium concentration increased by a
factor of 10 during the exposure to 600 wt ppm. The source of titanium in
this case was apparently the coal ash, which contained 0,62 wt % of tita~
nium expressed as TiO9 equivalent, as shown in Table 1., Some titanium
apparently diffused from the siliceous slag into the carbide during the
exposure, Other elements such as cobalt and tantalum had substantial
indicated concentration increases frow the exposure, similar to the behav-
ior of KT SiC, and no obvious explanation for these changes has been
found. They may be due to selective contamination from carbide mills used
to crush the analytical specimens, but this rationale is not supporvted by
the analytical results for either the sialoun or Al,03 cetamics to be
discussed shortly. Analyses of the coal slag from the tubes indicated
cobalt and tantalum concentrations of 300 and 50 wt ppm, respectively,
while velatively little cobalt was present in the fuel as noted
previously. 1In summatry, these results suggest that cobalt and possibly
tantalum diffuse from the combustion atmosphere into a-3iC and KT SiC

under the conditions of this exposure as well as those of Test 1.

CVD S5icC

The significant elemental composition changes in the CVD SiC tubes
from the exposure include Al, Co, Fe, 0, and Ta. The elemental aluminum
concentration in the as~received CVD SiC was 900 wt ppm and during the
exposure 1t decreased by a factor of about 10, suggesting that aluminum
diffused from the SiC into the slag on the outer tube surface or onto the
inner tube surface, whereupon it was rewoved, The former situation is
more reasonable, The cobalt concentration increased from a very low value
to 900 wt ppm, suggesting that this SiC material assimilates cobalt from
hot combustion gas enviromnments, similarly to previously discussed results
for K[ SiC and siatered a~SiC., The iron concentration in the as-received
CVD SiC tubes was relatively high at 2000 wt ppm and during the exposure
this concentration decreased by a factor of about 3. The source of the
high initial conceuntration of iron in this SiC is unknown, but it was pre-

sumably incorporated into the SiC during high-temperature depocsition of the
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tubes either from the chemical reactants, the graphite mandrels upon which
they were deposited, or the equipment employed in synthesizing the
carbide. The analyzed oxygen conceatration increased by a factor of about
7 to 0.59 wt %, and this was again attributed to oxygen counceuttvated in
small slag remnants of the exposed specimens. The microstructural and
x~ray diffraction results of the exposed CVD SiC presented and discussed
elsewhere in this rveport indicated no evidence of formation of oxygen-
containing phases in the interior of this material or the other SiC~based
ceramics, The tantalum concentration in exposed specimens increased froam
less than about 2 wt ppm in the as-received tubes to 50 wt ppw. This

increase was similar to those shown in Table 9 for KT and sintered o-SiC.

GE 128 Sialon

The microcompositional analyses of the as—received and exposed sialon
revealed fairly large concentrations of Al, Mg, O, Fe, and Ca. The pre—
sence of the first three elements 1s counsistent with the reported starting
composition (Table 7)., The iron and calciumm probably represent con-
ramination products that were introduced during fabrication.® 1In addition
the concentrations of S, K, B, 0, Ni, and V in the exposed sialon were
slightly larger than those in the as-received material. These increases
likely resulted from the initial exposure of the sialon to the combustion
products of the COM fuel. Notice that S, K, B, Ni, and V were present in
both the COM fuel and the flue gas condeasables (Table 3). However, the
subsequent buildup of the vefractory coal slag on the sialon tube and its
reaction with the outer surface during the 496-h test may have preveated
the concentrations of these elements from increasing further within the
bulk of the sialon. This appeatrs to be confirmed by the fact! that the
exposed tubular materials in CRAF Test 1, which were covered only with
small isolated nodules, contained fairly large concentrations of fuel
impurities such as Ni, Fe, V, Na, and Cr when compared with the as-—
received materials. Table 9 indicates that the conceotrations of Co, Cr,
Mn, Ta, and Ti, which were fairly large in the as—received sialon,
decreased significantly duriong the 496-h exposure. Thevefore, the thick

coal slag that formed upon the sialon was able to inhibit the diffusion of



56

some elements but not others. The sources of the relatively large con-
centrations of Co, Cr, Man, Ta, and Ti in the starting material are
unknown. Some of them could have been unavoidably introduced during the

sample preparation.

AD 998 Al)03

The primary impurity elements (>100 ppm) in the as-received Al90j
were calcium, iron, and silicon. The 496-h exposure to the COM combustion
products increased the concentration of calcium and decreased those of
iron and silicon. Furthermore, tantalum, nickel, and gallium increased
substantially during exposure. As before, the source of nickel was prob-
ably the COM fuel. These results are distinctly different from those
obtained! ia CRAF Test 1, in which the concentrations of Mg, Ca, Fe, Ni,
and V in the Alj03 exhibited large increases. Once again, the extensive
deposit of coal slag upon the alumina tubes and the subsequent formation
of an intermediate bonding phase at the ceramic-slag interface may have

resulted in an effective diffusion barrier to these particular elements.

The upstream and downstream slag samples contained extremely high
concentrations of Al, Ca, Fe, K, Na, Ni, and Ti. As demonstrated later,
all the elements except nickel were probably associated with the coal ash
and the nickel was partitioned out of the No. 6 fuel oil. All remaining
elements ia the coal slag except B, La, Ga, and Ta were also present in
the COM fuel (Table 3). However, the concentrations of Co, Cr, Cu, Mn,
Zn, and V in the slag were slightly higher than one would expect from the
analysis given in Table 3. This discrepancy provides further evidence
that, during the 496-h exposure, these elements were selectively taken up
into the siliceous slag matrix. The sources of the B, la, Ga, and Ta are
again unknown. The results of the coal slag elemental analyses also
indicate that minor differences occurred in the concentrations of several

elements present in the upstream and downstream samples. For example, the
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upstream concentrations of Al, Mg, Na, Ni, S, and Ti were higher than the
respective downstream values, while the concentrations of B, Ca, Cr, Cu;
Fe, Y, and Zr were lower, The reasons for these variations are uncertain.
Further insights into the composition of the coal slag were obtained
from wet chemical analyses* performed on slag samples removed from the
tubular materials and from several regioans along the CRAF wall located
above the tubular array. These results along with the coal ash analysis
in Table 1| are summarized in Table 10. The coal slag composition was very
similar to that of the coal ash. This similarity provides further verifi-
cation that the chemical species in the flue gas that were responsible for
the degradation of the tubular materials were primarily associated with
the coal and not the No. 6 fuel oil. Therefore, the use of the COM to
study the effects of coal combustion products upon the structural and
chemical properties of candidate ceramic HX materials appeared to be
highly successful., The fact that high coacentrations of Al, Ca, Fe, Na,
Ni, and Ti were generally not found in the exposed tubes, as in CRAF
Test 1, suggests that the slag reduced the diffusion of these elements.
Table 10 also reveals several minor variations in the concentrations
of the various equivalent oxides. For example, the equivalent Ca0 con-
ceatration was reduced from 2.72 wt % in the coal ash to less than
0.10 wt % in all the slag sawnples. This result suggests that under the
exposure conditions the calcium in the coal ash was selectively par-
titioned out of the slag depositing upon the ceramic tubes and CRAF wall.
Smaller reductions also occurred in Al,03 and Py0g5. Conversely, con-
centrations of 8i0p, Mg0O, TiOp, and Naj0 were significaatly larger in the
slag samples than ia the coal ash., Finally, the equivalent oxide con-
centrations of several elements in the slag tended to vary with the posi-
tion of the slag in the CRAF uanit. Specifically, the concentration of
$i0p and Alp03 increased while the concentration of Fej0Oj3 decreased with

increasing distance above the tubular array.

*Wet chemical analysis by Spectrochemical Laboratories, Pittsburg, Pa.



Table 10. Wet chemical analyses of coal slag samples removed from
tubular materials and CRAF wall

Concentration, wt %

8¢

Equivalent Coal slag Coal slag from Coal glag from Coal ash
oxide or adjacent to CRAF wall 0.36 m CRAF wall 0.71 w analysis
element tabular materials above tubular array above tubular array from Table 1

S1i0p 54,35 55.30 57.55 5C.80

Feq0q 21,42 17.88 14,74 16.28

Al,03 18,68 21.29 21.69 23.93

a0 0.10¢ 0.10¢ 0.104 2.72

MgO .80 0.98 1.50 G.72

P505 0.12 0.01¢ 0.07 .27

Na)0 U.68 0.61 0.6l 0.47

K50 1.76 1,68 1.68 1.60

NiQ 0.34 0.28 0.38 b
S03 b b b 1.63

S0y 0.014 0.0L8 0.012

Total C 0,033 0.032 0.006 b

TiOy 1.29 1.37 1.29 0.62

A

This value represents the detection limit of the particular element.

PNot analyzed.



Microstructure and X-Ray Composition

The microstructure of the as-received and exposed ceramic materials
and that of the coal slag were characterized by using optical aand scanning
electron mictoscopy (SEM). The principal elemsnts in the various micro-—
structural phases were identified by energy-dispersive x-ray analyses in
conjunction with the SEM examination. In addition, several x-ray diffrac-~
tion studies were used to identify the phases in the as-received and
exposed samples of all five ceramic waterials. The postexposure analyses
were limited to the upstream regilous in =ach tube, where the reaction to
the coal slag appeared to be the greatest. Upstream diffraction traces
were obtained for both the surface and bulk material approximately 2 ma
below the tube surface. Representative coal slag samples were also
analyzed. The crystalline phases were identified by matching the
d-spaciags of the z-ray diffraction patterns with known spacings of spe~

cific crystalline materials given in the literature’»12

or in the powder
diffracition file published by the Joint Committee on Powder Diffraction
Standards (JCPDS).13 The results are summarized in Table 11, and the

actual diffraction pattern indexings are given in the appendix.

KT SiC (siliconized $it)

The microstructure of this material included a two—phase mixture of
$iC and silicon. The local conceantration of silicon varied with distance
through the tube wall. The silicon concentratioo was typically higher near
the outer surface of the tubes than in the interior, as shown in Fig, 28,
where the outer 20 um or so of the surface consisted of a contiguous layer
of 5iC, Tmmediately under this layer the silicon concentration was
relatively high in a zone having a thickness of about 200 pm. This
type of ceramic material frequently contains phases in addition to the
51iC and silicon, and under optical bright-field conditicns these phases
can frequently be observed because they are more reflective than
silicon. These secondary phases are usually either metallic aad
contain relatively high concentrations of iron or they are graphitic,

An example of some of the metallic and graphitic ioclusions in as-received
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Table 11, Crystalline phases in as-received tubes,
exposed tubes, and coal slag

Material Sample Crystalline phases
KT SiC As received o—31iC(33R), wSiC(12H),
a-5iC(51R), Si, graphite(4l)

tace a=51C(33R), & SiC(12H),
a-5iC(51R), Si, graphite (4H),
unidentified phases

Exposed, upstream sur

Exposed, upstream subsurface a~S5iC(33R), a—SiC{12H),
a-$iC(51R), Si, graphite(4H)

CVD SicC As received a-SLC(12H)
Exposed, upstream surface a~SiC(12H), graphite (4H),
unidentified phases
Exposed, upstream subsurface a-SiC(12H), graphite(4H)
a-51C As received a-$iC(33R), oSiC(l2H),
a~SiC(4H), a-SiC(15R), graphite
Exposed, upstream surface a-31C(33R), w-SicC(L12H),
a~5iC(41), o-SiC(l5R),
graphite, unidentified phases
Exposed, upstream subsurface a-51iC(33R), a=SiC(12H),
a-S1C(4H), o-SiC(15R), graphite
Sialon As received, outer surface B-513Ng, SizAn 47N404,
B”~sialon, Mg—sialon(6H),
unidentified phases
As received, inner surface B-513Ny, SigaAly g7N404,
B"-sialon, Mg-sialon(6H)
Exposed, upstream surface B~513Ny,, Si3Al2'67N404,
B7"-sialon, Mg-sialon(8H),
a-cristobalite, a-MgpAl,Sis0Opg,
Alf{)ﬂ()}'SiOz
Exposed, upstream subsuriace B-SiyNy, Si3A12667N404,
B -sialon, Mg-sialon{06H)
Aly03 As received aAly0y
Exposed, upstream surface a~Al903, tridymite, a-gquartz
Exposed, upstrean subsurface a~AlH09
Coal slag Upstrean a-quartz, o-cristobalite,

B-cristobalite, tridymite,
Fe(Al,Cr)»04. 3A1903°25i09
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. SILICON PHASE v SiC GRAIN 8 OUTER TUBE SURFACE [ Y-176024

Fig. 28. Outer surface of as-received KT SiC tube, showing relation
of SiC and silicon phases.

KT SiC tubes is shown in Fig. 29. Elemental analyses were performed of
several of these regions and an example is shown in Fig. 30. The SEM
image in Fig. 30(a) shows one of the inclusions located between several
SiC grains. 1In Fig. 30(b) the same field is shown with the detector
displaying only data for iron. The brighter object in Fig. 30(a) is
obviously high in iron, but Fig. 30(c) shows that this inclusion is defi-
cient in silicon relative to the surrounding silicon and SiC phases.
Similar elemental analyses for titanium indicate no preferential con-
centration of this element in this inclusion, although concentrations of
titanium had been found in other KT SiC specimens several months earlier.
In summary, the microstructure of the as-received KT SiC tubes consisted
of SiC grains varying in size from about 10 um to as large as about

150 pm. These grains were surrounded by the silicon phase. Within the

silicon phase other elements were present in localized regions having
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GRAPHITE METALLIC INCLUSIONS

%

| Y-178377

- ,
SILICON PHASE SiC GRAIN

Fig. 29. As-received KT SiC tube showing localized concentrations of
secondary metallic inclusions and graphite.

dimensions up to about 20 um, but generally less than 10 um. In the
KT SiC tubes employed in this experiment, iron was the principal element
present in these localized impurity regions or inclusions.

