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(ABSTRACT)

Experiments were performed to determine a suitable
binder material for silicon carbide-based ceramic filter.
These experiments included exposure of 42% and 60%
alumina, aluminosilicates to potassium and sodium
containing environments for the purpose of determining
the phases that would form and to determine concentration
profiles. In addition, thermodynamic calculations were
performed to predict the phases that would form when the
alkali reacted with the aluminosilicate.

The results of the thermodynamic calculations
indicated that the alkali compounds will react at
temperatures as low as 800°C. The exposure experiments
verified this result. The phases that formed during the
sodium vapor exposures and confirmed the thermodynamic
calculations and were as follows:

1. sodium metasilicate and a solid solution of sodium
aluminum silicates and carnegieite and for potassium

vapor exposure.



2. potassium disilicate, kaliophilite-nepheline,
potassium aluminate, and 5K;0-5A1,03-8Si05.
Experiments also revealed that penetration depth by alkali
compounds was restricted to a region near the surface of
the material when the combination of temperature and
sodium concentration alowed a melt to form.

The results also indicated that the 42% alumina,
aluminosilicate had superior resistance to alkali attack
than the 60% alumina, aluminosilicate at temperatures

below 1225°C.



ACKNOWLEDGMENTS

I would like to thank Dr. Jesse J. Brown for his
support and direction in this research endeavor.

Special thanks to Nancy Brown for her dedicated work
on this project.

I am also indebted to Dr. Swanson and Dr.

Farkas for serving on my committee.

Special gratitude extended to Ruth and Bob Holman
for their team effort on my behalf.

Heartfelt thanks to Dr. Tawei Sun for wise words,
good conversation, and friendship.

To my parents, Stanley and Wilma Vass, I extend deep
gratitude for their 1love and interest in my research
progress.

I wish to thank my wife, Dianna, for going through
our master's programs together and making me strive for

intellectual excellence.

iv



ABSTRACT

TABLE OF CONTENTS

ACKNOWLEDGEMENTS «cceeocccaosssnse

TABLE OF

CONTENTS 6o 06085 00000000

LIST OF TABLES «:.vceeevcccccscncas

LIST OF FIGURES .ccicvecccnconcns

CHAPTER

I.

II.

ITT.

IV'

V.

INTRODUCTION cteessscase
Background Information .

Computer Calculations ..

EXPERIMENTAL PROCEDURE ..

RESULTS AND DISCUSSION .
Computer Calculations ..
Alkali EXpoOSUres .......

CONCLUSIONS e @ & & & & 0 0 ¢ s s 0

Page

-oo.-.onoo.otii

B & 4

sesesseseV

.......-...Vi

eeo.vii

--a-nool

0001017

ceesal?

1-00020

uoo.c41

RECOMMENDATIONS FOR FURTHER RESEARCH ..42

REFERENCES «ccveceevsnanses

lll‘.'.llll.l43

VITA I...Il.'....l..l..'C...I'C...l...l47



Table

Table
Table
Table
Table
Table

Table

Table

Table

ll

2.

4.

LIST OF TABLES
Composition of Simulated Fuel Gas Atmosphere...8

Sodium Compounds Considered in Thermodynamic
Ca1Culations.....'..l....-....I...l.....'.....ll

Potassium Compounds Considered in Thermodynamic
CalculationS.cceseeececsesocscesocss B 4

Stable Phases Predicted by Thermodynamic
Calculations for Reactions with Sodium........ 18

Stable Phases Predicted by Thermodynamic
Calculations for Reactions with Potassium.....1l9

Experimentally Determined Kaolinite-Sodium
Phases..'..‘..l'l’. llllllll ......I..ll.l.’lll.zl

Kaolinite-Sodium PhaseS...c.eeceeeeeeses cesevonne 23

Experimentally Determined Kaolinite-Potassium
Phases....... O R B |

Kaolinite-Potassium PhasSeS...cceeeeececcecesesss33

vi



LIST OF FIGURES

Figure 1. Stable Sodium Species in Coal Gasifier
Atmospheres....cceeevececccess ceeeccccccesesasd

Figure 2. Stable Potassium Species in Coal Gasifier
AtMOSPhEereS.:cieecesccssssossssasscnssosesssell

Figure 3. Schematic Diagram of Alkali Exposure Test
Apparatus-.'..‘.....'.....'.....‘.....l.....ls

Figure 4. Preparation of Alkali Test Specimen for
EDX/SEM Examinations......eceeeeeseees cseeesalb

