-

43

R

ATV

Corrosion Behavior of
Continuous-Filament-Wound
Ceramic Composite Tubes




fHice of §

[
L

] o
cal tform

3%, prices o
S7C-8441

121
RV

- £

MHE3E O

ihat its use

O

) ANy Spacific COmiT TOGUCT, prOCEsS,
me, redemark, m acturar, or otherwise, does not necesssrily congt
-
i)

tute or imply s endoraeman ¢ dation, or favoring Ly the

The views and ooinicn:

3

; e G refiect thoss of the
Government oF




ORNL/TM-11691
Metals and Ceramics Division

CORROSION BEHAVIOR OF CONTINUOUS-FILAMENT-WOUND
CERAMIC COMPOSITE TUBES

J. I. Federer

Date Published: May 1991

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
Assistant Secretary for Conservation and Renewable Energy
Office of Industrial Technologics
ED0112000

Prepared by the
QAKX 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-ACO5-840R21400
T
RIS

3 4y4yht 0355012 &8






CONTENTS

Page

LISTOFTABLES . ... i i v
LISTOFFIGURES ... e vii
INTRODUCTION .. e e 2
MATERIALS . .. e 3
EQUIPMENTAND PROCEDURES .. ... ... .. i 4
RESULTS . oo e e e 10
VISUAL APPEARANCE ... ... i 10
DIMENSIONAL CHANGES . .. ... . e 16
OPTICALMICROSCOPY . .. .. i e 22
ELECTRON MICROPROBE ANALYSIS ... ... .. ... . ... 32
X-RAY DIFFRACTION ANALYSIS ... ... o o i 37
DISCUSSION L. e e i s e e 39
SUMMARY ANDCONCLUSIONS . ... o e 41
REFERENCES ... i i e i e e 43

iii







Table

LIST OF TABLES

Ceramic COmMPOSIE SPECIMEIS & v v v v v vt vttt it i n e e r e ie e eenans

Thermal treatments in air and the corrosive atmosphere. . .. ..........

Temperatures (°C) in three positions in the furnace tubes in air
and in the corrosive atmosphere ... ... .. .. .. o oo

X-ray diffraction results

----------------------------------

Page

11

15
38






LIST OF FIGURES

Figure

1 Typical as-fabricated hoop- and helical-wound specimens . .........
2 Arrangement for thermal treatments . ....... ... ... . ...

3 Arrangement for controlling flow of corrosion
atmosphere Consttuents . . ... .o ot ittt it et e

4 Thermal treatment plan for ceramic composite specimens in either
air or air-3.4 wt % Hp0-0.01 wt % NapCO3 atmosphere .. ........

5  Hoop-wound specimens after exposure to the corrosive
atmosphere for 500 h. B6, AlpO3 matrix; D18, ZrOp matrix. . . ... ...

6  Helical-wound specimens with ZrOp matrices after exposure
to the corrosive atmospherefor 500 h . .. . ... ... .. .. ...

7  Helical-wound specimens with ZrO) matrices after exposure
to the corrosive atmosphere for 300 h. 12, SnO» coating;
K3, Zr00 Coating . .t ittt it et e e e e e e e e

8 Dimensional changes in hoop-wound specimens A5
and Bo6with AlbOzmatrices .. ... .o ittt i

9  Dimensional changes in hoop-wound specimens C7
and DI with ZrOo matriCes . v v v v v vttt e e e e e e e e e e e e e e

10  Dimensional changes in hoop-wound (AS5) and
helical-wound (E9) specimens with AlO3 matrices
L3 (7 5 U 1 )

11 Dimensional changes in helical-wound specimens

G2,F15,and H3 with ZrOo matrices . . . . oo vt i ittt e oo
12 Dimensional changes in helical-wound specimens J2

and K3 with ZrOo matrices . . .o . v vt vttt i it e e e
13  Dimensional changes in helical-wound specimen 12

wWith aZrOo matriX . v vt ittt et e et e e e e e
14  Specimen A5 aftertestinginair . ....... ... . i oL
15 SpecimenC7 aftertestinginair ......... ..o n..
16  SpecimenG2aftertestinginair . . ...... ... e



Figure
17
18

20
21
22
23

24

Specimen B6 after corrosion testing. ... ..., ... ... L oL
Specimen D18 after corrosiontesting . . .. ... ... L. L oL
Specimen F15 after corrosiontesting . . . ... ... i L.
Specimen H3 after corrosiontesting ... ... ... ..o o
Specimen 12 after corrosion testing . . . .. ... oot
Specimen K3 after corrosiontesting .. ... ... .. ... ... . ... ...

