3 445k D3L9379 &

ORNL/TM-12212

OAK RIDGE
NATIONAL
LABORATORY

High-Temperature Corrosion
of Ceramic-Ceramic Composites

MARTIN MARIETTA in a Waste Incinerator Environment

R. Keiser
1. Federer
Henson

J.
L.
T. J.

D. L. Hindman

OAK RIDGE NATIONAL LABORATORY

CENTRAL RESEARCH LIBRARY

CIRCULATION SECTION
4500N ROOM 175

LIBRARY LOAN COPY

DO NOT TRANSFER TO ANOTHER PERSON
If you wish someone else to see this
report, send in name with report and
the library will arrange a loan.
UCN-7969 (3 9:77)

MANAGED BY

MARTIN MARIETTA ENERGY SYSTEMS, INC.
FOR THE UNITED STATES

DEPARTMENT OF ENERGY



This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Techni-
cal Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from (615)
576-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily consti-
tute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.




ORNL/TM-12212
,~> 10 (3‘ Sy

Metals and Ceramics Division

HIGH-TEMPERATURE CORROSION OF CERAMIC-CERAMIC
COMPOSITES IN A WASTE INCINERATOR ENVIRONMENT

J. R. Keiser
1

Date Published: January 1993

NOTICE: This document contains information of a preliminary
nature. It is subject to revision or correction and
therefore does not represent a final report.

Prepared for the
U.S. Department of Energy
Assistant Secretary for Conservation and Renewable Energy
Office of Industrial Technologies
ED 4002000

¢

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6285
managed by
MARTIN MARIETTA ENERGY SYSTEMS, INC,
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-840R21400

TR

3 445k D3L9379 &






TABLE OF CONTENTS

LISTOFFIGURES ..ottt e eae

LISTOFTABLES ..ottt eaes

4.1 VISUAL EXAMINATION ...c.iitiiiiiiiiiiiiiiniiitiiniiietiiieiestraseeraenasaens
4.2 MICROSTRUCTURAL EXAMINATION.....ctiiiiiiiiiiiiiiiiiieiieeneanenn
4.3 ELECTRON MICROPROBE EXAMINATION. ......ciiiiiiiiiiiiiiiiineiansnn
4.3.1 Continuous-Filament Composite with an
Alumina Matrix, 160A(X) ..ovviiuiiiiriiiiiiiiiiiieiiiiereeiaeeeenns
4.3.2 Continuous-Filament Ceramic Composite with
an Alumina Matrix, Zirconia Coating Initially
Applied, T66A/Z(X) ..cccouiiiiiiiiiiiiiiiiiiiiiiiiiii s
4.3.3 Continuous-Filament Ceramic Composite with a
Partially Stabilized Zirconia Matrix, 1606Z(x) ......cccevvvvuiieninnnns
4.3.4 Alumina Matrix Composite Strengthened with
Silicon Carbide Particles, AS(X) cvvviiiiiiiirieiiiieeieriierieneeeanns

. DISCUSSION AND CONCLUSIONS .....cciiiiiiiiiiiiiiiniiincincneenenens

ACKNOWLEDGMENTS ..ot en

. REFERENCES ...ttt e e e e e






LIST OF FIGURES

Figure
1 Before-test sections of as-fabricated ceramic composite tubes that
formed a corrosion probe in the waste incinerator. Composite
identification, left to right: 166A/Z, 166Z, AS, and 166A ..............
2 A corrosion probe following an exposure of 6 months in the waste

incinerator. Discoloration and deposits are apparent. Composite
identification, left to right: 166Z(6), 166A(6), AS(6), and 166A/Z(6)

3 The zirconia matrix composite, 166Z(6), following an exposure of
6 months in the waste incinerator. The alloy 718 plate, which was
pinned to an alloy 600 tube, retained the tube sections during

exposure in the inCINErator ......ooovviiiiiiiiiiiiiiii et cieaeeanes

4 Light micrographs of PRD 166/alumina composite [166A(6)] after

6 months’ exposure in a hazardous waste InCinerator ....................

5 Light micrograph of PRD 166/alumina composite with a zirconia
surface coating [166A/Z(4)] after 4 months’ exposure in a hazardous

WASTE TN I T ALOT ottt reresrsnsenessenssnsaesasssnnesnessssesesssnsssosnsnsos

6 Light micrograph of PRD 166/zirconia composite [166Z(6)] after

6 months’ exposure in a hazardous waste incinerator ....................

7 Light micrographs of silicon carbide-particulate-strengthened alumina

[AS(6)] after 6 months’ exposure in a hazardous waste incinerator ....