Figure 5. Al,03-Si05-Na;0 Phase Diagram and Naj-Fireclay
Isoplethal Section...... Ceessecesssenassanne 24

Figure 6. Distribution of Sodium in Kaolinite Sample at
925° Cl'.l.........l.'l...".'.....II.....I.25

Figure 7. Distribution of Sodium in Kaolinite Sample at
1225° Cuieesesocssoscscnsccscsosscssasscssscssccnselb

Figure 8. SEM of Fireclay Sample Exposed to Sodium Vapor
Showing Reaction Boundary and Associlated
Thermal Spalling..csecessscessss ceesrssenasss28

Figure 9. Al,;03-Si02-K,0 Phase Diagram and KyO-Fireclay
Isoplethal SectionN...ieeseveessecescsnconsas 34

Figure 10. Distribution of Potassium in Kaolinite Sample
At 1025° Civvseereccessoscssosscassssosscssnsalb

Figure 11. Distribution of Potassium in Kaolinite Sample
R o I T

Figure 12. Mullite (60% Al,03) Samples (a) Before
Exposure, and (b) Following 6 h Exposure to
Potassium at 1025° C.ieeienrvennonenscannesasl9

vii



I. INTRODUCTION

A. Background Information

The selection of ceramic filter materials that will
provide durability for extended use in hot gas cleanup
devices 1is critical to the success of advanced coal
combustion processes. Several types of filters have been
developed which demonstrate efficient particulate removal
for short periods of time, but then experience failure.
From this standpoint, the environment established by coal
combustion and its interactions with materials are of
interest. One of several proposed materials are
aluminosilicates, which would be use as a binder material
in a ceramic filter. The exposure of such materials to a
high temperature combustion environment will strongly
affect the service life of the ceramic filters.

The environment that the filters will encounter
contains gases such as hydrogen, methane, carbon oxides,
steam, and sulfur-containing constituents. In addition
to the gases, the ceramic filters will be exposed to a
variety of solid particles (coal dust, slag, etc.)
containing several metallic compounds. These compounds
contain metals such as: sodium, potassium, iron,
calcium, and zinc. Strength loss has been known to occur
in ceramic materials exposed to similar environments.

Chemical attack of ceramics 1is a primary limiting
factor in their long-term use at high temperatures. 1In

general, ceramic or refractory materials are known to be
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chemically inert under a variety of conditions at high
temperatures. However, at high temperatures the ceramics
may become susceptible to chemical degradation. There
have been several cases where an inappropriate choice of
materials for the conditions involved resulted in
premature and/or catastrophic failure such as at the
Grand Forks slagging gasifier where a refractory lining
failed after only 125 h of service.l

The corrosion of aluminosilicates by alkali

compounds has been extensively studied. It has been
found that refractory materials react with a number of
alkali compounds such as oxides, hydrides, and carbonates
of potassium and/or sodium.2 A typical reaction proposed
by Kennedyl is shown below:
11(AlgSinz033) + 26(NaOH) --> 22(NaAlsSioO4) + 13H,0 (1)
This type of reaction leads to large volume expansion and
subsequent spalling or cracking of the material. Similar
reactions occur with potassium compounds. Calcium has
also been found to cause degradation, but does not
appear to be as reactive as sodium or potassium.

Wei et al.3 studied the effects of coal combustion
environments on high-duty fireclay refractories (~37%
alumina). The fireclay brick was used in a coal-fired
periodic kiln. The reaction products found on the
exposed side of the brick consisted of a glassy phase
with crystals of a sodium-calcium-alumina-silicate.

Other phases included corundum, mullite, and



3

cristobalite. The glassy slag was found to have a high
alkali content. This surface slag is believed to form
when alkali reacts with free silica to form low melting
eutectics. Mullite is also attacked and dissociates into
corundum and more free silica. The presence of the
glassy slag will protect the brick from further
degradation as long as the slag viscosity is high.
Weli et al. concluded that high-duty fireclay refractories
performed satisfactorily at temperatures below 1260°C.

Hayden? studied the reactions of alkali vapors with
various aluminosilicate (19-99% Al;03) refractories. She
concluded that resistance to alkali attack is increased
by increasing alumina content up to 60%; however,
increases of alumina content above 60% do not increase
resistance to alkali attack. Hayden also stated that the
resistance to alkali attack of aluminosilicates
containing 60% or 1less alumina comes about because the
reactions form a glassy phase on the surface which tends
to seal the surface of the ceramic, preventing deeper
penetration of alkali compounds. Further,
aluminosilicates with greater than 60% alumina do not
have this surface sealing reaction and thus are
susceptible to expansive reactions which can cause
spalling and/or catastrophic failure.