Electron microprobe analysis of specimen B6 after
COMMOSION tCSHINME . . v vttt et et e e it et e e ettt

Electron microprobe analysis of specimen F15
after COTTOSION TESHING . . . o v vt et et et e et i

Electron micreprobe analysis of specimen K3
after COImOSIONTESHNEG .« . . . o v it ittt et e et e et e

viii



> BE 1 U T - LA T
RA ) ' SITE TUBES™
I L Federer
ABSTRACT

Ceramic composites are being developed for heat exchanger tubes
in industrial furnaces. Because industrial furnace atmospheres often
contain alkali compounds, the corrosion behavior of ceramic composites
was investigated in an oxidizing atmosphere containing NagCOj3 vapor.
The composites, in the form of tubes, consisted of Al,03-20 wt % 210,
continuous-filament-wound bodies impregnated with Al,O3 or ZrO;
matrices. The matrices contained 20 to 30% porosity. The tubes were
thermally cycled three or four times between 20 and 1150°C with
cumulative holding times, at 1150°C, of 300 or 500 h. One set of
specimens was thermally cycled in air for comparison with a similar set
thermally cycled in the NapCOs-containing atmosphere. Specimens
heat-treated in air had almost no visual evidence of degradation,
but specimens exposed to the corrosive atmosphere exhibited bending,
nonuniform expansion, cracking, and spalling. Dimensional changes
in specimens heat-treated in air were <0.5% compared to values up to
+6% in specimens exposed to the corrosive atmosphere. In specimens
with Zr(3y matrices, Na was found to be concentrated at the interfaces
between matrix and filaments, indicating that the matrix porosity
allowed access of the atmosphere to the filaments, In the specimen with
an AlyO3 matrix, Na was concentrated on the outer surface, indicating
high reactivity between Na and AlpQ3. X-ray diffraction analysis
showed that several sodium aluminates bad formed by reaction
of NapCO3 with the AlpOs matrix and high AlpO3 filaments, but no
sodium zirconates were detected. The degradation of the specimens
was attributed to the volume increases associated with formation of
sodium aluminates. These results indicate that exposure of the ceramic
composites to Na-containing industrial furnace atmospheres at
temperatures as high as were used in these tests would cause corrosion
and dimensional changes.

"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.



INTRODUCTION

An advanced waste heat recuperator is being developed by Babcock & Wilcox
Company (B&W) under contract to the U.S. Department of Energy.ls2 The recuperator is
intended to recover heat from the fouling and corrosive flue gases of indusirial furnaces.
The heat will be recovered in the form of heated air, which will be used for various
applications. This preheated air could be used as combustion air for furnace burners,
wherein the resulting higher flame temperature reduces fuel consuroption. Alternatively,
the preheated air could be used to drive a gas turbine. These or other applications require a
steady, uninterrupted supply of hot air. The heat exchanger tubes, therefore, are critical
components of the recuperator system. The tubes must be dimensionally stable, sirong,
thermal shock resistant, and corrosion resistant during exposure to high-temperature,
thermal cycling, and corrosive flue gases of aluminum remelt furnaces, steel soaking pits,
waste incinerators, and similar furnaces.

Selection of materials for the heat exchanger tubes involved exposure tests of
various Si-based and oxide ceramics in industrial furnaces. These tests revealed that SiC
and Si3Ng4 ceramics corroded severely in furnace environments containing alkali
compounds (e.g., aluminum remelt furnaces), and that the corrosion of oxide ceramics
increased with increasing SiO7 content of the ceramic.3 Based on these results and other
information developed by B&W, AloO3 and stabilized ZrO, were selected as matrix
materials in ceramic composites with continuous filaments of PRD166™ (A1h03-20 wt %
Zr0»). Fabrication of composites by a proprietary sol-gel method is being developed by
B&W. The fabrication variables include the filament-winding pattern and coatings to seal

inherent matrix porosity.

*DuPont Corporation, Wilmington, Del.