Following the combustion gas exposure, the KT SiC tubes were sec-—
tioned as shown in Figs. 13 and 14 and the microstructures characterized.
Qualitatively, the KT SiC tubes appeared to be relatively stable in the
presence of the coal slag, as noted previously in this report.
Examination of the cross section of the upstream side of the outer tube
surface showed localized corrosion, which was characterized by relatively
small shallow pits, whose depth generally did not exceed about 50 um. An
example of the pitting is shown in Fig. 31, where a remnant of the coal

slag glass is present in the shallow pit. The silicon and SiC phases
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SiC GRAIN  SILICON PHASE

METALLIC
INCLUSION

20 um

5 “:;i?’{%;‘i ‘
o ;X“!? é‘?ﬁ oy
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| %J ) f}:‘?

%?@Qy,ity%%;%” Fig. 30. Scanning electron
3 Prage® LS ; microscope data near surface of
as—received KT SiC tube, indi-
cating concentration of iron and
deficiency of silicon in a
metallic inclusion. (a) Back-
scatter image. (b) X-ray map for
iron. (c) X-ray map for silicon.
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Sic REMNANT OF COAL SLAG
GRAIN GLASS IN CORROSION PIT Y-178388
-l hatl ek L.
OUTER
SURFACE

Fig, 3l. Microstructure of upstream outer surface of KT SiC tube
after exposure, showing corrosion pit.

corroded at very comparable rates. Micrographs illustrating details of
the corrosion pit shown in Fig. 31 are shown in Fig. 32. Figure 32(a)
illustrates in better detail the interface between the coal slag and the
SiC and silicon phases and locates as well the secondary metallic phase
inclusions originally present in this ceramic material. Figure 32(b)
shows the bottom of the pit illustrated in (a) at higher magnification.

In this micrograph, a small spherical object about 4 um in diameter is
located in the slag glass immediately above the tube surface. This object
apparently came from the secondary phase region in the KT SiC located
immediately below it in the tube wall. Removal of the secondary material
from the carbide has produced a local micropit, which is filled with slag.

The spherical shape of the object suggests that it was liquid under the
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TUBE
SURFACE

COAL SLAG

METALLIC
USIONS

'SO pn1

SPHERICALE Y-178385
OBJECT &

METALLIC
ECONDARY PHASES

CRACK AT SiC-Si
BOUNDARY

Fig. 32. Microstructural characteristics of corrosion pit in
upstream side of exposed KT SiC tube. (a) Location of secondary metallic
inclusions near bottom of pit. (b) Details of pit region, showing

transport of secondary metallic material into slag, resulting in formatior
of a micropit.
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exposure conditions. This observation indicates that the iron-rich
secondary metallic inclusions often present in this type of ceramic served
as origins for preferential corrosion under the exposure conditions
employed. Examination of the KT SiC specimen also revealed some tendency
for microcracking. Near the micropit discussed previously [Fig. 32(b)],
an open crack of this type was observed at the boundary between an SiC
grain and the silicon phase. 1Its location is shown in Fig. 32(b).

The surface structure of the upstream side of the tubes was studied
by SEM following gentle mechanical removal of most of the coal slag.
Figure 33 illustrates the typical appearance of the surface, which
included a thin adhering layer of coal slag. The slag consisted of
crystals dispersed in siliceous glass. Cracks were typically observed in
the slag glass around the larger of these crystals, indicating that below
a temperature at which the glass could no longer flow to relieve stress,
the difference between the thermal expansion of large crystals and the
glass was sufficient to stress the glass to fracture. A more detailed
discussion of this situation is given later in this report.

Efforts to mechanically separate the coal slag from the surface of
the exposed KT tubes to determine the surface appearance met with limited
success. Removal of the bulk of the coal slag from the KT tubes left some
remnant slag, which obscured surface details. One of the more definitive
examples of these efforts is shown in Fig. 34. 1In this figure, a promi-
nent feature is a fracture surface that propagated across a void or gas
bubble within the siliceous slag, which was a liquid at the exposure
temperature. The specimen orientation in the SEM gives the void in
Fig. 34 an elliptical appearance. To the left of the void, a region of
conchoidal fracture is visible in the slag. In the upper portion of the
micrograph above the void, small crystals are visible in the slag.
Immediately below and to the right of the void, the visible surface is
relatively rough, and this region is considered to be the actual KT SiC
surface. Failure to obtain a sharp image of this region was attributed to
a thin residual amorphous glass coating, which caused rounding of surface
features and loss of detail. The right-hand side of the micrograph shows
more conchoidal fractures in the slag glass. The void in Fig. 34 is
thought to be a local oxidation site on the KT SiC tube surface and prob-

ably represents the location of a pit in the tube surface.
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SILICEOUS Fe,05-TYPE
SLAG GLASS CRYSTAL

o

FRACTURE LINE MICROCRACKS
IN COAL SLAG IN SLAG GLASS

Fig. 33. Scanning electron micrograph showing fracture charac-—
teristics of upstream side of exposed KT SiC tube and details of adherent
coal slag.

X-ray diffraction analyses were conducted for as-received and exposed
KT SiC specimens. The phases identified are listed in Table 1ll. The SiC
phase was hexagonal and included the three polytypes 33R, 12H, and 5IR.
Other major phases were silicon and graphite. The data for the surface
specimen indicated the presence of a small amount of unidentified phase(s)
having d-spacings of 0.448, 0.372., 0.326, 0.283, 0.281, and 0.275 nm.
These lines had intensities of up to 5% of that of the 0.25-nm line of
o-SiC and were presumably the stronger lines for the phase(s). In
summary, the combustion exposure did not result in significant changes in

the major phase types present in KT SiC.
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CONCHOIDAL FRACTURE
IN COAL SLAG GLASS

Fig. 34. Scanning electron micrograph of upstream side of exposed
KT SiC tube showing site of gas bubble, remnant coal slag glass, and tube
surface.

CVD §icC

The vendor produced the CVD SiC tubes by depositing the carbide from
the reactant gases onto graphite mandrels. The mandrels were subsequently
removed to produce freestanding SiC tubes. The microstructures of tube
wall sections for both as-received and exposed CVD SiC tubes were very
similar, and therefore only those of exposed tubes will be presented and
discussed. Figure 35 shows the microstructure of a tube wall on the

upstream side after the coal slag was removed. The specimen was etched to
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OUTER TUBE CONCENTRIC DEPOSITION INNER TUBE
SURFACE FEATURES SURFACE Y-177094

UPSTREAM SURFACE ' ' 400 um
OF EXPOSED TUBE —_—

Fig. 35. Microstructure of exposed CVD SiC tube wall, upstream side.

show the SiC grain structure. The tube outer and inner surfaces contain
microcracks that extend about 20 Mm under the surface. The appearaunce of
these cracks was essentially the same in the as-received and exposed
specimens. The texture visible in the microstructure indicates the con-
centric radial features typical of CVD SiC tubes fabricated by this
method.

The wall thickness in the tube, as shown in Fig. 35, following the
exXposure was essentially identical with the original. Figure 35 also
shows that exposure to the coal slag did not result in appreciable corro-
sion or cracking of the tube. The microstructure of the tube shown in
Fig. 36 illustrates the structure of a CVD SiC tube near the upstream

surface. Note the circumferential cracks in the tube wall. Such cracks
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OUTWARD RADIAL
DIRECTION Y-177695

GROWTH
BOND'

MICROCRACKS

Fig. 36. Microstructure of exposed CVD SiC tube, upstream side,
showing circumferential microcracks and growth features.

are characteristic of the CVD SiC tubes examined before and after com-—
bustion gas exposure in this test as well as the previous Test 1. The
cracks apparently resulted from internal stresses generated in the
microstructure by the growth of SiC grains during deposition. The cracks
tended to be circumferentially oriented within the tube walls and they
occurred more frequently in the outer half of the wall thickness.

X-ray diffraction analyses of the as-received ceramic tube revealed a
highly faulted structure, which is identified in Table 11 as oa-SiC. The
CVD SiC often consists primarily of cubic B-SiC, but if deposition occurs
under conditions that produce a high stacking fault density in the beta
polymorph, the highly faulted beta structure cannot be distinguished from

the hexagonal alpha structure by standard x-ray powder diffraction methods.
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The combustion gas exposure did result in the appearance of graphite
or carbon graphitized sufficiently to provide measurable diffraction
intensity for interplanar spacings characteristic of graphite in the
upstream surface and upstream subsurface specimens., The size of these
graphitic regions was apparently relatively small, because they could not
be detected in the metallography specimens. Several low-intensity
diffraction lines were observed in the upstream surface specimen that
could not be identified either with SiC polymorphs or with the graphite
structure. These lines had intensities between 1 and 9% of the intensity
of the SiC 1line at about 0.25 nm. The interplanar spacings of these lines
were 0.497, 0.294, 0.291, 0.283, 0,278, and 0.2705 nm.

In summary, long-term exposure of the CVD SiC tubes to the coal slag
did not result in significant corrosive degradation., Microcracks that are
typically observed in massive CVD SiC were present in both as-received and
exposed tubes, and these were oriented circumferentially, as discussed

previously. No slag penetration into such cracks was observed.

Sintered o-SiC

The microstructure of sintered a-SiC tubes used in this experiment
consisted of grains of 0-SiC having sizes from about 20 to 30 um, graphi-
tic inclusions smaller than 1 um, and lamellar voids whose smallest dimen-
sions were generally oriented parallel to the tube radius. Examples of
the microstructure of this material in the as-received condition,
including one of the voids, are shown in Fig. 37. Figure 37(a), which is
a bright-field micrograph of an unetched polished cross section, shows the
small bright metallic inclusions and the large graphitic inclusions.,
Figure 37(b) shows a void-type defect observed in the walls of the tubes,
as viewed perpendicular to the tube axis. These voids typically had an
elongated dimension in the direction of the tube axis. An example of this
geometry from an exposed tube is shown in Fig. 38. Note that the
microstructure of the exposed a-SiC appears to be identical with that of

the as-received material in Fig. 37(b).
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Fig. 37. Bright—-field micrographs of as-received o-SiC tube. (a) As
polished, showing metallic and graphitic inclusions. (b) Etched, showing
void defect in plane perpendicular to tube axis.
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Fig. 38. Void defect in wall of exposed o-SiC tube in plane parallel
to longitudinal axis.

In summary, the microstructure of the a-SiC tubes as determined opti-
cally consisted of SiC grains having maximum dimensions up to about 30 um,
graphitic inclusions with dimensions of about 1 pm or less, metallic
inclusions with dimensions much less than 1l um, and relatively large voids
having major dimensions of about 100 pum and minor dimensions of about
20 pm. The microstructure did not undergo any obvious change during the
exXposure to coal slag. The a-SiC grains in both the as-received and
exposed material were generally irregular in shape.

Scanning electron microscopy was used to identify the nature of the
coal slag interface on the outer surface of the tubes. Figure 39 shows
remnants of the slag on the upstream surface of an a-SiC tube, including
an area where the slag fractured rather cleanly from the SiC. The remnant
slag contains the blocky crystals discussed previously, and the edge of

the slag at its junction with the tube surface exhibited the conchoidal
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Fe,05 TYPE SiC TUBE
CRYSTALS SURFACE

" SLAG MATRIX 'CONCHOIDAL FRACTURE
OF SLAG GLASS
Fig. 39. Structure of coal slag on upstream side of exposed o=SiC

tube, showing iron oxide type crystals with similar orientations near tube
surface.

fracture typically observed in glasses. Examination of the slag-SiC
interface on the exposed tubes at higher magnification in the SEM revealed
a network of small cracks in the slag glass very close to the tube
surface. An example of the cracks is shown in Fig. 40. The cracks appear
to be characteristic of the slag located near the tube surface on all the
SiC-based tubes employed in this experiment. We postulate that the crack
system visible in Fig. 40 was produced by stresses produced during cooling
of the tubes from the exposure temperature and resulted from thermal
expansion mismatch between the slag glass and the SiC ceramics. The

extensive microcracking at the slag—-SiC interface would result in a
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MICROCRACKS o-SiC SURFACE

Fig. 40. Microcracks in slag at slag-SiC interface in exposed a-SiC
tube.

relatively weak mechanical bond and may explain the relative ease with
which the solidified slag could be removed from the SiC tubes. The slag
deposited on both alumina and sialon tubes developed a much stronger
mechanical bond with the ceramic, and the resulting stresses during
cooldown probably resulted in the extensive fracturing observed in these

materials.

GE 128 Sialon

The microstructure of the as-received sialon was very inhomogeneous.
For example, a low-magnification examination revealed large grains within
the bulk of the material. These grains, which are shown in the cross-

sectional view of the tube wall in Fig. 41, may have represented remnants
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Fig., 41. Cross section of as-received sialon tube showing large
internal grain structure and compositional variation along outer and inner
surfaces.

of the initial particles used in the fabrication process. Also these
grains could have been regions in which the sialon solid solution was
varied slightly. An additional compositional variation approximately
50 pm in thickness was also observed near the outside surface of the
sialon tube. This compositional variation appears as the white regions in
Figs. 41 and 42. Furthermore, Fig. 41 reveals small isolated quantities
of the white phase along the ianer surface.

The structural differences between the inner and outer surfaces of
the as-received tube were further investigated with the SEM. The
resulting micrographs, which illustrate typical regions on the inner and

outer surfaces, are shown in Figs. 43 and 44, respectively. The particles
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OUTER SURFACE Y-177688

Fig. 42. Phase variation of outer surface region of as-received
sialon.

along the inner surface had a platelet morphology that is similar to that
exhibited by B-Si3N4;. An energy-dispersive x-ray analysis of the inside
surface indicated that the major elements and their relative peak inten-—
sities were as follows: Mg, 1.0%; Al, 100%; Si, 37.5%; Ca, 1.3%; and

Fe, 0.8%. The rounded appearance of the particles along the outer surface
(Fig. 44) suggests that the sharp discontinuities associated with the ini-
tial platelet morphology were partially destroyed as a result of either
viscous flow or possibly an oxidation reaction occurring during the ther-
mal treatment of the green-state sialon tube. 1In fact, the appearance of
the outer surface was reminiscent of a highly oxidized B-Sij3N,; ceramic.
Therefore, in the fabrication of the sialon material, differences in the
firing temperature and environment between the inside and outside surfaces
could have led to a variation in the respective oxidation behavior and,

thus, the surface morphology. Finally, the energy—-dispersive x-ray
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Fig. 43. Scanning electron micrograph of inner surface of as-
received sialon, showing platelike morphology.