8 Back-scattered electron and characteristic X-ray images of the
unexposed continuous-filament composite with an alumina

matrix [166A(0)] ....c.ooviniiiiiiii e

9 Back-scattered electron and characteristic X-ray images of the
continuous-filament composite with an alumina matrix after a

3-month exposure [166A(3)].......... O

10 Back-scattered electron and characteristic X-ray images of the
continuous-filament composite with an alumina matrix after a

4-month exposure [166A(4)] ...coiriiiiiiiiiiiiiiiiiiiceeee e

11 Back-scattered electron and characteristic X-ray images of the
continucus-filament composite with an alumina matrix after a

6-month exposure [166A(6)] ....oovvviiiniiiiiiiiiiiiiiiiiiciieceane,

12 Light micrographs of composite 166A(6) showing locations where
electron microprobe semiquantitative elemental measurements

WETE BB 1t iiiiernriiieresnseoeeesensssosnsesesosssnsnsasssssessencessnnsen



Figure

13

14

15

16

17

18

19

20

21

22

Back-scattered electron and characteristic X-ray images of the
unexposed continuous-filament composite with an alumina matrix
and zirconia surface coating [166A/Z(0)] .......cooiiiiiiiiiiiiiiii 25

Back-scattered electron and characteristic X-ray images of the
continuous-filament composite with an alumina matrix and zirconia
surface coating after an exposure of 4 months [166A/Z(4)] ......c.coceieinennt. 26

Back-scattered electron and characteristic X-ray images of the
continuous-filament composite with an alumina matrix and zirconia
surface coating after an exposure of 6 months [166A/Z(6)] .......ccocevveeiinnt 28

Back-scattered electron and characteristic X-ray images of the
unexposed continuous-filament composite with a zirconia
Matiix [166Z(0)] ..o 30

Back-scattered electron and characteristic X-ray images of the
continucus-filament composite with a zirconia matrix after an
exposure of 3 months [166Z(3)] ....coiiiiiiiiiiiiii e 31

Back-scattered electron and characteristic X-ray images of the
continuous-filament composite with a zirconia matrix after an
exposure of 4 months [166Z(4)] .....coooiiiiii 33

Back-scattered clectron and characteristic X-ray images of the
continuous-filament composite with a zirconia matrix after an
exposure of 6 months [166Z(6)] .......coiviiiiiiiiiiiiiiiii 34

Back-scattered electron and characteristic X-ray images of sample
166Z.(6) showing locations where electron microprobe semiquantitative
elemental measurements Were made ........oooiiiiiiiiiiiiiiiiiie e 36

Back-scattered electron and characteristic X-ray images of the
silicon carbide-particulate-strengthened alumina composite after
an exposure of 3 months [AS(3)] ... 40

Back-scattered electron and characteristic X-ray images of the

silicon carbide-particulate-strengthened alumina composite after
an exposure of 6 months [AS(6)] ... 42

vi



Table

LIST OF TABLES

Page
Designation and constituents of materials exposed to flue gases
in a waste incinerator at a maximum temperature of 900°C.................coou..L 7
Concentration at various sites within composite 166A(6).............c.......... L. 22
Analysis of various regions at or near the surface of composite 166Z(6)........ 39






HIGH-TEMPERATURE CORROSION OF CERAMIC-CERAMIC
COMPOSITES IN A WASTE INCINERATOR ENVIRONMENT*

J. R. Keiser, J. I. Federer, T. J. Henson, and D. L. Hindmant
ABSTRACT

Three types of ceramic composite were exposed to the flue gases of
a hazardous waste incinerator to assess their corrosion behavior. One
composite consisted of continuously wound filaments of Aly03-23 wt % ZrOp
in an alumina matrix. This composite was tested, both uncoated and coated,
with zirconia on the outer surface. The second composite type consisted of the
same fiber but in a zirconia matrix. The third composite consisted of an alumina
matrix strengthened with silicon carbide particles. Tubes of these materials were
exposed in the waste incinerator at about 900°C for times up to six months. Two
principal results of exposure were revealed by optical microscopy and electron
microprobe examinations: flue gas constituents either penetrated the uncoated
alumina matrix of the filament-wound composite, apparently through porosity
in the matrix, or deposited on the surfaces of the other composite types where
reaction and bonding occurred. Neither event caused significant microstructural
degradation of the composites, although the extent of reaction in the composite
with a zirconia matrix suggests that degradation could be a problem under more
severe conditions. Apparently, the concentration of penetrating species was
too small to form a significant amount of new compounds that could cause
degradation within the alumina matrix of the filament-wound composite, and the
temperature was too low for the deposits on the surface of the other two types of
composites to react significantly with the materials during the longest exposure
of 6 months. The zirconia coating on the alumina matrix composite was not
adherent enough to permit an assessment of its effect.

1. INTRODUCTION

One activity of the U.S. Department of Energy (DOE) is support of research and

development programs directed toward more efficient use of the nation's energy resources.

*Research sponsored by the U.S. Department of Energy, Assistant Secretary for
Conservation and Renewable Energy, Office of Industrial Technologies, Industrial Energy
Efficiency Division, under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.

tBabcock & Wilcox Company, Lynchburg, Va.



Numerous studies and surveys have revealed that much sensible heat is lost or wasted from
many industrial processes in the form of high-temperature flue gases. Therefore, a significant
part of the DOE effort has focused on innovative energy recovery methods as well as more
efficient use of energy in industrial processes.l:2 A current program involves a waste heat
recuperator that is being developed by Babcock & Wilcox (B& W) Company under a cost-
sharing contract with DOE.3# This type of recuperator is intended to recover heat from
"dirty" flue gases (for example, those derived from combustion of municipal or hazardous
wastes). High-temperature corrosion of materials is a serious concern in these facilities, so
testing and evaluation of materials of construction is an important part of the recuperator
development process.