In addition to mechanical properties and corrosion testing being performed by
B&W during fabrication development, 11 specimens were corrosion tested at ORNL.
Previous testing of similar specimens in an oxidizing atmosphere containing NayCO3 vapor
had revealed considerable dimensional stability in some similar ceramic composite
specimens.3 The purpose of the present tests was to assess the dimensional stability and
corrosion resistance of possibly improved specimens af temperatures of interest to the heat
exchanger program. Unlike the previous work, testing involved thermal treatments in both
air and a potentially corrosive atmosphere in an attempt to separate thermal and corrosion
effects. Dimensional stability was the principal measured response. Various techniques
such as optical microscopy, X-ray diffraction, and microchemical analysis were used to

develop an understanding of observed changes in dimensions.
MATERIALS

Eleven tubular ceramic composite specimens were tested. Each specimen had
PRD166 continuous filaments in an AlpQ3 or Zr(O; (stabilized with Y203) matrix
(Table 1). The ZrOp was only partially stabilized, as shown later in this report. The
spectimens were prepared by first hoop or helical wrapping the continuous filament on a
mandrel. Hoop winding used an ~0” angle of advance (screw angle); whereas, helical
winding used an ~30° angle of advance. Interlocking fiber wraps were achieved by helical
wrapping in both directions along the axis of the mandrel. The filament was impregnated
with the matrix material by a proprietary sol-gel process, then sintered. Sintering was
perforimed at a low temperatare to minimize reaction between the matrix and the filaments.
As aresult, the matrices contained 20 to 30% porosity. Typical as-fabricated hoop- and

helical-wound specimens are shown in Fig. 1.



Table 1. Ceramic composite specimens

Filament

Specimen Matrix winding '

number material pattern Coating
AS Al Hoop None
B6 ALy Hoop None
C7 715y Hoop None
D18 V4197 Hoop None
£9 AlLO3 Helical None
F15 V487 Helical None
G2 7y Helical None
H3 710y Helical None
2 2y Helical Sn0Oy
J2 70y Helical 2Oy
K3 ZrOy Helical 770y

EQUIFPMENT AND PRCCEDURES

Thermal treatments were performed in two similar furnaces, each having three
alumina tubes for specimen containment. A furnace with temperature control and
monitoring equipment is shown schematically in Fig. 2. An auxillary calibrated type S
thermocouple was temporarily installed in each tube when the furnace was at equilibrium to
measure the temperature of the gas adjacent to the specimens. Components used to control
and measure constituents of the corrosive atmosphere are shown schematically in Fig. 3.
Air was metered with conventional tube and float flowmeters. A solution of F,OQ-—

0.5 wt % NapCO3, metered by a tubing pump, dripped into platinum cups at about
1000°C, where vaporization occurred. The nominal composition of the corrosive

atmosphere was No-22.5 wt % O2-3.4 wt % H0-0.01 wt % NapCOs3. This atmosphere



Fig. 1. Typical as-fabricated hoop- and helical-wound specimens.



ORNL-DWG 90-17143

TRACOR WESTRONICS

BARBER-COLEMAN 570
DDR 10 DIGITAL
RECORDER PROGRAMMABLE
CONTROLLER

[l

A THERMOCOUPLE MONITORS

EACH TUBE. THE MIDDLE
THERMOCOQUPLE IS ALSO A

/ CONTROL THERMOCOUPLE.

[~ SPECIMEN

T~ ALUMINA TUBE

FURNACE

\TYPE S THERMOCOUPLE TEMPORARILY
USED TO MEASURE TEMPERATURE OF
GAS ADJACENT TO SPECIMEN.

Fig. 2. Arrangement for thermal treatments.



ORNL-DWG 90-17144

TUBING
PUMP

FLOWMETER

AlR

Pt GUR— |

FURNACE

]

vz m
.

AN
e NN

SPECIMEN ~ AT

Ho0O—0.5 wt % NazCOs SCLUTION
METERED BY TUBING PUMP DRIPS

INTC PLATINUM CUPS AND EVAPORATES
TO FORM H20 AND NaxCO3 VAPORS

ALUMINA
TUBE

Fig. 3. Arrangement for controlling flow of corrosion atmosphere constituents.



was chosen because alkali oxides are expected to be present in an oxidizing atmosphere in
many of the applications where the ceramic composites would be used; for example,
municipal waste incinerators.

Specimens were subjected to the thermal treatments shown in Fig. 4. Each thermal
cycle involved a programmed maximum heating vate of about 47°C/h to a nominal
maximum temperature of 1150 to 1160°C, a specific holding time at the maximum
temperature, and natural furnace cooling. The maximum temperatures of the two outer
specimens in each furnace were 10 to 25°C lower than that of the center specimen.