Farris and Allen® studied alkali reactions with
aluminosilicate refractory materials ranging from 42-90%

Al,03 using sodium and potassium carbonates.
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Reactions were found to occur at temperatures as low as

590°C for potassium. Reactions between the potassium
oxide and the refractories were found to form potassium

aluminum silicates at low temperatures, and potassium

aluminates at temperatures above 1100°C. Similar

reactions occurred with sodium oxide resulting in the

formation of sodium aluminum silicates at low temperature

and sodium aluminates at temperatures above 1100°C. These
researchers concluded that refractories containing 42-70%

alumina have the greatest resistance to alkali attack.

Furthermore, for refractories containing more than 50%

alumina, a fully-bonded mullite matrix is desirable with

as 1little cristobalite or glass present as possible to

achieve maximum alkali resistance.

A study of alkali attack in blast furnaces by
Havranek® covered several refractories including
aluminosilicates (45-90% alumina). Hot modulus of
rupture data were obtained at different temperatures for
refractory samples exposed to molten potassium carbonate
in a reducing atmosphere for five hours. Their test
results showed that mullite-bonded alumina maintained
good strength after alkali attack at 1400°C, whereas dense
fireclay refractories maintained good strength after
alkali attack only at low temperatures.

Rigby et al’ reported that the presence of vanadium
and high porosity adversely affects the alkali resistance

of refractories. The results of Federer and Tennery8
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support this conclusion. They also found that calciunm
sulfate along with vanadium pentoxide cause significant
corrosion of mullite-based refractories.
Federer® identified the following corrosion

mechanisms in combustion environments:

1. Formation of 1ligquid phases from reactions with
alkali oxides and vanadium pentoxide in
aluminosilicates.

2. Formation of glassy silicates phases from
reactions similar to those mentioned above.

3. Reaction to SiC with compounds in slag such as
Fe;03 and NiO to form iron and nickel silicides.

4. Lowered viscosity of SiO; coatings on SiC by
reactions with alkali oxides and SiO; layer allows
greater transport of oxygen through the layer and
thus greater oxidation of the Sic.

5. Halide attack of SiC causing the possible
formation of volatile silicon halides.

6. Volume expansion caused by the formation of new
phases such as Beta-Alj;03 can cause mechanical stress
leading to failure. Also, new phases can have large
coefficients of thermal expansion which will increase

thermal stress in the materials.
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B. Computer Calculations

The calculation of thermodynamic equilibrium phases
for complex solid-liquid-gas systems has been under
development for many years. In 1976, the program
SOLGASMIX-PV1O yas developed to calculate the
equilibrium compositions of complex systems. The program
has been used to model several systems containing fuel
gas environment and various ceramic materials.ll-12

The equilibrium calculations used in the computer
program are based on minimizing Gibbs free energy of the
system and on the conservation of mass for each element
present in the system.

The Gibbs free energy for a given system divided by
the gas constant and reaction temperature can be

expressed by the following equation:

m S

GIRT = zxﬁ[(gwm)? +1In P+ In(x7[X)] + Exf(.cflRT)f

=1 - I=1

where xi; denotes the mole number of a substance, X is the
total number of moles in that phase, and g is the
chemical potential of a substance. The superscripts
refer to gas phases (g) and condensed phases (c).
Combining the mass balance for each element, this
equation can then be solved using Lagrange's method to
obtain the mole numbers of the equilibrium system.

The computer calculations were performed using a
system made up of a gas phase mnixtures were made of

stoichiometric compounds. The composition of the gas



phase, listed in Table 1, is a simulated fuel gas
environment typical of a coal gasiferl3,

The fuel gas environment simulated in these computer
calculations also contains alkali compounds, potassium or
sodium.

In the coal gasification environment there are
several possible reactions which will produce alkali
vapors. Examples of these reactions are:

NasCO3(s) + 2C(s) = 2Na(g) + 3CO(g)
NasCO3(s) + H,0(g) = 2NaOH + 2CO(qg)

or
K,CO3(s) + 2C(s) = 2K(g) + 3CO(g)

K5CO3(s) + Hp0(g) = 2KOH(g) + 2CO(g)
These reactions are affected by both temperature and
pressure of the gasifer. Computer calculations have been
performed in other studies to determine the stable sodium
and potassium compounds, and from these results the phase
maps shown in Figures 1 and 2 were prepared.11 These
results indicate that sodium and potassium compounds
will be present 1in the gas phase at temperatures as low
as 925°C.