Recuperator tubes will be exposed to high-temperature incinerator flue gases so that
heat can be transferred from the flue gases to air inside the tubes. The heated air can be used
for a variety of purposes (for example, preheating of raw materials, combustion air for gas or
oil burners, or to drive a gas turbine to produce electrical power). These applicaticns require
the air to be heated to a high temperature to attain the desired efficiency; therefore, the tubes
will be exposed to flue gases at 1000 to 1100°C, and the air will be heated to about 900°C.
Most structural alloys used in heat exchangers and other high-temperature applications, such
as iron- and nickel-based alloys, do not have adequate strength and corrosion resistance at
these temperatures. Special high-temperature alloys might be considered, but even these
alloys have limited strength at these temperatures and would be susceptible to serious damage
during high-temperature excursions. For this reason, B&W intends to use recuperator tubes
fabricated of ceramic materials.

The tubes will be subjected to stresses from several sources, such as those imposed on
the tubes by their own weight and those caused by the force of impinging particulates and flue
gases. Pressurization of the heated air within the tubes normally will be too small to produce

significant hoop and axial stresses, but this possibility should be recognized as a potential



source of stress in the event of a pressure control problem. The most significant stresses, and
probably the most difficult to quantify, will be those caused by thermal gradients through the
tube wall, along the length, and around the circumference. All of these sources acting together
produce a complicated stress state that could exceed the fracture strength of the material under
severe conditions.

Certain structural ceramic materials, for example, those based on alumina (Alp03) and
zirconia (ZrO3), have the inherent strength required for recuperator tubes; that is, samples of
these materials with properly prepared surfaces have high average strengths and exhibit only
small deviations from the average values. However, as-fabricated monolithic forms of these
materials having no special surface preparation exhibit much lower average strengths and
much larger deviations. Strengths of as-fabricated monolithic forms are directly related to
surface flaws that serve as crack initiators under stress, but machining the tubes to produce
surfaces with fewer flaws would be prohibitively expensive. Moreover, corrosion caused by
exposure to high-temperature flue gases can cause new flaws in either as-fabricated or
machined surfaces, so a flawed surface is a probable condition during extended service.

Other disadvantages of monolithic materials are a lack of toughness and resistance to
thermal shock.' Low toughness can result in brittle failure without significant deformation.
Sensitivity to thermal shock means that cracks can form during rapid heating or cooling, or
possibly because of the thermal gradient across the wall of the tube during normal operation.
All of these strength-limiting characteristics are undesirable in such critical components as
recuperator tubes because of the economic penalty associated with system downtime. Because
of these possible problems with strength, toughness, resistance to thermal shock, and high-
temperature corrosion, monolithic materials are not considered to be candidates for recuperator
tubes for the B&W application. To overcome these problems, B&W has developed oxide

ceramic composites with much higher toughness, better resistance to thermal shock, and



adequate strength in the as-fabricated condition. In addition, 8&W is evaluating a
commercially available composite material consisting of an alumina matrix strengthened with
SiC particles.”

To evaluate whether high-temperature corrosion would seriously affect the integrity of
these ceramic recuperator tubes, B&W exposed tubes of both the filament-toughened
composites and the SiC particle-strengthened composite to the high-temperature flue gases of
an industrial waste incinerator owned and operated by E. I. DuPont in Wilmington, Delaware.
Oak Ridge National Laboratory (ORNL) assisted B&W in this effort by examining exposed
samples to characterize the microstructures and corrosion products. This information, along
with room- and elevated-temperature mechanical property data determined by B&W, will be
used to select a material for recuperator tubes. This report presents the results of microscopic

examination of as-fabricated and exposed samples.

2. MATERIALS

The ceramic composites developed by B&W were strengthened and toughened with
20-pm-diam continuous filaments of PRD-166**, a fiber composed of Aly03-23 wt % ZrO2
(A1203-20 mole % Zr(Q;). The filaments were fabricated into tubular forms with both
alumina- and zirconia-based matrices by a proprietary process. Properties of the finished
tubes were influenced by the matrix composition (for example, additives to promote
sintering), relative proportions of matrix and filament, winding pattern of the filament, and
sintering conditions for consolidation. Although the process is proprietary, the general

fabrication method involved first winding the filaments onto a mandrel in a hoop/helical

*DuPont-Lanxide Corporation.
**DuPont Corporation, Wilmington, Del.



winding pattern to create a tubular preform. Hoop winding refers to winding around a tubular
mandre] without significant advance (angle of advance = 0 degrees) along the long axis of the
mandrel between adjacent turns (similar to thread on a spool). In helical winding, the angle of
advance is >> 0 degrees, e.g., 45 degrees, so that there is significant interlocking

- of overlapping layers of wound filament. Hoop-wound forms are stronger radially than
axially, whereas helical winding imparts axial strength to the form. The filament-wound
preform was then impregnated with the matrix material, and the resulting "green” composite
was sintered to densify the matrix.