Tubular specimens had nominal dimeasions of 41 mm OD x 120 mro long with
wall thicknesses varying from about 3 to 10 mm. The ends were closed by cemented

ceramic plugs. Diameters were measured with an optical comparator at eight approximately
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Fig. 4. Thermal treatment plan for ceramic composite specimens in either air or
air—3.4 wt % Ho0-0.01 wt % NaCO3 atmospherc.



equally spaced circumferential positions at the longitudinal center and at positions

25 £ 2 mm on ¢ach side of center. The length of the specimens, including the end plugs,
was measured at four circumferential positions with micrometers. Dimensions were
measured before and after each thermal treatment described in Fig. 4.

Similar specimens were used for exposure to air and the corrosive atmosphere, so
that the effects (if any) of each atmosphere could be determined. A set of specimens was
exposed to air, metered at 6000 cm3/min into each furnace tube. Metering conditions were
about 21°C and 1 atm. The flowmeters were calibrated with a secondary standard, which
had been calibrated with a volurne chamber at 21°C and 1 atm. Another set was exposed to
a mixture of air, Hp0, and NapCO3 vapor. Water and NayCO3z were metered as a solution
as described above. The solution was prepared with water having an electrical resistance of
0.5 MQ or more (equivalent to water containing 0.9 ppm NaCl or less) by passing the
water through a mixed resin column (Bamstead DOSOQ*). The composition of the solution
was prepared with an accuracy of 0.5 £ 0.01 wt % NapCO3 in 4000-cm3 batches by
measuring both the water and the NapCQO3 with an accuracy of 0.25% or better.

The solution was metered by a tubing pumip. A pump for each furnace delivered
approximately 0.25 ¢cm3/min of solution to each of three furnace tubes. Because the
resistance of the lines from the pump to the drip bes varied slightly, the actual drip rate
was not the same in each furnace tube. Measurements of drip rates in special 6- to 8-h
experiments before and after each thermal treatment showed that the values were within
0.25 £ 0.02 cm3/min. The total volume of solution consumed was determined by refilling

the solution container to a reference mark as required.

*Barnstead Company, subsidiary of Sybron Corporation, Newton, Mass.
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RESULTS

VISUAL APPEARANCE

A set of five specimens was tested in air at about 1156°C for 500 h. As shown in
Table 2, these specimens were heated sequentially for 100, 200, and 200 h, a total of 500 h
including three thermal cycles between 20°C and the maximum temperature. A set of six
specimens was tested in the corrosive atmosphere, four for 500 h with four thermal cycles
and two for 300 h with three thermal cycles. Specimens exposed to air alone exhibited no
visual evidence of degradation, such as bending, cracking, or spalling; however, each type
of degradation occurred in specimens exposed o the corrosive atmosphere, as shown in
Figs. 5-7. Figure 5 shows slight bending with no cracks in B6, and slight bending,
cracking, and spalling in D18. Figure 6 shows cracking and spalling of outer layers of
F15, and cracking and severe bending of H3. Figure 7 shows numerous cracks and
spalling of 12, and bending and severe cracking of K3. The cracks in all specimens were
perpendicular to the filaments.

Because specimens exposed to air alone exhibited none of these modes of
degradation, and because the damage in four specimens was mostly above the midpoint,
the possibility that the method of introducing the H20-0.5 wt % NapCO3 solution caused
unusual temperature gradients was investigated. Figure 3 shows that the solution dripped
into platimmnn cups to be vaporized. The cups were located ~50 mm (2 in.) above the tops
of the specimens, so there was concern that the steam caused significant temperature
transients. This possibility was investigated by measuring temperatures circumferentially
and axially in the vicinity of a specimen with either air or the corrosive atmosphere
flowing. An auxillary thermocouple was used, as shown in Fig. 2, to measure the
tecaperatures. Table 3 shows that the corrosive atmosphere caused no substantial
difference in temperature compared to air alone. The largest temperature difference at any

location was only 4°C. Table 3 also illusirates the axial temperature gradient imposed on



Table 2. Thermal treatments in air and the corrosive atmosphere

Maximum Test periods Cumulative
Specimen temperature? in sequence time Thermal
number °C) (k) {h) cycles
Air atmosphere
AS 1151 100-200-200 506 3
of 1160 100-200-200 500 3
E9 1147 100-200-200 500 3
G2 1153 100-200-200 500 3
2 1162 100-200-200 500 3
Corrosive atmosphere
B6 1153 100-100-100-200 500 4
D18 1162 100-100-100-200 500 4
F15 1147 100-100-100-200 500 4
H3 1153 100-100-100-200 500 4
12 1162 100-100-100 3000 3
K3 1147 100-100-100 3000 3

@Temperature of gas adjacent to specimen.

bExposure terminated because of severe degradation.