Fig. 44. Scanning electron micrograph of outer surface of as-
received sialon, showing more rounded particle morphology.
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analysis of the outer surface indicated that the concentrations of Mg, Al,
Fe, and Ca were greater and the Si concentration was slightly less when
compared with the respective concentrations along the inner surface.

Further SEM examinations of a polished cross section of the as-
received sialon revealed at least two types of isolated phases within the
bulk material. These are shown in Fig. 45, which is an area located
approximately halfway between the inner and outer surfaces. An energy-
dispersive x-ray analysis of the two phases and the bulk material revealed
insignificant differences in the relative amounts of magnesium, aluminum,
and silicon. However, the iron content in region 2 (white phase) was much
smaller than that in either region 1 or the bulk material. It is also
interesting that within the interior of the sialon tube the silicon con-
centration was considerably greater than the aluminum concentration. This
sharply contrasts with the relative concentrations of aluminum and silicon
measured on the inner and outer surfaces. Finally, Fig. 45 shows some
evidence that the dark phase (region 1) represented subsurface porosity.
The existence of such porosity has been described.’

The microstructural characteristics along the inner and outer surface
regions of the polished cross section were considerably different from
those shown in Fig. 45. For example, the size of the isolated white phase
(region 2) was much smaller in the areas adjacent to the tube surfaces.
This is demonstrated in Fig. 46, which is an area near the outer surface
of the sialon tube. Figure 46 also reveals the presence of a substantial
amount of dark phase (region 3) having a plate-type morphology. This
phase, which was also present in very limited concentrations along the
inner surface, was presumably responsible for the platelet structure
observed earlier along the inner and outer surfaces (Figs. 43 and 44,
respectively). It may have also been related to the white phase observed
in the optical micrographs (Figs. 41 and 42). Once again, the SEM elemen-
tal analysis did not reveal any significant differences in the Al, Si, Fe,
and Mg concentrations between these phases and the bulk material.

In an attempt to distinguish the chemical composition of the constit-
uents present in the as—received sialon, x-ray diffraction patterns were
obtained for the inner and outer surfaces. The results that are outlined
in Table 11 indicate that a number of chemical compounds including

B-Si3Ny, SizAly g7N404, B-sialon, Mg-sialon(6H) were present along the
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REGION 1 POSSIBILE SUBSURFACE PORE 14223

BULK (MATRIX)
MATERIAL
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Fig. 45. Cross—sectional scanning electron micrograph of as-received
sialon, showing phases present within the tube interior.

REGION 2 REGION 3 14225

Fig. 46. Scanning electron micrograph of polished cross section of
outer surface region of pretest sialon.
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inner and outer surfaces of the sialon tube. Furthermore, the existence
of several unidentifiable d-spacings associated with the outer surface
diffraction trace suggests that one or two additional phases were present
in this region. These phases may have been responsible for the
microstructural variation between the two tube surfaces. It should be
pointed out that several factors complicated identification of the chemi-
cal constituents associated with the sialon material. First, the x-ray
data that were available for identification were limited to very specific
specimen compositions. Consequently, we could not account for all the
possible solid solution compositions. Second, the apparent variations in
chemical homogeneity observed throughout the sialon (Figs. 41 through 44)
probably increased the variance of the associated d-spacings, thus making
identification more difficult.

As previously stated, the coal slag that deposited upon all tubes
during CRAF Test 2 was strongly bonded to the sialon. Metallographic
examinations of the exposed sialon suggested that the actual bonding
occurred between an oxide layer approximately 150 um in thickness, which
formed on the outside of the tube during the exposure, and the coal slag.
The nature of this bonding is shown in Fig. 47, which is an upstream cross
section of the exposed sialon tube. This oxide layer, which was similar
to that formed on the sialon during laboratory oxidation experiments, was
apparently related to the microstructural inhomogeneites in the outer tube
surface of the as-received sialon (the white phases in Figs. 41 and 42).
This was further confirmed by the limited oxidation observed along the
inside surface of the tube, which in the as-received condition was more
homogeneous. Figure 47 also reveals a reaction zone between the slag and
oxide layer. As discussed in a subsequent section, the formation of this
intimate bonding during the high-temperature exposure may have resulted in
thermomechanical stresses upon cooldown to ambient temperature. Such
stresses were probably responsible for the extensive cracking observed in
the exposed sialon.

The oxidation of the sialon and the subsequent oxide-slag reaction
were also observed in the downstream region of the exposed material.
However, small differences existed between the upstream and downstream

microstructures. For example, the porosity that occurred throughout the
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Fig. 47. Various reaction layers in upstream region in exposed
sialon.

upstream oxide layer was generally limited in the oxide layer on the
downstream side. This is illustrated by the scanning electron micrographs
of the upstream and downstream regions shown in Figs. 48 and 49, respec-
tively., Several individual pores in the upstream oxide layer are also
shown at higher magnification in Fig. 50. The internal structure
exhibited by the larger pore is somewhat reminiscent of the platelike
morphology of the dark phase (region 3) observed in Fig. 46. Therefore,
during CRAF Test 2 the platelike component in the upstream region may
have been preferentially removed as a result of the oxidation process or
reaction with the chemical constituents in the coal slag. However, the
reasons for the reduced porosity on the downstream side of the tube are
unknown. The microstructural characteristics of the coal slag in the
upstream region differed significantly from those in the downstream

deposit. These differences, which were typical for the slag on all five
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Fig. 48. Scanning electron micrograph of upstream region in exposed
sialon, illustrating considerable porosity in oxide layer.
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Fig. 49. Scanning electron micrograph of downstream region in
exposed sialon, illustrating low porosity in oxide layer.



84

014471
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Fig. 50. Scanning electron micrograph of upstream pores in exposed
sialon oxidation layer, showing internal platelike morphology.

ceramic materials, are discussed in more detail later. Finally, it should
be mentioned that no significant changes occurred within the interior of
the sialon ceramic as a result of the exposure to the coal combustion
products.

It is interesting that in Figs. 48 and 49 the boundaries between the
slag matrix, oxidation layer, and unoxidized sialon ceramic cannot be
readily distinguished. 1In fact, the positions of the boundaries that are
labeled in the scanning micrographs were based on the results of optical
microscopy. The lack of boundary definition suggests that the elemental
compositions in these regions were quite similar, This was further con-
firmed by the energy-dispersive x-ray analyses, which revealed no substan-
tial variations in the concentrations of the major elements, Si, Al, Fe,
and Mg. Futhermore, the concentrations of these four elements were almost
identical with those measured earlier in the cross-section view (Fig. 46).
Therefore, silicon in the form of Si0O) probably formed the major component
of both the sialon oxidation layer and the coal slag. Also, this simi-
larity in chemical composition likely facilitated the bonding between the

slag and oxide phase.



85

The results of the x-ray analyses of the upstream region of the
exposed sialon are included in Table 11, In the studies, the slag was
removed so that only the oxide layer remained. Three chemical compounds
including o-cristobalite (Si0j), o-MgpAl,SigO)g, and an aluminosilicate
were present in addition to the counstituents detected in the outer surface
of the as-received material. Therefore, these three compounds were prob—
ably associated with the formation of the oxide layer, which is consistent
with the detection of significant concentrations of Mg, Al, and Si in the
oxide phase by the energy-dispersive x-ray analysis. Separate oxidation
studies® have also reported the existence of $i0y and MgpAl,SigOjg in
oxide films formed on similar sialon materials. The chemical constituents
in the exposed subsurface specimen were essentially identical with those
found in the as-received material, suggesting that the changes in the
sialon resulting from the 496-h exposure were limited to the surface

regions.

AD 998 Al-03

The microstructure of the as-received aluminum oxide, which was typi-
cal of that used! in CRAF Test 1, is illustrated in the SEM micrograph in
Fig. 51. The major phase composition (Table 11) was corundum (a~Al;03).
As in the case of the sialon, the coal slag that deposited upon the AlyOj3
materials was strongly bonded to the upstream tube surface. This
increased adherence was apparently due to the formation of a 6- to
12-um-thick boundary, which is shown in the optical micrograph in Fig. 52.
The scanning electron micrograph of the upstream region given in Fig. 53
also reveals needlelike crystals in the slag near the Al;03 reaction zone.
An elemental x-ray analysis of both intermediate bonding phase and needle-
like crystals indicated high conceatrations of aluminum, silicon, and iron,
with aluminum being the major component. The distribution of these ele-
ments at the ceramic—slag interface is further illustrated for the region
shown in Fig. 54(a) by the elemental x-ray maps of aluminum, silicon, and
iron given in Fig. 54(b) through (d), respectively. Again it is apparent
that the reaction zone was predominantly an aluminum~silicon-oxygen com—

pound. In fact, the subsequent x-ray studies of the coal slag suggested
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Fig. 5l. Surface scanning electron micrograph of as-received alumina,
showing typical grain structure.

ALUPHNA REACTION ZONE COAL SLAG
| /

Y-176127

Fig. 52. Optical micrograph of upstream region in exposed alumina,
showing presence of reaction zone between coal slag and alumina matrix.
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Fig. 53. Scanning electron micrograph backscattered image of
upstream region in exposed alumina, illustrating AlpO3-slag reaction zone
and adjacent formation of needlelike crystals.

that the elongated crystals, which were quite similar in composition to
the reaction zone, were composed of some type of aluminosilicate, possibly
mullite. Therefore, during the 496-h exposure the coal slag matrix, which
contained high concentrations of silicon (in the form of an SiOp melt),
reacted with the alumina surface to form the aluminosilicate compound. As
discussed later, this probably resulted in the formation of thermal
stresses upon cooldown due to the thermal expansion mismatch between the
alumina and coal slag. Finally, it should be pointed out that the alumina-—
slag reaction zone was not well developed along the downstream region of
the tube., For example, Fig. 55, which is a scanning electron micrograph
of the downstream area, reveals only the presence of large irregularly
shaped crystals. These were later determined to have high concentrations
of iron.

The behavior of the Al;03 in CRAF Test 2 was distinctly different from
that observed in CRAF Test 1, in which a 100-pm-thick layer of iron-nickel

aluminate formed on the outer surface of the Al903 tube. 1In addition,
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LARGE BLOCKY CRYSTALS
ALUMINA ALONG INTERFACE SLAG 14216

Fig. 55. Scanning electron micrograph of downstream region in
exposed alumina.

there was evidence of grain growth in the upstream surface of the exposed
Al903 used in Test 1. A similar analysis of grain size in the exposed
alumina used in this study was unsuccessful because of problems with the
etchant., However, SEM observations of a fracture surface perpendicular to
the slag-alumina interface suggested that no significant grain growth
occurred during the exposure.

The x-ray diffraction results (Table 11) indicated that the upstream
surface of the exposed alumina contained minor amounts of Si0Op in the form
of either tridymite or a-quartz. These components may represent remnants
of the coal slag matrix. Although the energy-dispersive x-ray analyses

revealed the presence of an aluminosilicate compound at the alumina
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surface, its concentration was apparently too low to be detected by x-ray
diffraction. No additional phases other than the o-Al03 (corundum) were

found in the subsurface Al;03 sample.

Coal Slag

Metallographic and SEM observations of the coal slag removed from the
upstream surface of various tubes revealed a microstructure consisting of
large pores ranging from 42 to 127 um in diameter and at least two types
of crystals dispersed in a glassy slag matrix., These features are desig-
nated in Fig. 56(a), which is an optical micrograph of the upstream slag
adjacent to the tube surface. The first group of crystals exhibited an
irregular and often blocky morphology. 1In addition, the size of these
crystals increased from about 9 pm at the ceramic-slag interface
[Fig. 56(a)] to about 23 um at the other slag surface, which was exposed
to the combustion atmosphere [Fig. 56(b)]. In many instances, circum-
ferential cracks were observed in the glassy slag matrix around the
largest crystals [Fig. 56(b)]. This cracking, which occurred only when
the blocky crystals exceeded a critical size, apparently resulted from a
significant thermal expansion mismatch between the slag matrix and crystal.
This situation is analogous to microcracking that occurs in polycrystalline
materials composed of grains having a large thermal expansion

anisot:ropy.“*"17

Such microcracking also requires that the average grain
size exceed a critical value., The second type of crystals present in the
slag was much smaller than the blocky type and exhibited a needlelike
morphology (Fig. 56). Furthermore, the volume distribution of these
elongated crystals was much more uniform than that of the larger irregu-
larly shaped crystals. 1In fact, the concentration of the latter exhibited
abrupt changes within the bulk of the upstream slag. This behavior, which
is shown in Fig. 57, may have resulted from variations in the flue gas
aerodynamics in the vicinity of the slag surface. These variations prob-
ably altered the viscous flow characteristics of the slag at temperature
and ultimately led to the observed fluctuations in the volume distribution
of large blocky crystals. The fact that the distribution of the elongated
crystals was not affected suggests that they were not present during the
actual exposure but precipitated out of the slag matrix upon the final

cooldown of the CRAF.
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CERAMIC SURFACE SLAG MATRIX PORES Y-177703

50 um

Y-177706

SLAG MATRIX CRACKS

Fig. 56. Cross sections of upstream coal slag. (a) Adjacent to the
exposed CVD SiC surface. (This micrograph reveals the features typical of
the upstream slag samples removed from all tubes.) (b) Just below surface
exposed to the combustion atmosphere.
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Fig. 57. Abrupt changes in distribution of blocky crystals in
upstream coal slag.

The energy-dispersive x-ray analyses indicated that the upstream coal
slag matrix was composed of high concentrations of aluminum and silicon
with small amounts of iron. The needlelike crystals contained slightly
more iron than the glassy matrix, while the larger blocky crystals were
iron rich. The distributions of these elements are more clearly defined
for the upstream slag region (Fig. 58) by the x-ray maps for silicon,
aluminum, and iron given in Fig. 58(b) through (d), respectively. The
x-ray diffraction results of the upstream slag (Table 11) revealed several
forms of Si0y including a-quartz, a-cristobalite, B-cristobalite, and
possibly tridymite. These phases may have been present in the glassy slag

matrix. 1In addition, the o-Fey03 (hematite) and 3A1503°2Si09 (mullite)
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probably represented the major constituents in the blocky crystals and
needlelike crystals, respectively. The slight displacement of the experi-
mental d-spacings from the published values suggests that some solid solu-
tion occurred in these phases. For example, the presence of the
Fe(Al,Cr)04 compound (Table 11) indicates that limited solid solution
existed between iron oxide and minor impurities in the slag.