The compounds considered in the computer
calculations for sodium and potassium are shown in Tables
2 and 3, respectively. The compounds used to determine

stable sodium and potassium vapor phases are included.



Table 1. Composition of Simulated Fuel Gas Atmosphere
(in mole %)

Hop CHy co CO2 H>0 )
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Figure 1. Stable sodium species in coal gasifier
atmospheres. 11
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Figure 2. Stable potassium species in coal gasifier

atmospheres.11
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2. Sodium Compounds Considered in
Thermodynamic Calculations®

Gas Phase

Liquid Phase

Solid Phases

Na, NasO,
NaOH, NaCN
Hy, N, CO, NHj,

COz, Oz, H20

Na, Naj0, NaOH

NaCN

Na;0, NaOH, C
NaCN, Na, NAj;,
NS, NS,, NyS, Al
NAg, NASg, NAS,,
si, sio2, Al,03,

A3S3

*Conventional Cement Chemistry notation used: N=Na,0,
S§=5i05, A=Al503, K=K;0
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Table 3. Potassium Compounds Considereg in
Thermodynamic Calculations

Gas Phase Liquid Phase Solid Phases

K, K,0, K, K,0, KOH K0, KOH, C

KOH, KCN KCN KCN, K, KAy,
Hy, N, CO, NHj, KS, KSy, K4S, Al
COy, O3, H3O KASg, KAS,;, KAS,

KAS,, KA, Si,

§io2, Al;03, A3Sy

*Conventional Cement Chemistry notation used: N=Na50,
S=Si05, A=Al,03, K=K,0



II. EXPERIMENTAL PROCEDURE

The computer calculations wusing SOLGASMIX-PV are
performed using the procedure outlined by Sunll and
involves the following steps:

1) define the thermodynamic system.

2) define the reference state.

3) input the thermodynamic data for each species in
the system, in this case Gibbs free energy of
formation from elements.

4) input the chemical formula for each species.

5) specify the total amount (in g-atoms) of each
element in the systen.

The thermodynamic system defined above consists of
gas, 1liquid, and solid phases that may be present for
each of species that make up the system. The
thermodynamic data was collected from a variety of
sources14-32 angd uses a standard reference state, 273K and
1 atm.

The calculations for sodium and potassium were
carried out for the temperatures 725, 925C, and 1225C.
The calculation were performed using three molar ratios

of alkali to Al;03. These ratios were 1:2, 1:1, and 2:1.

Alkali Exposure Tests
Experiments were performed to study the reactions of
sodium and potassium with calcined kaolinite
(~ 42% Al;03) and a 60% Al,03 aluminosilicate, which
13
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after calcining is primarily mullite. The kaolinite
samples were prepared by pressing 20g of powdered kaolin
and 1g of cellulose ether as a binder into 1 x 1 x 10 cm
bars using a hydraulic press and 10000 psi of pressure.
The bars were then calcined for 48 h at 1225°C and
subsequently cut in half to form l x1 x 5 cm sample
bars.

Mullite samples were prepared using 18.4 g Al1(OH)3
and 9.3 g silicic acid and 1 g cellulose ether. This
mixture was pressed into 1 x 1 x 10 cm bars at 12000 psi
and calcined at 1550°C for 48 h. The bars were then
ground with 1 g of cellulose ether, pressed into 1 x 1 x
10 cm bars at 12000 psi and fired at 1600°C for 48 h. Then
samples were cut into 1 x 1 x 5 cm bars for exposure
tests.

The sample bars were each fired at different
temperatures and different firing times in the presence
of either 3 g of NayCO3 or 4 g of K;CO3 placed separately
in the tube furnace to provide an alkali source. A
schematic of the test apparatus is shown in Figure 3.
After exposure to alkali environment, the samples were
analyzed using XRD and EDX. 1In addition, samples were
examined optically using a polarizing microscope to
confirm the presence of any glassy phases that might
form. Test samples were sectioned and scanned as

illustrated in Figure 4.
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MULLITE TUBE

]

SAMPLE NGQCO::,
\=" R/

| - i |

TUBE FURNACE

Figure 3, Schematic diagram of alkali exposure test
apparatus. :
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(a) Vertical cutting of exposed test bar.

A~

(b) Horizontal sectioning of cut specimen.

-

(c) Scanning direction.