B&W fabricated filament-wound tubes with both alumina- and zirconia-based
matrices. In composites with an alumina matrix, the filaments were coated with zirconia to
minimize reaction (sintering) between the filament and matrix. As will be shown, the coating
on the filaments generally was not very adherent. Because the alumina matrices contained
about 35% porosity in the as-fabricated condition, some tubes with an alumina matrix were
coated with zirconia to minimize penetration of flue gas constituents into the matrix.
Composites with a zirconia matrix had about 25% porosity, and the zirconia was partially
stabilized with yttria. No coating was applied to tubes with a zirconia matrix because earlier
results had indicated that flue gas constituents did not significantly penetrate the material. The
tubes had a diameter of about 100 mm, a wall thickness of about 3.5 mm, and the filaments
constituted about 50 vol % of the composites.

The alumina matrix material strengthened with SiC particles was also fabricated into
tubes by a proprietary process involving starting materials, processing temperatures, additives
to promote consolidation, and coatings. This material consisted of =50 vol % SiC particles
(maximum size =25 pm) in an alumina matrix. A small amount of aluminum (a few percent)

in the microstructure was residue from the fabrication process. The tubes had a diameter of



=121 mm and a wall thickness of 6.4 mm. The constituents of the composites are
summarized in Table 1. The designation of the composites shown in Table 1 will be used in
this report.

Sections of as-fabricated tubes with both types of matrix materials were used to form
corrosion probes as shown in Fig. 1. A corrosion probe was prepared by mounting the tube
sections on a smaller diameter Inconel alloy 600 tube, which was pinned to an alloy 718 plate
on one end (the left end in Fig. 1) to retain the ceramic tubes on the metal tube. Sintered
zirconia fiber plugs separated the materials as shown in Fig. 1 and limited penetration of flue
gases into the interior of the tube sections. Samples from tubes, such as these, were also used
for determination of as-fabricated mechanical propertics (by B&W), and sections of such
tubes were used for pre-exposure microstructural characterization (by ORNL).

Thus, three types of ceramic composite tubes were exposed to flue gases in a waste
incinerator: PRD166 filament-strengthened alumina with and without a zirconia coating on the
outer surface [166A(x) and 166A/Z(x)], respectively; PRD166 filament-strengthened zirconia
[166Z(x)]; and alumina strengthened with silicon carbide particles [AS(x)]. After the
exposure, samples of each type were examined at ORNL to characterize their corrosion

behavior.

3. EXPOSURE CONDITIONS

Composite tube sections of each type composite were exposed to the industrial waste
incinerator for periods of 3, 4, and 6 months (about 2200, 2900, and 4400 h). During this
period, the incinerator was reported to have burned a wide range of hazardous and
nonhazardous materials including liquid waste from the DuPont Experimental Station
Laboratories in Wilmington, Delaware, as well as materials from many other DuPont facilities.
The material burned did not include polychlorinated biphenyls (PCBs), dioxin precussors, or

radioactive materials, but elemental components of the waste included Na, Ca, P, Si, S, Sb,



Table 1. Designation and constituents of materials exposed to flue gases
in a waste incinerator at a maximum temperature of 900°C

Designationin ~ Continuous-filament or Filament Outer
this report strengthening agent coating Matrix coating
166A(x)? PRD166 (4187) AO3 None
166A/Z(x) PRD166 V410 ARO3 Zr)
166Z(x) PRD166 V4107 ZrOn None
AS(x) SiC particles NA ALO3 Oxide?

@y = 3, 4, or 6 to indicate months of exposure.
bAluminosilicate.

Fig. 1. Before-test sections of as-fabricated ceramic composite tubes that formed a
corrosion probe in the waste incinerator. Composite identification, left to right: 166A/Z,
166Z, AS, and 166A. Source: Babcock and Wilcox Company, Lynchburg, Virginia.



Fe, Cr, and Ti. After each exposure period, a tube section was removed for strength
measurements at B&W and for microstructural examination at ORNL. During the exposure
periods, the operating temperature reached about 950°C (1740°F), while the temperature inside
the sample tubes reached about 900°C. The incinerator regularly experienced thermal cycles,
some down to near-ambient temperature and some down to intermediate temperatures in the
range of 250 to 425°C (500 to 800°F). The Inconel mbing was slightly cooled by air flowing
through it, and the annulus between the Inconel and ceramic tubes contained lightly packed
Saffil fiber insulation to minimize cooling of the ceramic tubes. Impinging flue gases caused
deposits and/or discoloration on the outer surfaces of the tubes. The inner surfaces were
protected from direct flow of flue gases by zirconia fiber plugs (Fig. 1). Analysis of the flue
gases was not determined because of their frequently changing composition associated with
different waste charges. However, the principal constituents of the deposits were determined
and are discussed in a subsequent section. Figure 2 shows a corrosion probe following an
exposure of six months; an accumulation of thicker deposits on some regions of the samples is
apparent. Another view of one of the samples is shown in Fig. 3. Corrosion of the alloy 718

plate is also apparent in this view.
4. RESULTS
4.1 VISUAL EXAMINATION

Samples of exposed tubes were first visually examined for comparison with
unexposed samples also provided by B&W. Most of the exposed surfaces were covered with
rough, loosely adhering, brown deposits. Elsewhere, the surfaces of the materials were
stained brown. Neither the matrix nor original filaments at the surface appeared to be
damaged. No other obvious damage of the samples, such as delamination, was apparent at

this stage of examination.