The microstructural characteristics of the downstream slag were
distinctly different from those along the upstream portion of the tube.
For example, a micrograph of the downstream coal slag remaining on the
KT SiC is given in Fig. 59. 1In general, the crystals present in the
glassy slag matrix were poorly developed except near the ceramic-slag

interface. Furthermore, the blocklike crystals tended to become smaller

KT SiC SURFACE Fe,05-TYPE CRYSTALS

Y-177159
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/ O
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CRYSTALS

ng um

Fig. 59. Microstructural characteristics of downstream coal slag
remaining on exposed KT SiC tube.
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with increasing distance from this interface. Notice that the con-
centration of needlelike crystals (mullite) was also much smaller than in
the upstream slag., The difference between the upstream and downstream
slag characteristics was apparently related to variations in the flue gas
aerodyamics along the upstream and downstream portions of the tubes. In
the case of the downstream areas, turbulent flow of the flue gas may have
limited the development of the slag crystals, possibly by modifying the
slag temperature. Such flow may have also been responsible for the un-

usual distribution of the light-colored crystals observed in Fig. 59.
Helium Permeability

The results of the helium permeability analyses of the as-received
(pretest) and exposed tubes are summarized in Table 12. Measurements were
made while 101, 247, 446, and 618-kPa pressure differentials were main-
tained between the inside and outside of each ceramic tube., The detection
limit of the helium spectrometer was 5 X 10‘16 m3/s. All tubes except
KT $iC (tube 2) and a-SiC (tube 1) exhibited pretest permeabilities (leak
rates) less than 8 X 10715 m3/s at all four pressure differentials. 1In
addition, the pretest helium permeabilities of both the KT 8iC (tube 1)
and the CVD SiC (tube 2) increased by about an order of magnitude as the
pressure difference increased from 101 to 618 kPa. The helium flow rate
through the remaining as-received tubes showed no significant dependence
upon the pressure differential. The postexposure permeabilities were not
substantially different from the respective pretest values at 101 kPa.
However, the helium leak rates for all surviving exposed materials
increased by one to two orders of magnitude when the pressure differential
was raised from 247 to 618 kPa. These increases were probably due to
chemical, microstructural, or structural changes that occurred as a result
of the exposure to the combustion products of the COM fuel. The cracks
that formed near the radial delamination boundaries in the exposed CVD SiC
may have provided fast paths for gas permeation on a microscopic scale.
Also impurity elements in the exposed silicon carbides could have created

localized chemical or microstructural changes that facilitated the gas
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Table 12. Room—temperature helium permeability data on exposed
and pretest ceramic tubes in CRAF Test 2
He permeability, m3/s, at prescribed pressure differential
Material Tested
101 kPa 247 XPa 446 kPa 618 kPa
KT SiC
Tube 1 Pre <5.0 x 10716 <5.0 x 10716 3.0 x 10713 3.0 x 10713
Post 1.6 x 10715 1.6 x 10713 1.5 x 10713 3.5 x 1013
Tube 2 Pre 1.4 x 10714 1.4 x 10714 1.6 x 10-14 1.6 x 10714
Post 3.3 x 10714 2.1 x 1713 7.8 x 10713 1.5 x 10-12
a-SiC
Tube 1 Pre 2.4 x 10714 2.4 x 10714 2.4 x 10714 2,8 x 10714
Post 3.7 x 10715 7.2 x 10715 1.5 x 10714 2.9 x 10714
Tube 2 Pre <5.0 x 10716 <5.0 x 10716 ¢5,0 x 10716 <5.0 x 10~16
Post 9.3 x 10716 9.9 x 10713 3.1 x 10714 7.5 x 1g-14
CVD SiC
Tube 1 Pre 1.8 x 1071 3.6 x 10715 3.6 x 10713 3.6 x 10713
Post 5.7 x 1016 2.9 x 10715 1.4 x 10714 5.7 x 10714
Tube 2 Pre <5.0 x 1016 4.9 x 10715 4,9 x 10713 4.9 x 10713
Post <5.0 x 10-16 2.1 x 10715 1.2 x 10714 3.1 x 10714
Sialon
Tube 1 Pre <5.0 x 10716 <5.0 x 10716 <5.0 x 10716 2.8 x 10713
Post a a a a
Tube 2 Pre b b b b
Post a a a a
A1203
Tube 1 Pre 8.0 x 10-15 8.0 x 10713 8.0 x 10-13 8.0 x 10715
Post a a a a
Tube 2 Pre b b b b
Post a a a a

ATube cracked too extensively for postexposure analysis.

bTube exhibited helium transport above measurement ability of

leak detector.
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transport process. Unfortunately, little is known aboul the micromecha-—

nisms respomnsible for gas transport through ceramic matevials or how such

3

echanisas are affected by the presence of various elements or secondary
phases. Finally, the increases in the helium permeability would be of
particular concern in high-temperatuve HX systems using high-pressure
helium on the secondary side since significant helium leakage could
adversely affect the economics in a system such as a closed-cycle gas
turbine.

Values of the room-temperature gas permeability factor, K, weve
calculated from the information given in Table 12 with Eq. (3). The
results are shown in Table 13, The parameter K, which is analogous to the
thermal conductivity, characterizes the relationship between the gas

pressure gradient across a material and the corresponding gas flow rate

(a)

hrough the material., Since gas permeation is a thermally activated
process, K depends exponentially on temperature, Therefore, the gas per-

getv than the roow-

gmeatlon rates may be several orders of wmagnitude lax
temperature values at the tewmperatures of interest in actual HX sysiews.
However, the expected increase in the helium permeation at high tem~
peratures is based on the assumption that thes transport mechanisa does not
change with temperature. If this assumption was correct in CRAF Test 2,
thew the heliwna permeability values in Table 12 would have to be modified
accordingly to predict ihe helium leak rates that would be expericuved in
a cerawic HX system fired with acidic ash coal. The helium losses through
cerawic-to~ceramic or ceramic~to~metal joints employed in constructing

such an HX would also have to be determined.

Thermal FExpansion

The linear thermal expansion of wmaterials fo be used in high-

e

emperature H{s is very important because stresses can be generated in
1

these styuciures by thermal cycling occurring during use
temperatuve gradients that normally exist within an HX operatiog at

temperature, In addition, a major concern in the wuse of structural

in iXs is the ability of the structure to withstand stresses

enerated by thermal expansion during transient conditions.
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Table 13. Permeability factors calculated from room—temperature helium
permeability data in Table 12

Permeability factor X, mz, at prescribed pressure differential

Material Tested
101 kPa 247 kPa 446 KPa 618 kPa
KT SiC
Tube 1 Pre 3.4 x 10726 1.4 x 10726 4.6 x 10726 3.3 x 10726
Post 1.1 x 10725 4,2 x 1026 2,3 x 10724 3,9 x 10724
Tube 2 Pre 9.5 x 10722 3,9 x 102> 2.4 x 10725 1.8 x 10729
Post 2.2 x 10724 5.8 x 10724 1.2 x 10723 1.7 x 10723
a~SiC
Tube 1 Pre 7.1 x 10722 2,9 x 10723 1,6 x 1072% 1.3 x 10725
Post 1.1 x 10725 8.6 x 10726 10,0 x 10726 1.4 x 10725
Tube 2 Pre <1.5 X 10720 ¢6.0 x 10727 <3.3 x 16727  <2.4 x 10727
Post 2.7 x 10726 1.2 x 10725 2.1 x 10725 3,6 x 10725
CVD SiC
Tube 1 Pre 3.8 x 1026 3.1 x 10726 1.7 x 10726 1.2 x 16726
Post 1.2 x 10726 2.5 x 10720 6.7 x 10726 2,0 x 10725
Tube 2 Pre <1.0 x 10726 4,2 x 10726 2.3 x 10726 1.7 x 10726
Post <1.0 x 10726 1.8 x 15726 5.7 x 10726 1.1 x 10725
Sialon
Tube 1 Pre <1.8 x 10726 ¢7.4 x 10726 4,1 x 10727 1.7 x 10726
Post a a a a
Tube 2 Pre b b b b
Post a a a a
A1203
Tube 1 Pre 2.5 x 10725 1.0 x 10725 5.8 x 10726 4.1 x 10726
Post a a a a
Tube 2 Pre b b b b
Post a a a a

ATube cracked too extensively for postexposure analysis.

bl"‘ube exhibited helium transpert above measurement capability of leak detector.
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The thermal expansion of the five types of ceramics exposed to COM
combustion was weasured by cutting longitudinally oriented specimens from
as—received tubes and from the upstream and downstream sides of exposed
tubes. Only an upstream exposed specimen of the sialon tube was measured
because the extensive cracking precluded preparation of a specimen from
the dowostream side. The thermal expansion was measured from room fem—
perature to about 1100°C., Curves showing the thermal expansion in terms
of AL/L, the incremental change in length divided by the initial length
versus temperature will be given and discussed in the following. 1In
general, long-term exposure of the five types of ceramics to the com-
bustion products of the coal and residual oil in the COM fuel resulted in
an increase in the thermal expansion at a given temperature, and in some
cases this increase was substantial, The accuracy of the thermal expan-
sion measurements that were made with a push-rod dilatometer was 15%, so
we rvegard measured changes within this range as insignificant. The three
types of 8iC ceramics will be discussed followed by the AD 998 Al,03 and

the sialon.
KT 5icC

The thermal expansion behavior of KT 5iC will be discussed first,
since this type of siliconized SiC has been considered for use 1o ceramic
HXs by several investigators. In Fig. 60 the thermal expansion curves of
specimens cut from as—-received and exposed KT SiC tubes are shown. Two
specimens were cut from an exposed tube as shown in Fig. 13 with their long
dimensions parallel with the tube axis. One specimen was from the upstream
tube side (the side that faced the combustor), while the other was from
the downstream tube side, located 180° away from the upstream side.

From Fig. 60, it is apparent that the thermal expansion of KT SiC
increased because of the long-term cowbustion gas exposure. Analysis
of the expansion curves will be discussed for tewperatures of 1000 and
1100°C to provide a perspective of the magnitude of the changes. At
1000°C, AL/L wvalues from Fig. 60 indicate that the expansion on the down-
stream side of the tube increased by 9.5%7 compared with that of the as~
received KT SiC. Furthermore, the expansion of the upstream side was 16.8%

more than that of as-received material. The expansion of the upstream
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Fig. 60, Thermal expansion of as-received and exposed KT SiC.

specimen was 6.7% greater than that of the downstream specimen. At 1100°C
the expansion increase of upstiream and downstream specimens was slightly
less than that at 1000°C. The dowastream specimen had an expansion
increase of 7.37%, whereas the upstream specimen increase was 13.8%. The
percentage difference between upstream and downstream specimens was 6.0%.
These results indicate, as noted previously, that the thermal expan-
sion of KT SiC increased because of the exposure aand that the increase was
nonuniform within the tube from the upstream to the downstream side,
According to the estimated accuracy of the expansion measureuments, the
indicated changes are significant. Uniform changes in the thermal expan~—
sion of ceramic HX tubes could be accommodated in the design, since thermal
dilation must obviously be accounted for anyway. Nonuniform expansion
changes in HX tubes could result in substantial bowing stresses in long
tubes unless the nonuniform dilation could be accommodated at one of the
tube~to-header joints without affecting the leaktightness of the joint.
The origin of the observed expansion increases has not been

determined. The increases are apparently not caused by development of
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additional major phases within the microstructure of the KU $iC because
none wera observed in either the optical microscopy or x~ray diffraction
analyses. As noted jn the chemical analysis discussion, substantial
changes in the coucentration of certain elements in the material resulted
from the exposure. The elements were apparently incorporated into the
structure by substitution inte either the silicom or the SiC phase, or
both, since ao significant coacentrations of new secondary phases wers
detected, This process may explain the obsevved increases. Better under—
standing of this phencmenon is required, and further studies will be
directed to its understanding and ways sought to mitigate the exzpansion

changes,

Sintered o-SiC

The thermal expansion of a specimen cut frow an as-received sintered
a~-51iC tube as well as specimens froam the upstream and downstream gide of
an exposed tube were measured in air with the same dilatometer ewployed
for KI' 8iC. The expansion curves are shown in Fig. 6l. In this ceramic
matecial, exposure to the coal slag resulted in modest increase in thermal
expansion at 1000°C of +5.3% in the upstream side specimen. This increasc
is very close to the accuracy of the measurement possible with the dialo-
tometer employed, At 1100°C, this lacrease was +5.6%, which is again a
value close to the accuracy of the measurement. As shown in Fig. 61, the
downstream sample exhibited a thermal expansion essentially identical with
that of the as-received material. For @-3iC exposed to the coambustion
products of the COM, thermal expansion changes were less than those in
KT $iC. The expansion behavior of these two structural ceramics was quite
different when exposed to the combustion products of No. 6 oil alone and
the COM containing acidic—ash coal in No. 6 o0il. 1In the former case (CRAF
Test 1), all three siliconized types of SiC (KT, NC 430, and Refel) had
essentially no change in their thermal expansions due to the long-term
high—temperature exposure, while the sintered o-5iC showed a substantial
increase for upstream side specimens. In this experiment the behavior was
inverted, with the siliconized KT S5iC having a substantial expansicn
increase, while o~SiC was relatively unafiected. As noted in the

discussion for KI SiC, the microstructural and compositional causes for
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Fig. 61, Thermal expansion of as-received and exposed ao-S5iC.

these changes have not as yet been determined. However, the results of
CRAF Test 1 and this experiment suggest that the nature of the fuel ash
in the hot gases, its composition, and perhaps the high-temperature
deposition mechanisms(s) have a strong bearing on the diffusion of
certain impurity elements into the constituent phases in these ceramics

to produce the observed thermal expansion changes,

Chemically Vapor—Deposited SiC

The thermal expansion was wmeasured for specimens cut from as-~received
CVD SiC and upstream and downstream specimens frowm an exposed tube, The
dependence of the thermal expansion on temperature of these specimens is
shown in Fig. 62. For this ceramic material, both upstream and downstream
specimens had substantial expansion increases at all temperabtures. At
both 1000 and 1100°C, the expansion of Lhe upstream specimen was about
17% greater than the as-received specimen, while the downstream specimen

had an expansion increase of about 13%. The expansion difference of 4%
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between the upstream and downstream specimens was within the accuracy of
the measurement, but the data suggest that a swall expansion differeatial
existed between the two at all temperatures up to at least 1200°C, with
the upstream speciwmen having the larger expansion,

The expansion behavior of CVD SiC after long~term exposure to coal
combustion products was substantially different from that vreported earlier
from exposure to Neo. 6 oil combustion.! In this latter case, CVD 5iC had
no change in expansion due to the exposure, but in the present case there
was a substantial increase in the expansion. Microstructural and x—ray
diffraction analyses did not provide obvious evidence for explaining these
differences in behavior for this ceramic waterial in the two different
combustion environments. According to the results, the CVD SiC employed in
this exposure experiment had a substantial increase in thermal expansioun,
the increase was relatively uniform from the upstream to downstream sides
of the tube,

An explanation for the observed expansion increase in CVD SiC fubes

during the exposure is not available, nor is it obvious why this material,
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which originally contained a significant conceotration of £~3iC, exhibited
a relatively large expansion increase, whereas sintered o~SiC showed
insignificant changes. The percentage expansion increase in (VD SiC for
the upstream specimen was essentially identical with that for the upstream

KT SiC specimen.