Figure 4, Preparation of alkali test specimen for
EDX/SEM examinations.



ITIT. RESULTS AND DISCUSSION

A. Computer Calculations

The results of the computer calculations for the
solid phases formed from the reactions -of sodium
impurities with the kaolinite are shown in Table 4. The
phases are shown in order of decreasing mole percent.
The results illustrate that both temperature and sodium
concentration are major factors in determining the extent
corrosion of calcined kaolinite except at low
temperatures and that sodium compounds readily react with
calcined kaolinite except at 1low temperatures and/or low
ratios of Naj0 to Aly03. Results of similar computations
carried out with an oxidizing atmosphere indicate that
gas phase mixture has 1little effect on the solid phase
equilibria.

The results of the computer calculations for the
solid phases formed from the reactions of potassium
impurities with the kaolinite are shown in Table 5. The
phases are shown 1in order of decreasing mole percent.
The result of these calculation indicate that potassium
is not as reactive as sodium at temperature below 925°C.
However, at high concentrations and high temperature
the potassium exposure would result in complete

consumption of both the mullite and the silica.

17
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Table 4. Stable Phases Predicted by
Thermodynamic Calculations for Reactions with Sodium*

Temperature Phases
Ratio of Al303:Naj0 = 2:1
725°C Si05,A3S85,AS5,NASg
925°C N,AS5,NASg,Si05,A38,
1225°C N,AS5,Si05,A355,NS;
Ratio of Al,;03:Naj0 = 1:1
725°C NyAS,,Si05,A3S5,NS, NS,
925°C N,AS,,NS,NASg,Si0,,A3S5
1225°C N,AS5,Si05,A355,NS5
Ratio of Al;03:Naj0 = 1:2
725°C N,AS;,Si05,A3S55,NS5
925°C NyAS5,Si05,A3S5,NSo
1225°C N2A52,N52,Si02,A352

*Conventional Cement
tables: N=Nas0 S=SiOj

Chemistry notation used throughout
A=Al,03 K=K30
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Table 5. Stable Phases Predicted by
Thermodynamic Calculations for Reactions with Potassium

Temperature Phases

Ratio of Al;03:K30 = 2:1

925°C Si0y,A3S5,KAS,

1025°C Si05,A3S5,KAS,,KASg,KSy
1225°C S$i05,A3S,,KAS,,KASg,KSy
Ratio of Al;03:K30 = 1:1

925°C KAS,,KAS,,KAS,Si05,A3S5
1025°C KAS,,Si05,KS5,A3S5,KAge
1225°C KAS,,KS,,KAS,A3S5,KASg

Ratio of Al303:K30 = 1:2
925°C KS;,KAS,,KAS,KA,KAS,,S51i05,A3S85
1025°C KS,>,KAS,,KA,KAS,KASy

1225°C KS5,KAS,,KA,KAS,KAS,
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B. Alkali Exposures

1. Kaolinite Exposures to Sodium Vapors

Visual inspection of kaolinite sample bars after
exposure to sodium vapor environment revealed little or
no damage to the bars at temperatures between 525°C and
800°C. A glassy coating was observed to have formed on
samples exposed to the sodium environment at or above
820°C.

As shown in Table 6, XRD phase analyses of surface
and interior portions of surface and interior portions of
the kaolinite specimens revealed that only those samples
exposed to the sodium containing environment at
temperatures of 925°C and 1225°C changed appreciably in
mineralogy. Phase identification results of the reacted
zones of these samples indicated the formation of sodium
metasilicate and a solid solution of sodium metasilicate
and a solid solution of sodium aluminum silicates and

carnegieite.
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Table 6. Experimentally Determined Kaolinite-Sodium Phases

Reaction Stable Phases Stable Phases
Temperature Surface Interior
525°C A3S5,S1i0; A3S5,81i05
725°C A3S5,5105 A355,5i05
925°C NS,NAS,NyAS; (ss) A3A5,Si0,

1225°C NS,NAS,N,AS; (ss) A3S5,8105
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A comparison of the experimentally determined phases and
the calculated phases, 1listed in Table 7, shows good
agreement. The only conflict observed was the absence of
albite (NASg) in the experimentally determined phases,
possible due to thermodynamic non-equilibrium caused by
kinetic hindrances.

In general, the results of both the calculated and
experimgntal determined phases can be predicted by
examination of the phase diagram of the Si0O;-Al;03-Naj0
system and the appropriate isoplethel section as shown in
Figure 5.