I
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Fig. 5. Hoop-wound specimens after exposure to the corrosive atmosphere for 500 h.
B6, AlpO3 matrix; D18, ZrO matrix.
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Fig. 6. Helical-wound specimens with ZrO, matrices after exposure to the corrosive
atmosphere for 500 h.
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YP9404

YP9405

Fig. 7. Helical-wound specimens with ZrO, matrices after exposure to the corrosive
atmosphere for 300 h. 12, SnO; coating; K3, ZrO; coating.
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Table 3. Temperatures (°C) in three positions in the furnace tubes in air
and in the corrosive atmosphere

Circumferential position (degrees)

Position4
(in.) 0 120 240

Air cab Air CAD Air CcAD

Furnace A, tube 2
-2 1151 1150 1144 1142 1150 1149
-1 1156 1156 1154 1152 1156 1156
C 1157 1157 1157 1156 1158 1158
+1 1154 1154 1155 1152 1155 1154
+2 1139 1139 1139 1136 1140 1139

Furnace B, tube 3
-2 1136 1135 1135 1133 1140 1137
-1 1142 1142 1146 1142 1146 1145
C 1143 1143 1148 1146 1144 1142
+1 1135 1135 1143 1141 1137 1135
+2 1115 1115 1127 1124 1118 1114

@The "C" position represents the longitudinal midpoint of the specimen, and the
numbers represent distance above (-) and below (+) the midpoint. 1in. =25 mm.

bCA = corrosive atmosphere.
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specimens by the furnace. As stated previously, temperatures were lower in end-furnace
tubes than in middle tubes (Fig. 2 shows the tube arrangement in the furnaces). In
addition, as shown in Table 3, the gradient was more severe in an end-furnace tube (tube 3

in furnace B) compared to a middle tube (tube 2 in furnace A).

DIMENSIONAL CHANGES

The dimensional changes of specimens heat-treated in the corrosive atmosphere
were substantially larger than those of similar specimens heat-treated in air. As with
specimens thermally treated in air, eight approximately equally spaced circumferential
measurements at each of three longitudinal positions were used to determine the average
cumulative diameter changes (AD), and four approximately equally spaced measurements
were used to determine the average cumulative length changes (AL). In Figs. 8-12 the
longitudinal positions for diameter measurements are designated C for midpoint and +1 and
-1 for positions ~25 mm on either side of the midpoint. Figures 8-12 show that the AD
values for specimens exposed to air ranged from about —0.5 to +0.3%, while Figs. 8-13
show that the AD values for specimens exposed to the corrosive atmosphere ranged up
to +6%. The AL values showed similar ranges for the two atmospheres. Helical-wound
specimen E9, which was tested in air, was not paired with a similar specimen tested in the
corrosive atmosphere; therefore, its dimensional changes are compared with hoop-wound
specimen A5 in Fig. 10. This comparison does not clearly favor one type of winding
method over the other. Specimen 12, which was not paired with a similar specimen tested
in air, had substantial dimensional changes after 300 h (Fig. 13). Unfortunately,
comparisons based on dimensional changes among specimens exposed to the corrosive
atmosphere for 500 h in Figs. 8,9, 11, and 12 do not reveal a clear choice between AlpO3

and ZrO; matrices nor between hoop and helical winding.
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Fig. 8. Dimensional changes in hoop-wound specimens A5 and B6 with Al,O3

matrices.
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Fig. 11. Dimensional changes in helical-wound specimens G2, F15, and H3 with

Zr0O9 matrices.
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Fig. 13. Dimensional changes in helical-wound specimen 12 with a ZrO; matrix.
OPTICAL MICROSCOPY