AD 998 41,03

The thermal expansion behavior of specimens removed from tubes of

AD 998 containing primarily Al70q was similar to that of KT SiC and o-5iC

-

in that

the expansion of the upstream side specimen increased substantially
from the as~received value. Thermal expansion data for the AD 998 gpeci-
mens are shown in Fig. 63. The downsiream side specimen expansion was not
significantly diffevent from that of the as-veceived specimen. At 1000°C,
the expansion of the upstieam exposed specimen was 13.87% greater than that
for the as-received specimen, and at 1100°C this percentage was 14.3%.
Since the dowastream side specimen had ezsentially the same expansion as
the as—received material, these data suggest that high-purity Al)o03 HX
tubes exposed under the stated conditions would acquire significant
stresses as a result of the substantial expansion differential between
opposite sides cf the tubes., The difference in thermal expansion between
the upstream and downstream sides of the tubes at 1000 or 1100°C was about
16.52. Again, the only experimental evidence obtained to date to explain
the observed expansion increase on the upstream side of the tube is based
upon the elemental chemical changes associated with the exposure and
discussed elsewhere in this report. The microstructural and x-ray
diffraction data did not provide an obvious explanation for the observed
thermal expansion increase. Further study of this phenomsaon is in

Progress.

GE 128 Sialon

The thermal expansion of specimens removed from tubes of GE 128
sialon was measured for as—received, exposed upstream, and laboratory oxi-

dized conditions. The thermal expansion cuxves for these conditious are
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Fig. 63. Thermal expansion of as-received and exposed Al;03.
shown in Fig. 654. A downsltream speciwen was not obtained from the exposed
tubes because of extensive cracking. The expansion curve for as-received
material is an average for heating and cooling. This ceramic contained a
very complex phase mixture, which apparently was not close to thermo—
dynamic equilibrium as received. This was evidenced by the nonreproducible
thermal expansion on heating and cooling exhibited by as-received waterial,
Data from which the average as-~received specimen expansion curve in
Fig. 64 was derived are shown in Fig. 65 for heating and cooling
conditions. Specimens oxidized for long periods of time at high tew
perature or exposed to fuel combustion for long periods did not exnhibit
the extensive hysteresis showa in Fig. 65. Frowm Fig. 64, the expansion of
the exposed upstream specimen is greater than the expaasion of the labora-
tory oxidized specimen, but because of the complex expansion behavior
snown in Fig. 65 for this material, more definitive conclusious on the

effect of combustion product exposure on this material are not warranted,
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Tensile Strength

The C~ring tensile fracture strength was determinad for the as-
received and surviving exposed tubular materials. With the exception of
the sialon; 11 to 14 C-ring samples were prepared from each tube and then
tested. However, only four or five C-ring specimens could be fabricated
from the sialon and fractured since the corresponding tubes were shorter
than the other tubular elements. The average tensile strengths and their
standard deviations calculated from these measurements are given in
Table 14. The modulus of rupture values reported by the veudor for rhe
materials are also included. A comparison of these modulus of rupture
values and the respective as~received fracture strengths reveals scme
fairly significaont variations. These discrepancies, which are par~

ticularly large for the sialon, can be attributed to several factors.

Table 14. Results of C-ring strength tests for as-~received and
exposed tubular materials

Strength value,? MPa (ksi)

Material .
Reported As received Exposed “ha”§e
by vendor (%)°
KT SiC 142 (20.6) 173,6 * 8,2 198.6 * 15.4 +11.2
(25.9 *1.2) (28.8 £ 2.2)

CVD SsicC 314 (45.5) 346.7 % 54,0 334.9 % 40.5 —~3.4
(50.3 = 7.8) (48.6 £ 5,9)

w-51C — 304.6 = 52.3 292.0 £ 24.4 4.1
(44.2 £ 7.6) (42.4 % 3,5)

Al,04 186 (27.0) 146.8 * 18.8 e
(21.3 £ 2.7)

Sialon 300 (43.5) 93.4 £ 10.3 117.2 10.1¢,d 425,55

*
(13.6 £ 1.5) (17.0 = 1.5)

ANumbers following % sign represent standard deviation,

bPercent change equals (exposed value minus as-received
value)/as-received value.

cTube was cracked too extensively to be measured.

dStrength values were obtained from C-ring samples oxidizad
in air at 1250°C for 100 h,
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First, the manufacturer's tests involved the use of generic materials,
which were probably considerably different from those used in this study.
In fact, one might expect that the strength—controlliag surface flaws ia
flexure bars typically used for such determinations would be different
from those in tubular materials because of variatioas in the respective
processing and fabrication techniques. This was particularly true for the
sialen, For example, a comparison of the surface characteristics of the
sialon tube with those of bend bars used in a related study18 suggested
that the surface flaws were wmuch more severe along tubular surfaces
because of the plate—type wmorphology. This would account for the low
value of the as-received C-ring strength cowpared with the vendor's value,
Finally, the variations between the modulus of rupture and as-received
C-ring streugth may have partially reflected inherent differences in the
regpective test geometries (i.e., beading versus C-ring compression
loading). We are not aware of any pertinent studies that compare the
C~ring tensile strength of a particular material with that predicted from
flexure wmeasurements.

The experimental data in Table 14 indicate that the C~ring streangths
of the SiC tubes weve only slightly affected by the exposure to the coal .
slag. The largest change occurred in the KI $iC, which exhibited an 11.2%
increase after the 496-h test. This strength increase, which was also
observed in other studies involving siliconized SiC,la8 was probably due
to blunting of the surface flaws by the viscous oxide layer that formed omn
the tubular surface during CRAF Test 2. The blunting process was also
likely facilitated by deformation of the silicon phase present in the
KT SiC. This explanation is consistent with the fact that no strength
increases were observed for the CVD SiC or o-SiC, both of which contained
no free silicon. 1In fact, the streagth of these two wmaterials appeared to
decrease slightly after their exposure to the COM combustion products.
However, since the magnitude of these changes was small when compared with
the respective staandard deviations, the statistical significance of the
strength reductions is questionable The postexposure strengths of tne
sialon and aluminum oxide materials could not be ascertained since these

tubes cracked extensively duriag the CRAF exposure. Nevertheless, insights
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into the possible strength changes occurring in the sialon were obtaianed
by comparing the as-received strength with the value determined from
C~ring samples exposed to air at 1250°C for 100 h. This treatment
resulted in the formation on the outer C-ring surface of an oxide coating
that was similar to that observed on the ezposed tubes. From Table 14 it
is apparent that the oxidized strength was significantly larger than the
pretest value. Once again, a crack blunting mechanism related to the oxi-
dation process was probably responsible for the strength increase.
Specifically, the oxide layer may have reduced the severity of the plate-
like features of the original tube surface. Finally, it should be pointed
out that the magnitudes of strength changes observed in CRAF Test 2 were
much smaller than those obtained in CRAF Test 1, which involved the com-
bustion of only a No. 6 0il.l This suggests that the swall nodules that
forimed on the upstream side of the silicon carbide tubes in Test 1 had a
considerably greater influence on the flaw population than did the refrac-
tocy coal slag present in this study.

The general trends discussed above were based solely on the room-
tempevrature C-ring strength values. However, the high~temperature
streagth may ultimately limit the use of a potential ceramic HX material.
For example, at temperatures above 1300°C, deformation of the silicoa
phase in siliconized SiC may degrade the overall tubular element. At
lower temperatures, fuel impurities such as iron and nickel may comhine
with the silicon to form low-melting eutectics, which also facilitate this
defcrmation process. In addition, slow crack growth in ceramic materials
at high temperature will result in a long-terwm strength degradation, which
may not be apparent in the room—-temperature values of the pretest and
post-test C-ring strength. Consequently high-temperature strength
measurements of as-received and exposed materials would be quite useful.

The faet that the alumina and sialon cracked extensively during the
496~-h exposure indicates that fairly large stresses were generated in the
tubes. The CRAF Test 2 exposure conditions included at least twe ilmpor-—
tant sources of stress. The first was thermal stresses that resulted from
the temperature gradients established across the tube walls. For example,
if the heat transfer through the tubes is characterized by a uniform

radial flow that is independent of the longirudinal position along the
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tubes, one can estimate the temperature distribution for steady-state con-

ditions as

(r) = T3 + (q/2wkLYlalr/?75) (5)

where g is the steady state heat flow,* k is the thermal conductivity of
the particular tubular material, L is the tube length, r; is the inner
radius of the tube, and Ij{ is the temperature at r = rj. The derivation
of this equation is also based on the assumption that the tewperatures of
the inner and outer surfaces did not vary with position. Furthermore, the
tempevature variations arising from the presence of the coal slag, which
was pretferentially deposited upon the upsiream side of all tubes, ars not
considered in this treatment.

The primary advantage of the temperature distribution given above is
that it can be readily used in conjunction with the equations of linear
elasticitylgszo to calculate the magnitude of the stiesses resuliing from
the differential thermal strains established by the temperature gradient.
In terms of polar coordinates the tangential, radial, and lovgitudinal

stresses (og, Op, and og, respectively) are

og = A— B/r? — Eo[T(r) + C]/2(1 — V) , (5)

Op = A+ B/r? = EaT(r)/2(1 — V) , (7)
and

o5 = M EaT{r)/(1 — V) , (8)

where £ is Young's modulus, Vv is Poisson's ratio, o is the thermal expan-
sion coefficient, C is equal to q/27kL, and 4, B, and M are integration

constants, which mislL be chosen to satisfy ilie bouwodary conditions. From

*The value of q can be determined from the data in Table 2,
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this analysis, one predicts that the mazimum tensile stresses should occur
at the ioner surface of the tube, where gg = o5 > 0 and o, = 0., In addi-
tion, the magnitude of the gg values predicted for the various tubular
materials (Table 15) is fairly small when compared with the respective
pretest strengths. Therefore, it is unlikely that these particular ther~
mal stresses were responsible for the cracking observed in the sialon and
alumina tubes, However, it should be mentioned that these predicted
stress values neglect the contribution from bending that would arise from
unsymmetrical heat flow through the tubes.? Since this contribution would
become particularly important in long tubular materials used in a cross—
flow HX array, it must be considered.

Thermal stresses could have also been generated as a result of the
thermal expansion mismatch between the thick deposits of coal slag and the
tubular materials, Since the slag matrix was composed primarily of aan
aluminosilicate glass, its average thermal expansion cocefficient was prob-

ably about 4 X 10 6/°C, which is smaller than the coefficients associated

Table 15, Estimation of thermal stresses

resultiog from steady state heat flow
through ceramic tubes in CRAF Test 1

Tangential stress,
o5, at inner Ratio of gg

Material radius? to measured
pretest strength
(MPa) (ksi)
a~SicC 17.2 2.50 0.06
CVD SiC 17.2 2.50 0.05
KT SicC 58,6 8,51 0.33
Al901q 67.8 9.83 0.46
Sialon 17.1 2.48 0.18

YAt r = py, g = oz and op = O,
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with all five ceramic materials (Table 6). Although the property data in
Table ¢ indicate that the thermal expansion coefficient of sialon is
emaller than 4 X 10“6/°C, the experimental thermal expansion data for the
tubular material vevealed a significantly higher value (~4.7 X 156/°¢).
Consequently, during the cooldown following the loog—-term exposure, the
contraction of the ceramic tubes was constrained by the coal slag layer.
In the case of the S1C tubes, this constraint was extremely limited
because of the lack of adequate bonding between the ceramic and slag.
However, the stvong adherence of the slag to both the alumina and sialon
tubes way have facilitated this constraining action; which ultimately led
to the formation of comsiderable mechanical stresses on cooldown to
ambient temperature.

One can estimate these stresses by approximating the slag-ceramic
geonmetry as two concentric cylinmders differing in thermal expansion
coefficients. Furthermore, at some elevated temperature Tp, the
consiralnt and thus the induced stresses are assumed to be zero. In CRAF
Test 2, Ty corresponds to the temperature at which the slag viscosity was
sufficient to elastically restrain the contraction of the alumina or
sialon tubes. Upon cooldown to room tewpervature, T, the differential
contraction between the concentric cylinders, produces a pressure P; at

20

the interface, which is given as

(T — Tp)(og — og)

D, =
t 2 kz
1 + & + 1
.l“_ __MM% — \JC .,L .,_,%,,W + \)S (9)
e\l k Eg\ks — 1

1 \2

where Ky is the ratio of the inner to outer radius of the inner cylinder
(i.e., ceramic tube), k9 is the ratio of the outer to inner radius of the
outer cylinder (i.e., the coal slag), # is Young's modulus, v is Poisson's
ratio, and @ is the thermal expansion coefficient. The subscripts ¢ and s
refer to the ceramic and slag, respectively. The radial and tangential

stresses that are developed in the ceramic as a result of this pressure are
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op = Pi(1 — a%/rz)/(l-— k%) (radial) (10)
and

og = P;{(1 + a%/rz)/(l ----- k%) (tangential) , (1)

where @3 1s the inner radius of the ceramic tube. If the appropriate oum-
. . % .

bers are substituted into Egs. (2), (10), and (11),” one finds that the

tangential stresses are guite high, particularly at the inner vadius

(¥ = ag). For example, the og value predicted for the alumina tube i

73]

140 MPa (20,3 ksi), which is comparable to the pretest C-ring strength
value (Table 14). Therefore, the strong bonding between the alumina and
coal slag plus the substantial ceramic-slag thermal expansion mismatch
ware likely responsible for the exteosive cracking inm the Al9203 material.
Conversely, the gg predicted for sialon of 21 MPa (3.0 ksi) is signifi-

antly smaller than the vespective as—received strength value. This

e}

=
i

fracturing

4,3

suggests that other fackors were responsible for the severe
observed in the sialon. Finally, the predicted og values are based on the
assumption of a uniform slag thickness because this is required forv the
concentric cylinder geometry analysis. Although this uniformity was
lacking in the actual tubular geometry, the 0g values given above still

provide a telative estimate of the tensile stresses.