The samples exposed to sodium vapor at the higher
temperatures were sectioned and examined using EDX to
determine the influence of temperature and time on the
depth of alkali diffusion into the kaolinite specimens.
Sodium concentration profiles of samples exposed at 925°C
and 1225°C are shown in Figures 6 and 7, respectively.
At these temperatures, the penetration of sodium was'
restricted to less than 1 mm due to the rapid formation
of a viscous melt and glassy phase. The glassy phase
contained 20wt% of NajO.

Evidence of the glassy phase was observed when thin
sections of samples fired at 925°C and 1225°C for 24 and 12
hours, respectively, were examined optically using a

polarizing microscope. The glass phase was found to melt
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Table 7. Kaolinite-Sodium Phases

Temperature Calculated Phases

Experimental Phases

725°C

925°C

1225°C

$i05,A355,N3AS,,NoASg

N2AS;,NS,N2ASg,S1i05,
A3S2

NyAS5,S8i05,A3S5,NSo

$i0y,A3S5

NS,NAS,NoAS, (ss),Si0,,
A3S3

NS,NAS,NyAS; (ss) ,S105,
A3Ss
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B-Alumina

NOZO

Naz0-Al,03 1580  Na,O-11A1,04 2;:8

1650 |990

Liquid 1800°C
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———Albite + Nepheline +Cor.
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. t——— Mullite +Albite +Quartz
2'0 1 600°C
Naz0 Fireclay

1.4

Carnegieite+ Nepheline + L —]—

\.Hl

Figure 5. A1203-S102-Na20 phase diagram and Naj- flreclay
isoplethal section.
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sample at 925° C, Note: Concentration data
approximated from EDX-SEM results.
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approximated from EDX-SEM results.
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below 1200°C. In the samples fired at 925°C, only a small
amount of glass was found. However, the samples fired at
925°C showed a greater depth of sodium penetration

( ~ 1.2 mm) than those fired at the higher temperature

(~ 1.0 mm). The lower firing temperature reduces the
rate of reaction of the sodium with the kaolinite and
does not allow for the formation of a viscous melt until
extremely high concentrations of sodium, approximately

40 wt% of Naj0, are present.

Further examination of the concentration profiles of
samples fired at 925°C indicated the possible depletion of
the alkali source for test samples fired for longer than
6 h. This was verified by a weight loss measurement test
using 3 g of sodium carbonate. It was found that the
sodium source was expended after approximately 30 min at
1225°C and after 7.5 h at 925°C.

A comparison of the sodium distribution profiles for
the samples fired at 925°C for different time periods
indicates possible spalling and material 1loss in the
sample fired for 24 h. The depth of sodium penetration
in this sample was significantly less than that in the
other sampled fired at this temperature. The sample
fired for 24 h also had a lower maximum concentration of
sodium, only 10 wt%¥ Na0 compared to 40 wt%¥ NajsO for the
other samples exposed at this temperature.

SEM examination of the sample exposed to sodium for

9 h at 925°C verified existence of spalling at the exposed
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Exposed
surface

Reaction
boundary

Bulk of
sample

Figure 8. SEM of fireclay sample exposed to
sodium vapor showing reaction boundary
and associated thermal spalling.
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surfaces of the specimens. The scanning electron
micrograph in Figure 8 reveals cracking parallel to the
hot face and eminent spalling in the sample. Therefore,
the sodium diffusion profile of the sample fired at 925°C
for 24 h (Figure 6) was adjusted to take into account the
spalling that occurred; therefore, a portion of the
profile was estimated.

The two major variables affecting the diffusion of
sodium into kaolinite appear to be time and heat
treatment. Length of firing time greatly affects samples
fired at 925°C by allowing deeper penetration and possible
spalling. This happens because melting does not occur at
this temperature until the sodium concentration is very
high. At 1225°C, a melt forms which serves as a barrier
to the alkali diffusion.

Although the role of temperature in these
experiments is not obvious, the rate of diffusion appears
to increase with increasing temperature. This is
evidenced not only by comparing the 1 h fired at 1225°C to
the 3 h firing at 925°C, but also by the increased rate of
chemical reaction observed at 1225°C. The increased rate
of reaction causes the rapid formation of a viscous melt
at 1225°C and therefore seals the surface to further

diffusion.
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In summary, the results of these experiments
indicate that a kaolinite binder material is sensitive to
exposure to sodium vapor in combustion atmospheres, even
at relatively 1low temperatures. The alkali phases formed
by sodium-kaolinite, e.g., nepheline (low temperature
form of carnegieite) has ol =14.0 x 10~6/°C and calcined
kaolinite has o =5.1 x 10-6/°c. High thermal expansion
leads to 1low thermal shock resistance, causing spalling
or cracking with temperature changes. Alternatively, the
formation of a ternary glass phase on the surface of the
kaolinite samples poses a significant problem due to its
low strength and poor thermal shock resistance. Also,
the formation of low melting eutectics results in viscous
flow of the material and strength determination, and

subsequent premature failure.