Fig. 2. A corrosion probe following an exposure of 6 months in the waste
incinerator. Discoloration and deposits are apparent. Composite identification, left to
right: 166Z(6), 166A(6), AS(6), and 166A/Z(6). Source: Babcock and Wilcox Company,
Lynchburg, Virginia.
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Fig. 3. The zirconia matrix composite, 166Z(6), following an exposure of
6 months in the waste incinerator. The alloy 718 plate, which was pinned to an alloy
600 tube, retained the tube sections during exposure in the incinerator. Source: Babcock
and Wilcox Company, Lynchburg, Virginia.



11

4.2 MICROSTRUCTURAL EXAMINATION

Exposed tubes were sectioned by B&W into rings approximately 13 mm (0.5 in.)
wide. Segments approximately 19 mm (0.75 in.) long were removed from whole rings to
make C-rings for strength measurements. These segments were provided to ORNL for
examination of surfaces both parallel and perpendicular to the long axes of the tubes. These
were prepared for optical microscopy by polishing to produce smooth, scratch-free surfaces
in which the various phaSes and microstructural features could be observed without chemical
etching.

Microstructures of sections of the materials after exposure are shown in Figs. 4
through 7. In general, the continuous-filament composites had a similar appearance, i. e.,
filaments in a matrix material that contained varying amounts of cracks and pores. A thin
deposit or reaction layer is present on the surface of 166A(6) shown in Figs. 4(a) and (b).
Some discoloration was observed in pores of the matrix. The discoloration indicates that very
slight attack occurred on the matrix and filaments near the surface. Filaments at or near the
surface appear as circles with dark edges as shown in Fig. 4(c).

The original zirconia coating that was applied to 166A/Z(6) was not found on the
sample shown in Fig. §; it presumably spalled during one of the many thermal cycles. A
thicker deposit (than that shown in Fig. 4) reacted and bonded to this material, but, again,
reaction appeared to be slight.

A more extensive reaction lgycr that was at least partially crystalline in nature occurred
on the surface of the 166Z(6) showﬁ in Fig. 6. Filaments near the surface appeared to have
reacted to the extent that their identity was lost (Figs. 6(b) and (c)]. In some cases, part of the
filament had been dissolved by the reaction layer, while part remained in an intermediate state
of reaction. Other nearby filaments were discolored, suggesting an intermediate state of

attack.



(c)

91-1780-3

(b)

Fig. 4. Light micrographs of PRD 166/alumina
composite [166A(6)] after 6 months’ exposure na
hazardous waste inCinerator .
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Al»O3 matrix ZrO; coating

Fig. 5. Light micrograph of PRD 166/alumina composite
with a zirconia surface coating [166A/Z(4)] after 4 months’ exposure
in a hazardous waste incinerator.
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(c)

91-1782-5

(b)

Fig. 6. Light micrograph of PRD 166/zirconia
composite [166Z(6)] after 6 months’ exposure in a
hazardous waste incinerator.

14
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The AS(6) material in Fig. 7(a) also exhibited a thin layer on the surface. The layer
contained various phases and was bonded to the original material [Figs. 7(b) and (c)].
Silicon carbide particles just below the reaction layer were not attacked, as indicated by the
angularity of the particles [Fig. 7(c)]. The surface layer in Fig. 7 might be a protective o.xide
coating applied to the surface by the manufacturer or a new layer modified by flue gas

constituents. In either case, attack of the parent material appears to be minimal.
4.3 ELECTRON MICROPROBE EXAMINATION

Electron microprobe analysis was used to identify elements in deposits or reaction
layers on the surfaces of the composites and to determine the extent of penetration of
incineration products into the composites. The following descriptions are based on
examination of micrographs produced by back-scattered electrons (BSE) and characteristic
X-ray spectra. Light micrographs were also used to aid in interpretation of the microprobe
results. Although most of the elements are expected to be present as oxides, the microprobe

indicates elemental concentrations only, rather than compounds.

4.3.1 Continuous-Filament Composite with an Alumina Matrix, 166A(x)
Unexposed material is shown in Fig. 8. The BSE image shows the filaments, filament
coating, and matrix material. The characteristic X-ray spectra images confirm the alumina
matrix, the presence of Al and Zr in the filaments, and the presence of a fragmented zirconia
coating on some of the filé.mcnts. The same material ié shown in Fig. 9 after an exposure of
three months in the waste incinerator. The BSE image in Fig. 9(a) reveals a deposit on the
surface but does not indicate that the material has been significantly attacked. Characteristic
X-ray spectra showed that several flue gas constituents (Na, S1, P, and S) had penetrated the
microstructure as illustrated by the Na and Si images in Figs. 9(b) and (c¢). Elements detected

in the deposit were Sb, Na, Si, S, and Fe.



(c)

(b)

Fig. 7. Light micrographs of silicon carbide-
particulate-strengthened alumina [AS(6)] after 6 months’
exposure in a hazardous waste incinerator.
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Fig. 8. Back-scattered electron and characteristic
X-ray images of the unexposed continuous-filament
composite with an alumina matrix [166A(0)].
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(b) Na

Fig. 9. Back-scattered electron and characteristic
X-ray images of the continuous-filament composite with
an alumina matrix after a 3-month exposure [166A(3)].