The previous stress analyses were based on fairly simplifisd stress
distributions, which weve chosen because of thelr mathematical s

i
Howewver, in actual HX applications, Che stress state will probsbly

complicated mixture of temsion, compression, and bending. The exast nature

o}
(s}

the stress state will also depend on how the iodividual tubular elewents

The assumed slag characteristics are
Eg = 75.8 GPa, v = 0.25, and ag = 4.0 X 107P
taken to be 6.35 mm.
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are joined together and how they are fastened into the header blocks. Con~
sequently, a more sophisticated analysis will eventually be necessary to
ensure that the maximum service stress does not exceed the strength of the
tubular material. Nevertheless, the present C-ring strength measurements
and associated stress analyses still yield useful information, which can

be used to make an initial evaluation of potential ceramic HX materials.

SUMMARY AND CONCLUSIONS

The 496-h exposure to the combustion products of the acidic—ash coal
resulted in the formation of thick deposits of coal slag on all tubes.
The fact that the chemical composition of the coal slag was quite similar
to that of the initial ccal ash gave evidence that the COM fuel could be
successfully used to study the effects of coal combusition upon the struc-~
tural and chemical properties of the five ceramic materials. However, the
alteration of rhese properties resulting from the combustion of the oil
itself was apparently minimized.

The strong interfacial bonds formed between the ceal slag and both
the silalon and Al,03 tube were apparently responsible for the extensive
cracking observed in these two materials. This fracture problem raises
serious questions concerning the use of the sialon and Al903 materials in
HX applications ianvolving highly fouling environments coutainlng acidic
coal ash constituents. Conversely, all the silicon carbide tubes
including KT SiC, o-SiC, and CVD SiC survived the exposure without any
wajor material degradation. From this observation and the vesults of CRAF
Test 1, it is apparent that the KT, o, and CVD silicon carbides are
excellent HX candidates when either Ne. 6 oil or acidic coal ash fuel
impurities are present in the YX enviroament.

With the exception of the KT SiC, wetallographic and SEM analyses
revealed no significant changes in the microstructures of the silicon
carbide materials following the 426~h exposure. A few isolated corrosion
pits formed along the upstreawr surface of the KT SiC. However, the total
amount of surface corrosion was still quite limited. The microstructural
analyses of the sialon and Al90Oj3 tubes revealed a 150-um~-thick oxidation

layer at the sialon-slag interface and 2 6~ to 12-um~thick aluminosilicate
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layer at the alumina-~slag interface. The oxide product at the sialon sur~-
face was appavently composed of silicon oxide and a wagnesium aluminosili-
cate. The sirong interfacial bondiong coupled with the thermal expansion
mismatch between the slag aand hoth ceramic materials may have led to the
formation of large tensile stresses in the rvespective tubular elewments
upon cooldown from the 1230°C test temperature. These stresses would have
been sufficient to cause fracture in the alumina tubes.

Besides the above-mentioned microstructural changes, the 496-h expo-—
sure was alsc responsible for a complex redistribution in the coon~-
centration of many of the winor elemental impurities. The reasons for
these changes and their effect on the streungth, therwal expansion, and
helium permeability of the tubular materials were not clearly evident.
flowever, there was evidence that the formation of the thick coal slag
deposits during the test limited the transport of elements such as irvon,
nickel, and sodium. This was further confirmed by the fairly large con-
centrations of these fuel impurities in the tubular waterials exposed in
CRAF Test 1, which were covered only with small isolated nodules.

The helium permeabilities of the surviving exposed silicon carbide
tubes were not significantly different from the respective values measured
for the as-received materials at each pressure differential. 1In addition,
the helium leak rates for both the pretest and exposed tubes increased by
at wost one order of wagnitude as the helium pressure differentizal was
raised to 618 kPa. The only exception to this was the exposed o&51C
(tube 2), which exhibited an increase in helium permeability two orders of
magnitude.

The results of the thermal expansion measurements after the long~term
ezposure revealed some very significant changes in many of the tubes.
Except for the sialon, the thermal expaosicn of the exposed upstream
sanple at temperatures arcuad 1100°C was significantly larger than that of
the as-received material. The thermal expansion of the exposed downstream
gpecimen generally fell betwsen these two extremes. The differeatial
expansion characteristics of the exposed tubes are of particular concern
since they would be expected to cause the formation of considerable
sttesses in long tubular elements. The as-received sialon ceramic

exhibited a large expansion-contraction hysteresis, which was related to
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the formation of an oxide laver on the outer surface. This hysteresis
effect may have been partly responsible for the cracking in this material,
Curvently, differeatial thermal expanslion measurements, which are con~
sidersbly more sensitive to wmicrostructural variatioms, ave being made in
an attewmpt to better uanderstand Cbe uwnusual thermal expansion charac—
teristics we observed.

A fairly large Increase in the room-temperature C-ring strength of
the KT SiC occcurred during the test exposure. This increase was apparently
related to high-temperature flaw blunting processes, which decreased the

severity of the surface flaws. These processes were probably facilitated

%

.

by deformation of the eilicon phase, which is consistent with the absence
of significant strength increasss for either the CVD or 0~SiC ceramics.
Bothh these materials contain little or no free silicon. The strength

changes im 21503 or sialon could not be ascevtained because of the exten-

&
ale

v

b

cracking of the exposed maherials. However, the as-received strength

values for both cerawics were fairly low.
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Table Al. X-ray diffraction results for KT SiC

Expesed material — upstream araz Known d, nm, and {intensitiesy
As—recaived material
Surface region Subsurface raglon w5i0 337 aesic 124 0-5i0 51R s X C 4*& ‘
Rolative _ JCPDS JCPTS JCPOS J0PDS Grapnite &
d tnm Intensity d (nm) T:J’(::;'V‘;/ d tom ’?:;::::Y 22-1316 29-1128 4-0756 5-0565 z?:;!éi

1 0.48795 0,05
2 0.37154 0.0t
3 0423597 G.01 0.33204 0,02 0.334590 0,02 C.3348 (1,000
4 0,32624 0,32
5 G.31377 G 17 0.30872 Go 10 0.31234 0, 18 0.3138 {1,006}
6 0.28269 Ue 02
7 0, 28045 0.03
8 0.27541 C. 02 —_
9 0.26269 G 17 0.23938 Ce 11 0. 26169 0.29 0,283 {0,503 0.2628 {0.35} Ge 2635 {Ca30) B
1o G, 25608 0,01 0, 25638 <G, 01 G.257 {0.20)
11 0.25177 1,00 « 24353 1.00 C. 25063 1.00 0.253 (1.00} 0.2516 (1.0C) 0,251 11,00}
12 0.23571% 0s15 0.23313 0. 10 0. 23488 0.62 G238 (0.60) 0.2357 (0.35) 0,236 (0.40)
13 0.23281 0.01 0,234 {0s30)
4 021779 D13 C.21580 0¢15 0.21704 0,15 Ga218 (0u30) Ce2179 (D414} 0,217 {0e20)
i5 $,20972 0,06 0o 209 (0e207
6 D.20298 <0, 01 42027 (Cal5)
17 0.20005 3,02 C. 19831 0,02 0. 13915 0. 02 04200 (0.20} 0. 1999 {0.05) 0,198 (3,100
18 0.15206 0. 13 Qe 1903% 011 0, 19099 0. 10 041920 (0,507
18 0. 18679 0,09 3. 18668 0,92
26 0. 17953 Qe 01 Gai795 i5403)
21 Q.16794 0.02 0, 16642 0.0 0. 18695 0.02 04169 {0420} Ca 16771 (Ca08)  Ga i85 (0,10) 0e 1674 {0.06)
22 0.18372 C. 05 Do 18268 2607 0. 16294 G 13 0. 164 {0,207 Ge 165 {010} 0. 1538 (0,35}
23 0, 15842 a0 04156 {0s30)



Tebie Al. (Continued
Exposed material — upsTream area Known ¢, nm, and (intensities)
As-receivec material
Surface region Subsurface region a-SiC 337 a-5iC 124 a=5iC 51R 5 c z.m
; . Graphite 44
d tnm Relative ¥ Reiative ; Relative JOPDS SCPDS JCP?E Joros JCPDS
intens ity M ey M ety 22-1316 29-1128 4-075 5-0555 25264
24 0.15408 0.77 0. 15322 0.82 0,15324 0.30 0. 154 {0.80) 0,15407 (0.43)  0.155 10.50) 0. 1540 {0.04d)
25 J. 14364 0.0 0. 1434 {0.30) G. 143 {0,20)
26 0.14221 0.05 0. 14144 0.07 0, 14132 C. 04 0, 1410 {0.30: 0.14798 {0.32) 0. 141 (0,20)
27 0. 13636 0.02
28  0.13584 0.01 0.13492 0.01 0.3357 {0.08)
29 0.1329: 0.01 0.13212 .07 04132937 (0.02)  0.133 (0.3D)
30 0,13147 0.27 0. 13085 0.57 0. 13066 0.52 0,313 (0,70) 0,13139 (0.28) 0,131 (0,50) 0.1315 (0.0}
31 0.12905 0.18 0. 12843 0.06 0,12827 0.02 0,129 {0.80) 0.12897 (0.04) 0.129 {0,10)
32 0.1259% 0.05 0,12527 Q.14 0.12518 0. 17 0.1260 (0.30) 0,1258 (0.03) 0.126 {0,10)
33 0.12460 0.02 0.:2414 3. 06 0. 12384 0. 03 0.125 (0.10) 0.1246 (0.13)
34 0.12317 0. 04
35 0.12223 0,01 0.12147 0.01 0.121 (0.10) 0,1228 {0.04)
36  0.11354 0.01 0. 11421 0.02 0,11282 0.03 O0.114 (0.10) 0.1133 {C.0%)
37 0.11087 0,05 0. 11054 0.086 0. 1t0Nn 0.02 0.110 (0.10) 0.11083 {0.17)
38 0.10902 0.05 0.10857 0.1 0, 10830 0.03 0.109% (0,20 0.10804 {0.03) 0,309 {0,:0)
39 0.10620 0.02 0.10599 <J.01 0.1072 (0.1 0.107 (0.20)
40  0.10452 3. 02 0.10424 3.06 0. 10388 0,03 0.1944% {0.03) 0.104 (3,10) 0.12450 (0.09) 0. 1050 (0,013
41 0.10303 0.01
42 0.10067 0.01 0. 10010 0.03 0.100 (0.10)
43 0.10003 0.13 0.09978 0.25 0.09947 0.07 0.0999 (0.40) 0,09998 (0.05) 0,0995 (0.20;
44 0.09895 0.02 0.09872 0.03 0, 09840 .02 0.0988 (0.40) 0,09890 {0.02) 0.0984 (0.,10) 0.0990 (0.04)
45  0,09753 J. 14 0.0973; 0,12 0.09790 <J.0% 0.0975 (0.40) 0,09743 (0.03) 0.097% {3.20)

[AA)



Tabie A2.
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Xeray diffraction results for €YD SiC

As~recelved mataria!l

Exposed material — upstream area

Knawn d, nm, and {intensities)

B — Surface cegion Subsurfacs rogion eIt 124 C 4H
Ralative Relative Ralative DS Grap::‘;;q *
fom intensity 4 G T ity dtmm ity 2-1izs 25284

1 0.49718 002

2 0.33482 =0, 01 0. 33479 <0.01 0.3348 (1.00)
3 0.29379 0,01

4 0,28075 0,01

5 0.28270 0, 0%

5 0. 27821 «<0.01 0. 27541 <0,01

7 7y 27063 0,03

8 (.26358 0,14 0, 26432 0. 16 0. 26432 3, 09 0.2628 {0.35)

3 0.29163 1,00 04250351 1.00 0.,25222 1,00 08,2518 (1,00}
10 9.21769 0,05 0. 21650 0,10 0,21798 0. 01 0.217% (0.14)

i (. 26240 0.01 0,20291 <0.01 0, 1999 (0,052 0.2027 (0,153
12 0. 18740 0.11
13 0,15327 0,47 0., 15348 0.43 0, 15422 0.38 0. 15406 (0.43) 0.1540 (0,043
14 0. 14288 0.01 G, 14198 (0.123
15 0,13152 a. 3 0, 13091 0,25 0,15145 G, 248 0, 13139 (0.28) 0, 1315 (0.04)
i5 0, 12084 0. 06
17 0.12603 0,04 0.12%52 0.0% 3, 12610 0,04 0. 12580 (0.03)
i3 0. 11446 D.01
1% 0.10903 0,02 0. 10854 0.01 Q. 10895 <0, 01 2.1¢804 {0.05%)
20 0. 10462 0.0% 0.1C447 (0,03) 0. 1030 £0.01)
21 0a 1CG09 <0, 01 0. 09266 N.04 0.09993 .05 0,05%98 (0,03} 0.0930 (D.04)
22 0.09757 <0.,01 009714 0,04 0.09752 0,01 0.6G9743 (0,03}




Tabie A3.