2. Kaolinite Exposures to Potassium

Visual inspection of the samples bars after exposure
to the potassium vapor environment revealed little or no
damage at temperatures between 525° C and 900° C. Samples
exposed to the alkali environment between 900° C and
1000°C showed some discoloration and slight glazing of the
ocuter surface. The sample exposed to potassium vapors at
1225° C showed significant glazing and discoloration.

As shown in Table 8, XRD phase identification of
surface and interior portions of the kaolinite specimens
revealed that only those samples exposed to the

potassium-containing environment at  1225° C changed
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Table 8. Experimentally Determined Kaolinite-Potassium

Phases
Reaction Stable Phases, Stable Phases,
Temperature Surface (<1 mm) Interior (>1 mm)
925° C A3S;, SiOj A3S5, Siop
950° C A3Sy, Si0j A3S,, SioOp
1025° C A3S5, Si0O3, KASj A3S;, SiOj
1225° C KAS,, KSy, KsAgSg, A3Spy, Sioj
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appreciably in mineralogy. Only traces of
kaliophilite-nepheline were found at 1000° C, and no
detectable change in mineralogy occurred at lower
temperatures. Phase identification results of the reacted
zones of the sample fired at 1225° C indicated the
formation of potassium disilicate,

kaliophilite-nepheline, potassium aluminate, and
5K50°5A1303°85i05.

Good agreement was found between the experimentally
determined phases and the calculated phases, as shown in
Table 9. The lack of either potash feldspar or leucite
formation in the exposed samples is probably due to:
(1) nbn—equilibrium because the transport of potassium
in the solid phase is inhibited by its relatively large
ionic size compared to that of sodium, and (2) the
relatively 1low temperature slows the kinetics of the
chemical reactions. The slow transport of potassium will
be further discussed in the next section.

In general, the results of both the calculated and
experimental determined phases can be predicted by
examination of the phase diagram of the Si0O;-A1,03-K30
system and the appropriate isoplethel section as shown in

Figure 9.
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Table 9. Kaolinite-Potassium Phases

Temperature Calculated Phases Experimental
Phases
925° C Si0y, A3Sy Si0y, A3Sj
1025° C Si0y, A3S;, KAS;, KASg, SiOg, A3Sy,
KS, KAS,
1225° C KSy, KAS,, KA, KAS KSy, KAS,,

KASy KA, KsAgSg
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Crystothine Phoses

Notolion Ouide Formulo
S0y Crislobolite
e Tridymile ] $i0z
Quoriz
Coryndum Al;03
Multite 341,0y-2510,
Potosh ¥20-41,03 6310
Feldspor
Leucite K20-Alx0y 4502

Koliophilite Kp0: A0y 28i02

Temparatures up 1o opprex.
1S30°C ore on the Geophysicol
Loboretory Scale | those
obove 1530°C ore on the
1940 Internotioncl Scole,

0
i:;;:ln"
i e IR AN . N\
\ N 3AKO; 25i0;
K,0-ALD, Si0y N\ T
\ ~ 0"
N,
\\
N\,
\.
\\
A¥3 . AVa 2. 3 Av4 AYd AV4 \l\
Kp %p D, KA, Ay
Corundum+L
LiQuID 7 299C_corundum +KAS, +L
KAS, +L J1— Mullite +L
KAS, +Corundum+L ~_[° 1609 Mullite+C+L
KAS 4 +Corundum +L —§J |/ ——— Mullite + KASq +L
KAS4"‘KA52+L 1 /MU"I'Q"’KASQ'*L
Corundum +KAS, +KAS - 1200 .
MuIIiie+KAS.+Cozrundun:j—\\ g Mullite +T+L
' N Mullite + KAS g +L
Mullite +KASg+KAS, ——|_|
N - 800
o]l T Muttite + T +KAS,
K,0 30 20 10 4241,0,
58510,