81
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After an exposure of four months, the BSE image in Fig. 10(a) still does not indicate
that the material has undergone chemical attack. As before, Na and S were detected in the
alumina matrix [Figs. 10(b) and (c)], and small regions containing Na, Ca, Cr, Fe, and S
were identified in the matrix.

After an exposure of 6 months, the BSE image in Fig. 11(a) reveals neither a deposit
nor evidence of reaction, except for dark surfaces on filaments near the surface (shown as a
dark edge on the circular cross section). A zirconia coating, the bright material surrounding
some filaments, is clearly evident in Fig. 11(a), while the presence of Al in the matrix and
filaments is confirmed in Fig. 11(b). Again, Na was found in the matrix [Fig. 11(¢)];
however, the concentration, relative to an exposure of 4 months, could not be quantified.
The presence of Fe, K, P, and Sn in the matrix was also indicated, and isolated small regions
on the surface contained Ca, Fe, and Sn. Sodium, K, and S were also detected at the
midpoint of the wall thickness, indicating that these elements had migrated at least
approximately 1.5 mm through the matrix.

In order to further characterize the microstructure of composite 166A, the most
prominent elements in the matrix and filaments were identified with the electron microprobe.
These were Al, Ca, P, 81, and Zr. Other elements, including Fe, Na, S, Sb, and Ti, were
present in relatively smaller amounts. The five predominant elements were quantitatively
determined at various locations as described in Table 2. The elemental concentrations were
converted to oxides, and the results were normalized to provide analyses at various sites. Tﬁc
absolute accuracy of the measurements in Table 2 is less important than the concentration
differences or other insights revealed by the data.

Several important microstructural and compositional features can be identified from
Fig. 12 and Table 2. A fragmented ZrO; coating (88 to 98 wt % ZrO3) was present on some
filaments. Analyses of the centers of filaments at the surface, and at least 2 mm from the

surface, revealed an AlO3/ZrO; ratio between 3:1 and 4:1, which corresponds well to a
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Fig. 10. Back-scatteredelectron and characteristic

Xxray images of the continuous-filament composite with
an aluminamatrix after a 4-month exposure [166A(4)].
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Fig. 11. Back-scattered electron and characteristic
X-ray images of the continuous-filament composite with
an alumina matrix after a 6-month exposure [166A(6)].
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Table 2. Concentration at various sites within composite 166A(6)

Concentration wt %

th
I?;l:n) ALO3 20 P205 Si0) ZO) Location of analysis site
0 74 0 1 1 25 center of filament
93 0 2 2 3 dark edge of filament
1 0 1 1 98 coating on filament
=0.1 82 1 8 10 0 matrix
73 0 0 1 26 center of filament
92 0 3 4 0 matix
97 0 1 1 0 matrix
=] 75 0 pA 1 22 center of filament
96 0 3 1 0 matrix
92 0 5 2 0 mairix
10 0 1 1 88 coating on filament
87 1 6 3 4 dark edge of filament
80 0 1 1 17 center of filament
=2 78 0 1 0 21 center of filament
1 0 1 0 98 coating on filament
92 0 6 1 1 matrix
1 46 53 0 0 between filaments
1 47 51 0 1 between filaments
91 1 7 2 0 matrix
33 3 36 0 0 between filaments
93 0 4 1 1 matrix
87 1 9 3 0 matrix
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(&)

Fig. 12. Light micrographs of composite 166A(6)
showing locations where electron microprobe semiquantitative
elemental measurements were made.
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filament composition of Alp03-20 mole % ZrO9. Filaments, especially near the surface, had
dark edges that always had substantially lower concentrations of Zr(O7 as shown in Table 2,
but filaments with dark edges and corresponding low ZrO» contents occurred to a depth of at
least 1 mm. Figure 12(b)bshows other typical locations where measurements were made.
The matrix material always contained a high Al;O3 content as was expected. At three
locations, 2 mm from the surface, regions containing high concentrations of CaO and P05
were found as shown in Table 2. If these compounds were not present in the original
composite, then their source must have been the flue gas environment.

Neither the presence of the latter two compounds nor the variation in composition from
the center to the dark edge of filaments can be readily explained; however, these compositional
variations do not seem to indicate that substantial degradation of the composite occurred

during exposure in the waste incinerator.

4.3.2 Continuous-Filament Ceramic Composite with an Alumina Matrix
Zirconia Coating Initially Applied, 166A/Z(x)

Figure 13 shows the unexposed material. The BSE image clearly shows the filaments,
matrix, and zirconia coating on the surface. After an exposure of 4 months, the BSE image in
Fig. 14 indicates that the material has not been significantly attacked; however, the original
zirconia coating on the surface is no longer present, apparently lost to spallation.
Characteristic X-ray spectra confirmed the presence of Al in the filaments and matrix, and Zr
in the filaments, and also revealed Na and Si in the alumina matrix and the presence of Na, Si,
S, Fe, and Ca in a thin layer on the surface. After 6 months, the BSE photograph in Fig. 15
shows no evidence of the zirconia coating on the surface but also no evidence of a deposit or
reaction layer on the surface. Sodium was distributed in the alumina matrix, and Fe and Sn
were present in a thin layer on the surface. Thus, the electron microprobe examination