Optical micrographs of specimens tested in air (Figs. 14--16) showed pores, cracks,
and large voids in the matrix, which were probably present in the as-fabricated condition.
Voids were usually filled with epoxy, the material used to prepare the specimen for
examination. The cracks in the matrices were always perpepdicular to the uncracked
filaments, indicating that the filaments substantially strengthened the composites. Optical
micrographs of samples from the most severely damaged regions of specimens tested in the
corrosive atmosphere also revealed structural degradation (Figs. 17-22). Some had
exfoliated layers that appear as wide cracks in the optical micrographs. Figure 17(a )
shows a cross section perpendicular to the filaments of a hoop-wound specimen (B6) with
an AlpO3 matrix. The dark-gray regions are voids filled with epoxy. Cracks such as that
in the lower part of the picture probably formed by linking voids under thermal stresses.
Figure 17(b ) shows voids in the matrix in regions of low filament population. A cracked

and porous layer of material about 50 um thick at the surface contained no filaments.
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Fig. 15. Specimen C7 after testing in air.
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Fig. 16. Specimen G2 after testing in air.
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Fig. 17. Specimen B6 after corrosion testing.
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Fig. 18. Specimen D18 after corrosion testing.
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Fig. 19. Specimen F15 after corrosion testing.
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Fig. 20. Specimen H3 after corrosion testing.
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Figure 18(a) shows cracks and voids in the structure of a hoop-wound specimen (D18)
with a ZrO; matrix, and Fig. 18(b) shows numerous cracks in the matrix. Regions of low
filament population are also evident. Large cracks and voids are shown in a helical-wound
specimen (F15) with a ZrO, matrix {Figs. 19(a) and (b)]. In addition, an apparent reaction
zone is present at the filament/matrix interface. Other helical-wound specimens with ZrOg
matrices in Figs. 20-22 (H3, 12, and K3, respectively) exhibit cracks and voids in the
matrix. The dense SnO; coating on specimen 12 and the porous ZrO7 coating on specimen
K3 are evident in Figs. 21(a) and 22(a). An apparent reaction zone like that mentioned

above is present in specimen K3 in Fig. 22(b).

ELECTRON MICROPROBE ANALYSIS

The results of electron microprobe analysis of specimen B6 (AlpO3 matrix) are
shown in Fig. 23. The backscattered electron (BSE) image in Fig. 23(a) shows the region
near the surface mentioned in Fig. 17(b). Although filaments were not visible in the optical
micrograph of the surface layer in Fig. 17(b), the BSE image reveals some filaments. The
elemental dot map in Fig. 23(b) shows that Na was concentrated in the surface layer along
with a high concentration of Al (not shown in Fig. 23).

The electron microprobe analysis results of specimen F15 (ZrO?2 matrix) are shown
in Fig. 24. The BSE image [Fig. 24(a)] shows the cross section of a filament, the cracked
71O matrix, and the reaction zone at the interface. Figures 24(b) and (c) show that Alp03
and ZrQy were concentrated in the filaments and matrix, respectively, as expected.

Figures 24(d) and (e) show the results of concentration line profiles for Ti and Na. The
straight light line shows the path of analysis through the matrix and filament, and the saw-
toothed lines show the concentration changes. Titanium was concentrated in the reaction
zone and Na was concentrated in the matrix adjacent to the reaction zone. The presence of

Ti is unexplained (none was detected in other specimens); but the Na, no doubt, was
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Fig. 24. Electron microprobe analysis of specimen F15 after corrosion testing.
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derived from the corrosion atmosphere. Sodium carbonate apparently migrated through
the ZrOQ matrix to react with the AlpO3-20 wt % ZrO; filaments, indicating that Na
forms compounds more readily with Al203 than with ZrO, at the temperatures used in
these tests.

| Figure 25 shows similar results for specimen K3. The BSE image in Fig. 25(a)
clearly shows a reaction layer at the matrix/filament interface. Figures 25(b) and (c) show
that AlpO3 and ZrO, were concentrated in the filaments and matrix, respectively, and

Fig. 25(d) shows that Na was concentrated at the interface.

X-RAY DIFFRACTION ANALYSIS
Samples were cut from specimens tested in air and in the corrosive atmosphere.
These were reduced to powder by grinding with a boron carbide mortar and pestle.
X-ray diffraction patterns of samples exposed to air revealed only hexagonal AlpO3
and monoclinic and tetragonal forms of ZrO, as shown in Table 4. In the case of
specimen A5, which had an AlpO3 matrix, the ZrO; phases apparently were contained in
the filaments. Similarly, AlpO3 (apparently in the filaments) was detected in specimen C7,
which had a ZrO, matrix. The presence of monoclinic ZrO; could contribute to
dimensional instability in the specimens because of a volume change of about 9% occurring
during transformations between the monoclinic and tetragonal forms. On the other hand,
uniformly distributed particles of tetragonal ZrO, can toughen a mostly cubic ZrO2 material
by transforming to less dense monoclinic under stress. The resulting compressive stresses
in the matrix tend to stop crack propagation. In the case of specimens heat-treated in air,
degradation was minimal, suggesting that destructive transformations did not occur.
Specimens exposed to the corrosive atmosphere contained one or more sodium
aluminate compounds (Table 4). The X-ray data base# used to identify these compounds