X-ray diffraction results for «-SiC

Exposed material — upstream area Known ¢!, nm, and {intensitias)
As~receivec material
Surface region Subsurface region a=$:C 33R a~S1C 4N asic i c ‘
Re lative ‘ JCPDS JCPDS JCPDS Grapnite
d ¢nm intensity @ (am) flzniffy d tom) T:l:;'s‘(:y 22-1316 22-1317 22-1301 222?
0.54183 0.01
0.50178 0,04
0433512 0.02 0.332! 0.0¢ 0433630 0.C1 C.335 {i,00)
0.30706 0.0
0.28088 0.05 Oa 27516 Lol
0.25604 0.02 0.26634 0.01 0.2661 (0.20) 0,266 (0.40)
0.25084 0.26 0.26002 0.2} 0.26204 0.38 0.263 (0.50)
0,2552% 0.02 0425698 <0.01 0.25519 0.06 0.2573 {1.00) 0.258 (0.80) —
0,25034 1,00 0.24931 1.00 0.25115 1.0C 0.253 {1.00) 042593 {0.%0)  0.251 (0.8&C) \1-3
0.23854 0. 04 0.238 {0.60) 0,240 (0.70)
0,23441 0.30 023364 0.27 0. 23530 0.45 0.2352 {0.90)  0.232 (0.60)
0.,21718 0,21 0.21611 0.13 0.21759 0.18 0.218 {0,30) 0.219 (0.10})
0.20987 0.01 0.21048 0.01 0.209 {0.20) 04217 (0.30)
0,20781 0,01 0.20803 0,01 0.2084 (0.25) 0,203 {050}
0. 19901 0.08 0. 19870 0.04 0. 19980 0.08 0.200 {0.20) 0,397 {0. 10}
C.18716 0.08
0. 16998 0.01 0. 16961 <0.01 0, 16992 0.02 0.769 {0420} 0,170 (0.20)
0.16723 0.08 0. 16699 0.95 0.16774 0.09 0. 164 {0.20) . 1678 (0.80)
0. 16030 0.02 0. 16029 <0.01 0. 16066 0.01 00,1604 (0.30)
0.15901 0,01 0. 15909 <0.01 0. 15947 0.02 04159 (0,601
0. 15552 0.C1 0. 15568 0.01 Ge 55 {0.30)
0. 15360 0.74 C. 15336 0.43 0415394 0,81 0.356 (0.80) 04 15807 (0.43) 0.1537 (0.45) 04154 (1,30) 0.1544 {0.30)
0. 14399 0,04 0.14391 0.02 0.14429 0.02 0.1434 {0.30) 0. 1444 (0.60)



Table A3. ({Continued)
Exposed materlial — upstream area Known d, nm, and {intensitias)
As-recalved material
Surtace region Subsurface region o=SIC 33R a=SiC 12H a=SIC 4 a=51C T5R Gresms
; 3P JCFDS 2PD P
d (o) ?:f:::iy d tnm Tf;::svil d (nin ?f::i;iy 22-!2?6 29-1?28 2;-13?? 22(—:3(;; gizi
24 0,14377 0.26 0. 14160 0,13 0. 14207 0.24 0. 1410 (0.30)  0.14198 (0.12)  0.1418 (0,40}
25 0,13958 0,01 0.13987 8,01 0.1398 (0,40}
26 0.13706  <0.01
27 9.13261 0,04 0.13217 0,03 0. 13283 0,06 0,1329% (0,025 041320 (0.20)
28 0, 13115 0,63 0. 13098 0430 0. 13139 0.76 0. 1313 (0,70)  0,1313% {0,28)  0.1311 (0,35 0,131 (0,90}
25 0.12869 0,09 . 12854 0,06 0. 12892 0.13 0.129% £0.30)  0.12897 (0.04)  0,1286 {0.25) 0.1297 (0420}
30 0.12559 0.03 0. 12546 0,05 0. 12575 .08 0,1260 {0,30)  0.12580 (0,03} 0. 1257 (0,20
31 0,21291 0,05 0.12174 0,01 0.12210 0.06 0, 1232 (0,307 —
32 0,146  <0.0! o
35 0.11335 0,04 0.11330 .01 0. 11347 0,64 0.1138 (0,05
34 0,11045 <0.01 9,11062  <C.0! g. 11078 0.0 0.1110 (0,15) G 1105 (0.30)
35 0,10888 0.12 0. 10676 0,03 0, 10897 2.10 0.1091 (0,200 0, 10894 (0.03) 041089 {0.20)
36 9,10653 0,02 0. 10662 0,01 0. 10658 0.02 0. 3072 {00 10 041053 (0.46)
37 0,10439 0,09 0, 10430 0,03 0. 10447 6409 0.1064 {0,30) 0.10881 {0,03)  0.1042 (0,50) 0. 1035 {0,40)
38 6.10056 0.01 0.10068  <0,01 tot anaiyzed 01001 (Co20) 041000 0,50}
39 0.09996 0,09 0.09978 8,06 Not anaiyzed 0,0999 (0.40)  C.09998 {0.05) 040990 (0,30)  0.0994 (0.40)
40 5,09884 0,04 0.09867 0,03 Not analyzed 0.0988 (0.40)  0.09890 {0.02)  0.09863 (C.20) G.0984 (0.30)
41 0,00748 2,08 0,09732 0,05 Not analyzes 0.0975 (0.40)  0.00783 (0,037  0.09744 (0, 15) 03.0975 (Cu60)




Table A4.
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X-ray diffraction results for as-received sialon

Experimental results

Outer surfacs

Inner surface

Known d, nm, and (Intensitles)

BlgiégNd Siiﬁé§627N4O4 Broslalon  cialon G ®
d m  rremalre d om ST 29-1132 25-1492 Si2A14Na042,D

1 0.7129 0,03 0.71185  0.01

2 0.66198 0,03 0.66819 0.2 0,658 (0.42) 0,665 (0.40) 0.6679 (m)

3 0.51965  <0.01

4 0.37880 0,01 0.38512  0.35 0.380 (0.42)  0.384 (0.40) 0.3856 (m

5 0.32725  0.24 0.3325 0.95 0,329 (1.00) 0,332 (0.75) 0.3339 (vs)  0.3271 (w)
6 0.28387 0,01

7 0.27420  0.75 0.27736  0.30 0.2740 (vs)

8 0.27180  0.91 0.2714 (0.90) 0.2722 (s)
9 0.26604 0,29 0.26676  0.16 0.266 (0.95) 0.2650 (vs)
10 0.26227  0.10 0.26134  0.19 0.2616 (w)
11 0.25770 0,98

12 0.24780 1,00 0.25161 1,00 0.249 (0.95)  0.2513 (0.90)  0.2524 (vs)

13 0.23660  0.59 0.24060  0.13 0.2570 (w) 02383 (s)
14 0.23346 0,01 0.23511  0.10 0.2350 (0.15) 0.2333 (w)
15 0.23122  0.07 0.23157  0.04 0.231 (0,06)

16 0.22848  0.06

17 0.21863 0,21 0.2217 0.36 0.218 (0.33)  0.2216 (0.50)  0.2226 (s)  0.2224 (m)
18 0.21481 0,18 0.21619 0,03

19 0.21247 0,13
20 0.19883 0.1 0.20144 0,04 0.2057 (w)
21 0.19554 0.5 0.19729  0.03
22 0.1938i  0.14 0.19189  0.11 0.1902 (0.08)  0,1919 (0.20)  0.1933 (w)
23 0,18872 0,07 0.1892 (0.05) 0.1892 (vs)
24 0.18203  0.42 0.18468 0,17 0.1827 (0.12)  0.18%4 (0.75)  0.1852 (mw}
25 0.1765 0,07 0.17756 0.3 0.1777 (0,603 0.1789 (s)
26 0.17688  0.18 0.17546 0,07 0.1753 (0.35) 0.1751 (w)
27 0.17263  0.14
28 0.16574  0.06 0.16823  <0.01 0.1662 (0.01)
29 0.16123 0,13 0.1552 (0.11)  0.1612 (0.30)  0.1623 (m)
30 0.15833  0.08
31 0.15672 0,05 0.1568 0.06 0.1567 (0.19)  0.1577 (mw?
32 0.15404  <0.01 0.1548 (0.06)
33 0.15356 0,02 0.1532 (m)  0.1531 (vs)
34 0.15147  0.33 0.15231  0.14 0.1511 (0.14)  0.1525 (0.35)
35 0.14300 0,90 0.1487 (0.40)  0.1562 (m}  0.1497 (m)
36 0.14675  0.16 0.14860 0,13 0.1455 (0.14) 0.1457 (me)
37 0.14403  0.01 0.14512 0.1 0.1438 (0.07)  0.1451 (0.25)
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Table A4.

{Continued)

Experimental rasults

OQuter surface

Inner surfacs

Known d, nm, and

(Intensities)

B -SigNg St3Aly g7NgO4 B ~siaton
) ) JcPos JCPOS ) g -5 iaton eI
4 o Relative (o Relative 2921142 251492 SipAl4Ng042,D
Intensity Intensity

38 0.14250  0.06 0. 14250 0.01 0.1434 (0.08)
39 0.13819 0,04 0.13876 0,02 0.1386 (0,14) 0, 1400 (vw) 0.1391 (m)
40 0.13556 0.42 0.1359 (0,02) 8.1357 {1.00) 0,1365 (vs)
41 6,13408  0.15 0, 13398 0.02 0.1341 (0.40) 0.1336 (w) 0.1335 (m)
42 0.13244 0,18 0.13287 0.05 0. 1331 (0.08) 0.1330 (0.08) 0.1326 (W)
43 0,13115 0,69 0.1311 (s)
44 0.12988 0,42 0. 13057 0,18 0.1289 (0.20) 0.1304 (0.60) e 0. 1309 (w)
45 0,12833 0,18 e
46 0.12802  0.09 0, 12786 0.17 0.1268 (0.06) 0. 1279 (0.50)
47 0.12591 0.04 0.12557 0,02 0.1257 (D.16) 0.1256 (D.04)
48 0,12478 0,13 0, 12101 <0.01 0.1214 {0.06)
49 0, 11952 0,02 0.1200 (0,02) 0. 1194 (0,06
30 ©0.11830 0,39 0. 1184 (0.01)
51 0.11722  0.03 0. 11744 0,02 0.1175 (0.06)
52 0.11574 0,06 0. 1156 (0.02)
53 0,11392  0.05
54  0.11244 0,04 0.1138 (0.04)
55 0.11079 0,03
56  0.10958 0.18 0. 10932 0,03 0.1096 (0.04)
57 0.10762  0.03 0.10872  <0.01 0. 1083 (0,03}
58 0.10639 0.02 0, 10638 0.06 0,1055 (0.01)
59 0.10479 0,02 0.10477 0.01 0.1048 (0.07)
60 0.10323  0.06 0.10373 0.04
51 0,10176  0.02 0. 10236 a.01 0,1023 (0.04)
62 0.10607% 0,03 0.10138 0.02 0.1045 (0.02)

AL etters 'n parentheses reprasent diffraction lins

weak, m = madium, s = strong, and vs = very strong.

intensities where vw =

vary weak, w = waak, mw = medium

Poata from G. K. Layden, Development of SALON Mxterials, CR-135290, Unitsd Technologies Research Center,
fast Hartford, Conn,, December 1977, and K. H. Jack, "X-Ray Data for Sialons and Other Nitrogen Ceramic
Phases,™ unpublished data, Dept. of Metallurgy and Engineering Materials Crystallographic Laboratory,

University of Newcastle Upon Tyne, England.

cd"Spdcings below preceding value not glven.



Table A5. X-ray diffractior results for sialon exposed in CRAF

Experimentai resuirs Known d, nm, anc¢ (intensities)

Surface reglon-upstream Subsur face-upsTream B’—SBN(; Si Al gNg0g . Aipha cristonalite aMgpA 145160, 5 Siit imafmife
Relat] i oS scPoS ° e b Mamsiaion 84 %D e JCPDS H1203751C2
d tnml Jelative d tnm Ratative 2601132 2521492 SToA 1 4Ha04%s JCPDS 13293 JCPDS
Intenstty intensity 11-695 10-369
1 0.82650 0.04 U.838 (1.00)
2 0.565067 0.39 0.64402 0.17 0,558 {0.42) 0.665 (0.40) 0, 6680 (m)
3 0.53075 0.02 0.535 (0.,70)
4 045094 0,02
5 0.48562 0.0 0,489 (0.30)
5 0.45931 0.4 0.45702 0.03 044579 (0 16) 0.456 (0.30)
7 03.40442 0.09 0,435 (1,00) 0. 4094 {0.50)
8 0,37902 0.30 0.37707 0430 0.380 (0.42) 0,384 (0.40) 0,3857 (m) 0e373 {0.50)
9 0.35333 0,01 (3.353 {0.04)
10 0.33920 0.05 0.3379 {0.50) 0.341 (0.90)
0433475 0.11 0.332 (0.75) 0.3342 (vsi 0.336 (1.00)
12 0.32876 0.83 0.32744 0.85 0,329 (1.00)
13 0.31078 0.03 0.314 (0.12) 0.3138 (0.65) 0,319 (0.10)
14 0.30089 0.04 043027 (0.05)
15 0.28410 0.04 0.28169 0,08 0.2841 {Q,34) 2.283 (0.70)
16 0.27562 0.07 027523 0.35 0.,2714 (0.90) 0.2761 (vs)
17 0.25869 J.86 026785 0.80 0.266 {0.95) 0.2670 (vs) 0.268 {0.80)
18 0425408 0.6 0426320 0.12 0,2043 {s) 0.2540 (0.25)
9 0.26018 0.08 0.25939 0404 0.2569 (mw)
20 0.25289 3.07 042513 (0,90)  0.2525 (vs) 0.253 {0.90}
21 8.24930 1.00 0,24863 .00 0.249 (0.95) 0,24971 {mw) 0.2485 (0.20)
22 0.24206 0. 11 0.24137 0.06 042414 0.04) 0,262 (C.60)
23 0.2387% 0.06 0.25773 0.03 0.2350 (0.15) 0.2371 (w) 0.2383 (s) 0s237 (0.10)
24 0.23306 0,07 2.23219 0.0% 0.23% (0.06) 042349 {mw) 0.2338 (0.12) 04230 (0.30)