revealed little or no attack on the material in agreement with the optical micrograph in Fig. 5.
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Fig. 13. Back-scattered electron and characteristic
X-ray images of the unexposed continuous-filament
composite with an alumina matrix and zirconia surface
coating [166A/Z(0)].
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Fig. 14. Back-scattered electron and characteristic
X-ray images of the continuous-filament composite with
an alumina matrix and zirconia surface coating after an
exposure of 4 months [166A/Z(4)]. ’
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Fig. 15. Back-scattered electron and characteristic
X-ray images of the continuous-filament composite with
an alumina matrix and zirconia surface coating after an
exposure of 6 months [166A/Z(6)].
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4.3.3 Continuous-Filament Ceramic Composite with a Partially Stabilized
Zirconia Matrix, 166Z(x)

The unexposed material is shown by the BSE image and characteristic X-ray spectra in
Fig. 16. After 3 months, the BSE image in Fig. 17 shows a deposit on the surface; however,
the filaments and matrix do not exhibit evidence of attack at this time. The deposit contained
substantial concentrations of Al, Na, Si, S, P, and Ca (as illustrated for Na, Si, and S in
Fig. 17). Phosphorus was especially concentrated in cracks near the surface. Silicon, Na,
and Ca were detected in the matrix. The BSE image after 4 months, in Fig. 18, indicates that
a reaction with the matrix has occurred because regions with a high concentration of Al are
present in what should be the zirconia matrix. Sodium, however, is still mostly present in the
surface layer. After 6 months’ exposure in the incinerator, the BSE photograph in Fig. 19
reveals two distinct reaction layers. (None of the original composite material is shown in this
view.) The outer layer contained crystalline-like material in a glassy matrix, while the inner
layer consisted of elongated grains in a matrix material. The outer layer had substantial
concentrations of Al, Na, S, and Si, and, possibly, Sb and Sn. Calcium and Mg were present
in both layers. The enlongated grains in the inner layer may be alumina or a mixture of
aluminosilicates, e. g. mullite and/or sodium aluminosilicate compounds; however, this
possibility was not confirmed by analysis. Isolated particles in the inner layer contained high
concentrations of Ca, while isolated regions at the interface between the two layers contained
Fe and Ti.

Figure 20 reveals that the filaments near the surface were severely attacked in this
material in contrast to the behavior of composite 166A and 166A/Z. The BSE image in
Fig. 20(a) shows that filaments at or near the surface have completely reacted and that others
are in an intermediate stage of reaction. Reacted filaments have lower Al and Zr contents but
higher Ca, Na, P, and Si, as shown by the characteristic X-ray spectra in Figs. 20(b—g).

Elemental concentrations were obtained at specific sites as in the case of composite 166A(6).



_Fig. 16. Back-scatteredelectron and characteristic
X-ray images of the unexposed continuous-filament
composite With a zirconia matrix [166Z(0)].

Ct



31

(b) Na

Fig. 17. Back-scattered electron and characteristic X-ray
images of the continuous-filament composite with a zirconia matrix
after an exposure of 3 months [166Z(3)].
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Fig. 17. (continued)



_Fig. 18. Back-scattered electron and characteristic
X-ray images of the continuous-fi lanentcomposite with a
zirconia matrix after an exposure of 4 months [166Z(4)].
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_Fig. 19. Back-scatteredelectron and characteristic
Xxray images of the continuous-filamentcomposite with a
zirconia matrix after an exposure of 6 months [166Z(6)].
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Fig. 19




Fig. 20. Back-scattered electron and characteristic
X-ray images of sample 166Z(6) showing locations where
electron microprobe semiquantitative elemental measurements
were made.
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Table 3 shows that the reaction layer on the surface (point 1) contained high concentrations of
Al, Ca, P, and Si, which along with Na (shown to be present by characteristic X-ray spectra),
probably is a complex silicate material. The Zr content, however, was lower than anticipated.
Points 2 and 3, the sites of reacted filaments, had compositions similar to that in point 1.
Point 4 reveals Ca and P had displaced the Al and Zr in a filament near the surface. Point 5
indicates a concentration of P in a crack in the matrix, while point 6 represents a relatively
uncontaminated matrix. Points 7 and 9 represent unreacted filaments, while point 8 reveals
the low Zr concentration along the edge of filaments as was noted in filaments near the
exposed surface of 166A(6). Points 10 and 11 represent crystal formation in a reacted
filament and slightly contaminated matrix, respectively, near the exposed surface.

The photographs (Figs. 16 through 20) and data (Table 3) clearly show that composite
166Z was much more extensively corroded by high-temperature flue gases than was 166A.

Later in this report, the possible cause of this behavior will be addressed.

4.3.4 Alumina Matrix Composite Strengthened with Silicon Carbide
Particles, AS(x)

The BSE image in Fig. 21, taken after three months’ exposure, reveals a deposit or
reaction layer on the surface. Characteristic X-ray spectra showed the presence of Al, Na, Si,
S, and Ca in the layer. After 6 months, the deposit or reaction layer was definitely bonded to
the original material as shown in Fig. 22(a). The deposit or reaction layer (top) contained
crystals, voids of various sizes, and cracks that extended into the the original material
(bottom). Characteristic X-ray spectra confirmed the presence of Al in the matrix of the
original material and Si in the original particles. The deposit or reaction layer contained Al,

Ca, Na, S, and Si, while the crystals contained Ca, Fe, P, and Zr.