contained Na20Al203, NagOe11 Alp03, Na0O+7 Alp03, and NazOe«5 Alp03. For many
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Fig. 25. Electron microprobe analysis of specimen K3 after corrosion testing.



Table 4. X-ray diffraction results

NapQOe NapQe NapOe NasOe Monoclinic  Tetragonal Cubic
Sample Matrix Al O3 11ALOs 7ALOs 5 AlOs AlbO3 ZrOp y4107) ZrOy
Heat-treated in air
A5 AlOs S ND ND ND ND W M ND
Cc7 V410)) w ND ND ND ND W- S ND
Heat-treated in corrosive atmosphere
B6 AlO3 M W+ ND W+ ND M- M M
D18 Zr;n ND ND ND ND W- W- W S+
F15 Zrn ND ND ND W ND W- ND S
H3 ZrOn ND ND ND ND ND W- W- S
12 O W- ND ND W ND W- S ND
K3 V510)) ND ND ND W- W- w w S
Legend: S = strong intensity
M = medium intensity
W = weak intensity

ND

not detected

8¢
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years there was much controversy over the number, composition, and stability ranges of
phases in the NapO-AlyO3 system. A recent phase diagram? of NayO+AlyO3—-AlO3 shows
two intermediate compounds at NapO:AlpOj ratios of 1:11 and in the range 1:5 to 1:7. The
theoretical density® of NapOQ+11 AlO3 is reported to be 3.26 g/cm3. This value was
obtained by sintering at 1750°C.6 Both the original sintering temperature for the
composites in this work and the temperature of about 1150°C in the corrosion tests were
much lower than 1750°C. Presumably the densities of the other compounds would be
lower because of their higher NapQ countents.  Therefore, a volume expansion of 15% or
more probably occurred when NajO, which was derived from NapCO3, reacted with
AlO3 (density of 3.9 g/cm3) in the matrix or filament to form new compounds. The
X-ray diffraction data did not reveal the presence of sodium zirconate (Naa0+Zr(7),

indicating that this compound is not readily formed under the conditions of this test.
DISCUSSION

Monoclinic, tetragonal, and cubic forms of ZrO; were identified. The cubic form
was the dominant phase in four specimens. The structural stability of continuous-filament
ceramic fnatrix composites depends upon the properties of the components, in particular,
the coefficients of thermal expansion (CTE) and the mechanical properties of filament and
matrix. The CTE of hexagonal AlxO3 is about 8.3 x 10°6/°C over the temperature range of
this study, while that of Zr(; could vary considerably depending on the amounts of
monoclinic, tetragonal, and cubic phases present. The value would range from about
8 x 1076/°C for all monoclinic to about 13 x 10-6/°C for all cubic phase. The CTE of the
filament is not known. A mismatch in CTE between filament and matrix could cause
stresses during thermal cycling. The fact that specimens thermally cycled in air did not
degrade significantly suggests that an initial mismatch in CTE was not the cause for

degradation in those thermally cycled in the corrosive atmosphere. The CTE of various
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sodium aluminates, however, could be much different from that of Al»O3. Dell and
Moseley’ reported a value of ~8 x 1076/°C for NapQ+11 AlpO3, and values of ~8 x 100
and 7 x 1076/°C for the a and ¢ axes of Naz(Qe5 AlhO3, respectively, in the temperature
range 25 to 900°C; however, Parlier, Sassolas, and Boilot® reported values of 8 x 1076 and
27 x 10°5/°C for the a and ¢ axes of NapQ»11 AlyOs, respectively, in the temperature range
200 to 700°C. Substantial anisotropy in CTEs of the sodium aluminates would cause
stresscs and, probably, microcracking during thermal cycling. Such stresses could have
contributed to the observed degradation of specimens heat-treated in the corrosive
atmosphere.