8¢T
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Table AS. {Continued)
Exporimental re Known <, rm, and {intensities)
Surface ragion-ups-(-ree,r:? Subsurface=upstraam .,’-SIBNQ Siahiy. g Ma0y Y ) Alpha crj‘s?oba!??a Stgphi 4516015 Si i;xmzﬂa?i‘?a
R tat ; JoPDS ) 'cons i’ "S'a.ma b Mgsiaton 3 BO S J’“POS) M2t tio2
d tnm Roiative d tomy  o]ETIVE 29-1132 75- 1652 ST2hiaRa08™ JORLS 13-293 10705
intansity intansity 11-693 10-369
25 0,23987 0e33 (e2192% G228 0e218 {033} 02216 {0503  0,2234 (s) 0.220 (1.00)
26 0.21535 0.08 0.2159% 0.0% 50,2165 {0406)
7 Ce21472 G, 02 Ge2128 (w3
28 0.21078 C.02 021121 0,01 AR IRC)] 0,2108 {0.08) 0,210 (C.60)
29 0.20083% 0.07 0,20039 0,06 80,2001 {w) o2098 {0,125
30 0, 19510 $RVH
31 0.19068 Uei2 (e 19041 0.143 G 1902 (0.08)  0.1919 (0.20) 0.1926 (w) 0.1304 10.04)
32 0,18740 Ga07 CG. 18729 [ 4, 1852 (0,05} 0, 1878 (s) e 1B (G 08) Ge 1875 (0 162 0. 1868 {3.50)
33 Gl 18562 0. G6 0. 1844 (0.25) 01852 (nw)
34 0,18326 Be 14 0. 183186 Qe 12 0, 1827 {3.12) 0, 1829 {0.60)
35 Gl 17662 0,28 0. 17630 0.34 0, 1753 {0435) B 1777 {0460 541789 !5} De 1764 (w)
36 0, 17451 0,06 C.174i5 G.06 0.1705 (0.50)
37 0.16808 0232 001680 {0,043 0. 15882 {0.30) U 1679 {0 70)
38 0.16027 [N 0. 18020 Ja 10 061392 (0,17 06 1632 {0420} 0:1622 {m) Ce 1512 (Ga08)
3% 0. 13864 003 0. 15832 .02 0.,1575 {mw) 0, 15885 {0410} 0. 1595 (C.70)
40 0, 13589 805 0, 15362 U 36 0. 1367 {0.193 0, 1559 (Ge30)
41 0, 15876 C.03 3, 1345 {0,08) Us 1542 {vs)
42 D.15312 o2 Ue 15285 G4 G1 041325 {0.35} 06 1532 {m} Ce 1535 (04203
23 D, 1515€ Je 13 0. 15167 Ce12 0. 1311 (0. 14) 041503 {m) Ca 1516 {090
44 Gy 14768 0,09 Uo 14762 e 10 Qo 1487 {3,40) D, 8471 {m2 04 14%4 {04063 0. 14535 (0. 08) G, 1267 (.10
45 0, (4437 e i0 Ue 14434 Go 10 Co 1435 {0e343;  Gold5) {0,285 0s 1458 {mw i 0. 1450 {G.a0)
48 Go 14230 (e 06 0. 14215 0,07 C. 1438 {0.07; G. 1431 {0.44) 0. 1420 (0.703)
47 (. e 32 C. 13508 9,32 01347 (0e403 041357 (1,007 041355 (vs) 0, 1352 (0,08) 0. 1283 {0418
38 G, 13374 Ce 13352 Do 05 Ge 1337 {0,081 Ga 1330 {CoUB: 0. 1335 (w) Go 1225 (w? 06 1333 10.04) Co 1337 {0703

6Cl



Table AS5.

{Continued)

Experimenta!l results

Known d, nm, and {intensities}

Surface region-upstream Subsur face~upstream B'-Siy‘u SisAlo. 67N0% o Atpha cr‘{s‘l‘oba:i?e aMgAl4S 15015 Si Himar?i*:e
. B -sjalon e 8 ab $i0y ‘ Al503*S107
4 om Relative (my  Rolative e, koS Siphl g0l Mamsialen JCPDS 4P 1CPDS
Intens!ity ’ Intensity 31=-8695 10-359
49 0,13258 0.07 0. 13250 0.03 0.i318 {0.04) 0.1311 {s) 0.1332 {s) 4
50 0.12983 0.16 0.12979 0.t6 0.1289 {0.20) 0.1304 (0.60) e <] 0.1299 (0.04)
1 0412850 0.05 0. 1285} G.03 0, 1279 (0.60) 0.1281 {0.04)
52 0412730 0.14 0.12728 0.13
53 0,12589 0.03 0. 1263 {0.06) 0.1256 (0.04)
54  0.12530 0.04 0.12510 0.02 0.1257 {0.716)
55 0, 12384 0.01 0.1242 {0.02)
56 012322 0.01 0.1233 (0.02)
57 0.12088 <0.01 012074 0.01 0,1200 {0.02) 0.12i4 (0.06} 0.1210 (0.04)
56 0.11884 .01 0.11897 <0.01 0.13183 (0, 01)  0.1194 (0.06) 0.1183 (0.02)
59 0.11694 0.0% 0411588 0602 0. 1156 (0.,02) 0.1175 {0.06) ¢
60 0.11047 0.05 0.71045 0.02 e
@ etters In parentheses represent diffraction line intensities where vw = very weak, w = weak, mw = medium, woeak, m medium, s = strong, and vs = very strong.

Dpata from G. K. Layden, Developrent of JIALON Materials, CR-135290, United Technologies Research Center, East Hartford, Conn., December 1977, and K. H. Jack, "X-Ray
Data for Sialons and Other Nitrogen Ceramic Phases," unpubiished data, Dept. of Metallurgy and Engineering Materiais Crystailographic taboratory, University of Newcastle

Upon Tyne, England.

Cd-spacings bsiow preceding vaiue not given,

ottl
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Table A6. X-ray diffraction results for Alp03
Exposed materlal — upstream area Known d, nm, and (intensitias}
As-racelved materlal
Surface reglon Subsurface reglon a-A103 Tr;?gmlfe Alﬁhﬂcquarfz
Relative : Jcros z PG
oo I dee WM e fnoowwm o SR o

1 0.42682 0.19 0.4268 (1.00) 0.426 (0.33)
2 0.38318 0.05 0,3832 (0.50)

3 0.34702 0,61 0.34679 0.23 0.34412 0,20 0,3479 (0.75)  0.3432 (0.40) 0.3343 (1.0m
4 0.31657 1,00 0.3162 (0.20)

5 0,26810 0,01

5 0.25445 0.69 0.25402 0.61 0.25308 0.728 0.2552 (0.90)

7 0 29031 0.01 0.2493 (0.60)

e 0.24275 <0.01 0,24187 <0,01 0.2458 (0.12)
% 0.23738 0.21 0.23735 0,13 0.23613 0.1 0.2379 (0.40)  0.,2367 (0.30)

10 0.22979 <0.01 0.2303 (0.50) 0.2282 {0.123
11 0. 21604 0,10 0.21624 0.04 0.21519 <0,01 0,2165 (<0,01) 0.27185 (0,30}

12 0,20822 0.66 0.20764 1.00 0.20733 0,27 0.2085 (1.00)

13 0.19613 0.01 0. 19362 0.02 0, 195354 <0.01 0, 1964 (0.02)

14 0.17368 1.00 0,17338 0.40 0. 17315 0.13 0.1740 (0.45)

5 0.15989 0,54 0. 15966 0.73 0. 15948 0.23 0.1601 (0.80)

15 0.15439 0.02 0. 13427 0.01 0. 15407 0,01 0.1546 (0.04) 0, 1841 (6.13)
170, 13133 0.04 0.1314 (0,06)

18 0.13099 0.06 0.19054 0.07 0. 15041 0.02 0.1510 €0.08)

19 0.14220 <0.01
20  0.14037 .65 0. 13984 0.31 0. 13996 0,08 0. 1404 {0.30)

21 0.13704 0.20 G 13683 0.14 0. 13697 0.14 0. 1374 {0.30) 0, 1378 (0,11}
22 D,13362 0,01 G. 13315 0.01 0. 13321 <0.01 0. 1337 {0.02)

25 0.12746 0.02 G. 12704 0.03 Q. 12724 <0Q,01 0.1276 (0.04)
24 0.123%0 0.08 0. 12358 G.26 0, 12358 0,04 0.1239 (0,103

25 0.12336 G. 10 0,12302 0.18 0, 12343 (0.08)
25 0.,11892 0,01
27 0,11897 .09 0.11858 0.08 0.116864 0,01 0.11898 (0.08)
28 0.1199% 0,01 0.11564 0.01 0. 11578 <0,01 0., 11600 {<0.01)
729 D.114868 G020 a.11439 0.03 G.11443 0.01 0. 11470 (0.06)
20 0.11248 0.03 0.11229 0.03 0. 11255 (0.06)
31 . 0. 11206 0.04 0, 11246 (0.04)
32 (.10989 0.08 0. 10962 0012 0. 10960 0.01 0.10988 (0,08}
3% 0.10825 G, 02 0.10795 0.06 0. 16808 0.02 0. 10831 {0.04)

34 0.10780 0,07 0.10752 0.02 0. 1075% 0. 01 0.10761 (0.08)

35 0,10423 .15 0. 10397 0,03 0.10407 0.03 0.10426 (D,14)

386 DL 10177 .02 0.10149 0.09 0. 10157 .01 0.10175 (0.02)
37T 0.09%77 0,16 0,09953 0.1 0. 0990 0.03 0.08976 (0.12)

38 0.09829 0.01 0.09842 <0.01 0,09857 (0.01)
3% 0,0%822 0.06 0,09796 0.01 0.09607 0.09819 (0,04}

<0,01




Tadie A/,

X~ray dif

fraction resut

ts for upstream coai Slag

Known d, nm, and {/ntenslties)

Experimental results
Aipha (I]uar-rz A:.py*l\?- cr[S’ro- Be“,*a’: cr'ii;t*o- Tricymite Fe(M,Cr)zod }:ema‘er h‘dui I‘H’a
a-5i0; bolita S10p  bolite $i0p $i0p : a-Feg0 3A:905°2510
& nm Reiative JC0S JCPDS JePos £CPDS “j(_:‘lr,)zg JCPOS JCPos
fntensity 5-0490 1i=899 43359 14~260 Y 13-534 15-776
i 0.5352 (0.08) 0.09 0.539 (0.50)
2 0.42584 0.12 0.426 (0.35) 0.4268 (1.00}
3 0.41330 0,53 0.415 (1.00)
4 3,40148 0.32 0,405 {1,00) 0.,4075 (0.90)
5 0.37757 0.05 0,3800 (0,902 0.3774 {0.08)
6 0.36061 0.50 0.3609 (0.40) 0.366 (0.25)
7 C.35163 0.04 0e353 (0.04)
8  0.33929 0.25 0.339 (1.00)
9 0.33595 0.36 0.3343 (1.00)
10 0.32433 0405
i 0.31589 0. 16 0314 (0.12)
12 0.2977 0.14 04292 {0.05) 0.291 (0.2%)
13 0,28048 Os 17 02841 {014} 0.2886 {0,20)
14 0.26652 0.80 0.269 (1.00) 0.2694 {0.40)
15 0.,25126 .53 0.253 (0.80) 0.251 (0.50) 0.2524 (0.50)
6 0.24853 100 0.2658 {0.32)  0,2585 (0.20) 0,2493 (0.60) 0.248 (1.00)
17 0.24206 0.05 042445 (0.06) 0.2428 {0.14)
18 0.23944 0.07 02393 {<0.02)
19 0.22857 0.04 0.2282 (0.12) 0.2286 (0.50) 0.2285 (0.02) 0.2292 {0.20)
20 0.22539 0.12
21 0.21732 0.3%5 0.217 {0.10) 0.2201 (0.30) 0.2206 {0.60}
22 0,21299 0.08 0.2i25 (0.09) 0.2318 (0,06) 0.2130 {0.30) 0.2121 {025}
23 0.20832 0.14 0.207 (0,30 0,2088 (0.40) 0.2070 (0.€2)
24 0,20461 0.2 0. 1980 {0.06} 0.2019 (0.04) 0. 199 {0.05) 0.20455 (0430} 0.205 (0.25)
25 0.18722 0.25 T 1870 (0.08) 0. 18705 10.30) 0.1887 {0.08)
26 0,18397 0.22 a 041838 {0.40) 0.184% (0.10)

AN



Table A7.

{Continued)

Expearimentai resuits

Known . nm, and (intensities)

Alpha quarﬁ'z Aipna crl.T'.To- 7'.a crtji‘o- Tr{fﬁy!nl?e FolAl,Cr)04 Hematite MuH{:re‘
a=5{09 bofite Sily boiite 5i0p 510, - O=Fag0z A 1505225107
d tom Relative JCPDS JCPBS JCPDS 4CPDS 4CP0S JCPDS JcPos
Intensity 5=0450 11=635 40359 18=260 =129 13-534 15=776
27 C.1824% Ce2t 0, 1817 (0417}
28 0.17866 0,28 0. 1795 (0. 057
2% 0, 16660 0aG9 0.1672 (0,07) 0. 169 (C.05) 0,167 (0.04)  0,76B0 (G.60)
30 0.16437 0,15 0.1651 {0.60) 041634 (0,04)
31 (415995 0.07 041535 (0,10) 0.15999 £0.20)
32 0.15846 0,065 0s158 (0G4 35) 0.15786 (0.12)
33 0.1524% Ca17 0. 15242 {0435)
34 0.14927 Ge24 0. 1484 (0435}
35 0.14734 0427 0. 14560 {0, 50} 0,146 {3,40)
36 0.14412 0.20 0. 1431 {0,44) 0, 1452 (04 15) 0.14421 (C.18)
37 C.14139 0,12
38 0.13347 .05 Cs 1349 {0, 04} 0, 13356 {0.12)
39 0413008 6,10 Go 1310 €020}
4G C.12798 ,08 0 1288 {0,303 0. 1265 (0.30)
41 0,12506 0,06 0,1256 {0.04) 0.126 {0.04) 041258 {0.08)
42 0.12362 0,03 0.1210 {0.,30) 0,121 (D.04)
4% 0,11809 0.04 0. 11802 (0.04) 0.1189 {0,08)
44 0,11540 0,05 Ca 11330 (G.02)
45 0.11332 .05 Ce 1131 (0,20}
46 0. 10964 0,07 0. 1090 (0.05)
47 0, 10885 0a53 0,107 (0,08
48 0,10485 0,07
49 0,10247 0.04 Ca 1030 10.6%)
50 0.09816 0,06 Go 1031 {04100 T,09850 {04 10)

C"CL’-spacings velow praceding value noT glvan.

£eT
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