Figure 9.  Al303-5102-K;0 phase diagram and KyO-fireclay
isoplethal section.
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Sections of Xkaolinite samples exposed to potassium vapor
were analyzed using EDX to determine the influence of
temperature and time on the depth of alkali diffusion.
The resulting concentration profiles of samples exposed
at 1025° C and 1225° C are shown in Figures 10 and 11,
respectively. Potassium penetration into the kaolinite
samples was restricted to less than 0.5 mm at 1025° C and
to 0.9 mm at 1225° C. Potassium penetration was observed
to be significantly less than sodium penetration at

925°C, but roughly comparable at 1225° C. In addition, the
depth of penetration of potassium increases with

increasing temperature, differing from sodium diffusion
where the rapid formation of a melt at 1225° C prevents
deep penetration. The formation of a melt did not appear
to occur in any samples exposed to potassium vapors,
except for the sample exposed at 1225° for 12 h.

Potassium oxide concentrations of approximately 40 wt%
were detected on the surface of samples exposed for 12 h
at both 1025° C and 1225° C.

The diffusion of potassium vapors into the kaolinite
specimens appears to be significantly slower than that of
sodium under similar conditions. For example, sodium
penetrated 1.3 mm into kaolinite in 9 h at 925° C, whereas
potassium penetrated only 0.4 mm in 12 h at 1025° and 0.6
mm in 12 h at 1225° C. The diffusion of potassium is

believed to be restricted by the relatively large size of
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Figure 10. Distribution of potassium oxide in kaolinite

sample at 1025° C. Note: Concentration data
approximated from EDX-SEM results.
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Figure 11. Distribution of potassium oxide in kaolinite
sample at 1225° C. Note: Concentration data
approximated from EDX-SEM results.
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the potassium cation as compared to the sodium cation.

In summary, the 42% Al;03 calcined kaolinite appears
to be a suitable binder material in the presence
of potassium vapors at temperatures below 1000° C and
possible up to 1225° C for limited periods of time. This
appears to be due to the decreased chemical reactivity of
the binder material with potassium when compared to
sodium, as well as to the inability of potassium to

penetrafe deeply into the solid phase sample.

3. Mullite Exposures to Potassium and Sodium

Visual inspection of the mullite samples following
6 h exposures to potassium vapors at 1225° C revealed
extensive cracking and the specimens disintegrated when
sectioning was attempted. The sample exposed to
potassium vapors for 6 h at 1025° C was completely
destroyed, as shown in Figure 12. XRD analyses of the
test samples showed that significant amounts of potassium
aluminate had formed along with kaliophilite-nepheline.
The large volume expansion associated with the formations
of these compounds is believed to be the main cause of
the complete destruction of the sample bars.

The mullite sample bars were also exposed to sodium
vapors at 925° C for 6 h. Visual examination of the
exposed bars showed little damage, but an apparent volume
expansion has occurred. XRD analyses of these bérs
revealed that significant changes in the mineralogy had

occurred. Phases identified were primarily carnegieite
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Figure 12. Mullite (60% A1203) samples (a) before
exposure, and (b) following 6 h exposure
to potassium at 1025 C.
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and a sodium aluminosilicate solid solution with only
trace amounts of mullite present.

The results of these experiments indicate that the
60% Aly03 aluminosilicate material is prone to failure in
alkali-containing environments at temperatures of 925° C

to 1225° C.



IVv. CONCILUSIONS

The results of these experiments can be summarized

as follows:

1)

2)

3)

4)

Sodium compounds penetrate rapidly in 42% alumina
alumiosilicates at temperatures between 925°C and
1225°C. Significant changes in minerology occur

in the region penetrated by sodium. The formation
of low melting eutecitics and expansive phases
occur rapidly in areas penetrated by sodium.

Potassium compounds are not a significant source of
alkali attack for the 42% alumina aluminosilicate

at temperatures below 1025°C. Only limited minerology
changes occurred in areas penetrated by potassium at
l025°C. Penetration of potassium was also limited at

1025°C to less then 0.5 mm even after 12h of exposure.

The computer program SOLGASMIX-PV in conjunction with
phase diagrams can be used successfully to predict
the solid phase equilibria in ceramic systems.

The use of a 42% alumina aluminosilicate as a binder
material is recommended for operating temperatures

below 800°C.

L1



1)

2)

V. RECOMMENDATIONS FOR FURTHER RESEARCH

Exposure of ceramic filter material to an alkali-
contaning environment with the purpose of

correlating strength loss with exposure time.

A study of the Kkinetics of sodium and potassium
reactions with aluminosilicates. This information
would be useful in determining failure times for

those materials that do not form a surface melt.

L2
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