In addition, the filament/matrix interface is often designed to allow slip of the
filament in the matrix under high stress. The original sintering temperature for the
compositcs in this study was maintained low encuagh to prevent significant interaction and
bonding between filament and matrix; consequently, the matrix material did not sinter to
high density. Thus, slip beiween the filament and matrix might have been possible
initially. The amount of porosity in the as-fabricated composites was 20 to 30%, which
allowed penetration of Nap(CO3 into the matrices. In the Alé()3 matrix composite,
formation of sodium aluminates in a surface layer minimized attack of the filament below
the surface as shown in Figs. 17 and 23; but in the ZrO;, matrix composites, the NapCO3
migrated through the matrix to react with and form sodium aluminates with the filaments.

Sodium aluminates can be formed from powder mixtures of various ingredienis.
Youngblood et al.? caleined a mixture of Alx03, NapCO3, and either LiNO3 or LipCoOy4 at
800 to 1000°C for 2 h to obtain partial reaction, then at 1250°C for 2 h io complete the
reaction, while Hind and Roberts!0 heated mixtures of NapC=AlyO3 and AlyQO3 in the range
1250 to 1650°C to form sodium aluminates. The volume expansion of 15% or more of

these new compounds, relative to the AlpC3 trom which they formed, is postulated to have
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affected the mechanical behavior of the filament/matrix interface. Thermal cycling
generated stresses, which caused disruption of the structure by bending, cracking, and

spalling.

SUMMARY AND CONCLUSIONS

Tubular ceramic composite specimens consisting of wound PRD166 continuous
filament (Alp03-20 wt % ZrOy) impregnated with AlpOs and Zr0) matrices were heat-
treated in air and in an oxidizing atmosphere containing NapCO3 vapor. The heat
treatments consisted of heating to about 1150°C in 24 h, holding for 100 or 200 h, then
furnace cooling to room temperature. Specimens heat-treated in air had diameter and leagth
changes <+0.5%, and no other visual evidence of degradation. Specimens heat-treated in
the corrosive atmosphere, however, had changes up to about +6%, and those with Zi()y
matrices exhibited bending, cracking, and spalling. A specimen with an AlpOs matrix and
hoop-wound filaments exhibited the least visual evidence of degradation, but also had
significant dimensional changes. Optical raicroscopy revealed a reaction layer at the
filament/matrix interface of specimens with a Zr( matrix. Electron microprobe analysis
identified Na in the reaction zong, and X-ray diffraction identified several sodium aluminate
compounds. The cumulative evidence indicates that NagyCOs migrated through the Zi(Qy
matrix and reacted with the filaments. In the case of the specimen with the Alp(O3 matrix,
Na was concentrated in a reaction layer on the surface, and did not react signiticantly with
filaments below the surface layer. X-ray diffraction did not reveal the presence of sodiurn
zirconate in any of the specimens, but did reveal monoclinic, tetragonal, and cubic forms of
Zr(3p. These forms were definitely present in the filament and, probably, in the matrix.

The following conclusions concerning the use of these materials in atmospheres

containing Na-containing compounds can be made:
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1. Specimens heat-treated in the corrosive atmosphere had substantially larger
dimensional changes than specimens heat-treated in air.

2. NaCQ0j reacted with AlpQ3 in the filament and matrix to form sodium
aluminate compounds.

3. Formaiion of sodium aluminates, which have a lower density than AlyQO3,
caused a volume expansion.

4. The volume expansicn associated with formation of sodium aluminates in the
filament of specirens with ZrOy) matrices caused the observed degradation, possibly by
affecting the mechanical behavior of the filament/matrix interface.

5. The presence of monoclinic and tewragonal forms of Zr(O- in the filament and
matrix was not particularly detriniental in the air tests, and, therefore, probably not
demimental in the tests in the corrosive atmosphere. However, the volume changes
associated with transformation of these phases in an uncontrolled microstructure could act
synergistically with new compound formation and might be more important in frequently
thermally cycled materials.

6. The results do not indicate a choice between hoop- and helical-wound
filaments, because specimens with beth types of winding exhibited large dimensional
changes and other typical modes of degradation.

7. The results do not indicate a clear choice between the two matrix materials,
however, an AlpO3 mairix protected the filament better than a ZrO2 matrix. In addition,
AlpO3 has a lower coefticient of thermal expansion (C1E) than ZiOy, the CTE of AlpO3
probably better matches the CTE of the filament, and the material has no potentially
destructive phase transformations as does partially stabilized ZrO,. For these reasons,

AlO3 would be preferred for the maltrix maierial.
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