Table 3. Analysis of various regions at or near the surface of composite 166Z(6)2

Point

Concentration wt %

AbO3 Ca0 P205 SiOp 7 Location of analysis site

1 29 6 33 30 2 reaction layer

2 27 5 35 32 2 reacted filament

3 31 4 33 31 2 reacted filament

4 0 74 26 0 0 crystal in reacted filament
5 1 9 76 1 14 crack in matrix

6 1 0 3 0 95 matrix

7 73 0 1 2 24 center of filament

8 88 1 3 4 4 edge of filament

9 77 0 0 1 22 center of filament
10 17 5 50 12 16 crystal in reacted filament
11 3 2 2 3 90 matrix

@Analysis points are shown in Fig. 20(a).

6t
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(@) BSE

b) Al

Fig. 21. Back-scattered electron and characteristic
X-ray images of the silicon carbide-particulate-strengthened
alumina composite after an exposure of 3 months [AS(3)].
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Fig. 21. (continued)



Fig. 22. Back-scattered electron and characteristic
X-ray images of the silicon carbide-particulate-strengthened
alumina composite after an exposure of 6 months [AS(6)].
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5. DISCUSSION AND CONCLUSIONS

Three types of ceramic composite materials were exposed to flue gases in a hazardous
waste incinerator to assess their suitability for heat exchanger tubes. One composite consisted
of continuous filaments of PRD-166 (A1203-20 wt % Zr(Q») in an alumina matrix, with and
without a zirconia coating on the outer surface (designated 166A and 166A/Z). Another
composite consisted of PRD-166 filaments in a zirconia matrix (166Z), and the third type of
composite was a commercially available material having an alumina matrix strengthened with
silicon carbide particles (AS). The three composites, in the form of short lengths of uncooled
tubes, were exposed to 900°C flue gases in the waste incinerator for intermittent periods
during the time (up to 6 months) the tubes were in the incinerator.

The alumina matrix of the continuous filament composites was penetrated by several
flue gas constituents: Na, Si, P, and S. Sodium, K, and S were also identified at the
midpoint of one of the composites, indicating penetration to a depth of at least 1.5 mm. These
elements probably penetrated the alumina matrix through porosity, which was about 35% in
this material. Compositional differences between the center and edge of filaments, especially
near the surface of 166A, were detected; otherwise, no new compounds or other
microstructural changes were observed. The zirconia coating originally applied to the outer
surface of some composite tubes mostly spalled and did not survive the exposure; therefore,
both 166A and 166A/Z behaved similarly in this test, and the ability of the coating to resist
penetration of flue gas constituents was not assessed.

There was less penetration of flue gas constituents into 166Z, possibly because the
matrix had a porosity of only about 25%. The extent of reaction at the surface, however, was
significantly greater in 166Z than in 166A. Two distinct reaction layers containing crystals

formed on the surface. Aluminum, Na, Si, S, and, possibly, Sb and Sn were present in the
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evidently resisted penetration of flue gas constituents because the alumina matrix was much
denser than that of the continuous-filament composites.

The reason for higher susceptibility of 166Z to degradation has not been determined.
Perhaps the lower porosity of the zirconia matrix, compared to the alumina matrix, effectively
retains and concentrates more of the constituents on the surface, whereas the more porous
alumina matrix allows dilution by penetration.

The following conclusions, derived from the results of microstructural examinations,

pertain specifically to the 6-month exposure:

1. continuous-filament ceramic composites 166A and 166Z were penetrated by flue
gas constituents, the former more than the latter;

2. even though 166A was penetrated with flue gas constituents, a significant
amount of new compounds was not observed within the filaments or matrix,
suggesting that their concentrations might have been too small to cause
significant compound formation;

3. only a slight reaction layer occurred at the surface of 166A, but there were
compositional changes in near-surface filaments as well as to filaments well
below the surface;

4. amore extensive reaction layer occurred at the surface of 166Z, resulting in
severe attack of filaments near the surface; and

5. alayer was evident on the surface of the AS composite, but there was no

indication the silicon carbide particles near the interface were attacked.

In comparing the relatively porous continuous-filament composites 166A and 1667,
the latter, as evidenced by attack of the filaments in a reaction layer, is more susceptible to
degradation by reaction with flue gas constituents even though gas penetration is less. On the

other hand, the much denser AS composite, with its alumina matrix and aluminosilicate
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surface coating, had a significant surface layer but no evidence of an extensive reaction.
These resulté suggest that the alumina, whether in a porous or dense form, is resistant to the
incinerator constituents at the concentrations present in these tests. It is to be noted that
previous tests with higher concentrations of sodium showed reaction of the alumina with the
sodium. If the exposure temperature substantially exceeded 900°C during an extended
temperature excursion, or if the exposure times were substantially longer than 6 months, the
amount of degradation might be substantially more than was found in the examinations

described herein.
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