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ABSTRACT 

Monoclinic strontium aluminosilicate with the stoichiometric celsian composition 

(SrA'2Si20s) is a potential matrix material for fiber-reinforced composites. High 

processing temperatures (>2000°C) are required to form glass from the stoichiometric 

composition. Heat treatment of the glass initially crystallizes an undesirable metastable 

hexagonal phase (hexacelsian), which after further heat treatment transforms to the stable 

monoclinic form ( celsian). Some properties of celsian have been reported, such as 

modulus of rupture, thermal expansion and density, but many others have not, such as 

hardness and dielectric properties. Furthermore, celsian has promise as an intergranular 

phase in high-alumina ceramics (i.e., alumina-celsian composites) due to its high

temperature stability and low thermal expansion. However, neither a process to make 

these composites nor their properties have been previously investigated. 

The use of transient glass-phase processing, TGPP, to lower the glass melting and 

subsequent heat treatment temperatures to produce celsian was investigated in this thesis. 

A non-stoichiometric, low-melting, alumina-deficient composition of SrC03, Alz03 and 

SiOz with a glass transition temperature more than 600 K below the crystallization 

temperature of crystalline stoichiometric celsian was melted and prepared into glass 

powder. This composition was modified to form a second composition with the addition 

of 1.8 mole% B203 to control the wetting, densification and crystallization behavior. The 

research was divided into three areas of investigation. In the first investigation, the two 

glass powders were mixed with enough u-AI203 powder such that the net compositions 
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were those of stoichiometric celsian, then dry-pressed and sintered in vanous time

temperature combinations. In the second investigation, the two glass powders were mixed 

with fine a.-Al203 powder in a 1 :24 mass ratio (96% alumina), dry-pressed in pellet form 

and sintered. A third ceramic with the same net composition (without B203) was also 

prepared from crystalline raw materials for comparison. Compositions in the third 

investigation were similar to those of the second, except that a coarser a.-A1203 powder 

was used and bars were also fabricated for strength and toughness measurements. 

The results of the first investigation were that dry-pressed glass-alumina pellets 

containing B203 in the glass, sintered at 1100°C for 10 hours, densified by viscous-phase 

sintering, completely dissolved the a-Al203 and crystallized to celsian. Alumina-glass 

pellets without B203 in the glass, sintered at 1I00°C for 10 hours and 1640°C for 4 

hours, also densified and crystallized to virtually 100% celsian, albeit by a more tortuous 

reaction path. Results of the second investigation were that all the lesser component 

transformed to celsian in each composition, and all three were slightly harder and more 

dense than published values for 96% alumina. Each composition had significant grain 

growth from the fine a-Al203 powder. The result of the third investigation was that 

mullite formed preferentially to celsian in all three compositions; yet alumina-celsian 

composites appear to have strong potential for commercialization based on their 

mechanical, microstructural and dielectric properties. These alumina-celsian compositions 

have potential for high-temperature applications that are currently limited to more 

expensive grades of alumina, due to a highly crystallized intergranular phase in 96% 

alumina. 

IV 



T-4685 

TABLE OF CONTENTS 

Page 

ABSTRACT ................................................................................................................ iii 

LIST OF TABLES ...................................................................................................... vi 

LIST OF FIGURES ..................................................................................................... viii 

ACKNOWLEDGMENTS ........................................................................................... xi 

Chapter 1: RESEARCH OBJECTIVES AND LITERATURE REVIEW ..................... 1 

1.1 Introduction and Research Objectives ........................................................ 1 

1.2 Literature Review ...................................................................................... 5 

Chapter 2: EXPERIMENTAL BACKGROUND ......................................................... 10 

2.1 Celsian Structure Model ............................................................................ 10 

2.2 ASTM Procedures ..................................................................................... 10 

2.3 Glass Powder Preparation ......................................................................... 14 

2.4 X-Ray Diffraction (XRD) .......................................................................... 28 

2.5 Density Measurements ............................................................................... 32 

2.6 Ceramography ........................................................................................... 33 

2.6.1 Ceramographic Preparation ......................................................... 34 

2.6.2 Ceramographic Examination and Evaluation ............................... 37 

2.7 Knoop Hardness ........................................................................................ 39 

2. 8 Thermal Analysis ....................................................................................... 41 

V 



T-4685 

2.8.1 Differential Thermal Analysis (DTA) ........................................... 41 

2.8.2 Thermogravimetric Analysis (TGA) ............................................ 42 

2.9 Sintering and Densification of Ceramics ..................................................... 43 

2.10 Four-Point Bending Fixture ..................................................................... 46 

2.11 Indentation Strength in Bending (ISB) ..................................................... 48 

2.12 Dielectric Properties ................................................................................ 53 

Chapter 3: QUANTITATIVE X-RAY DIFFRACTION OF MONOCLINIC 

SrAl2Si208 AND HEXAGONAL SrSi03 ................................................................... 57 

3 .1 Introduction .............................................................................................. 57 

3.2 Experimental Procedure ............................................................................ 58 

3 .3 Results and Discussion .............................................................................. 63 

3 .4 Summary ................................................................................................... 73 

Chapter 4: LOW-TEMPERATURE TRANSIENT GLASS-PHASE 

PROCESSING OF MONOCLINIC SrAl2Si208 ......................................................... 75 

4.1 Introduction .............................................................................................. 75 

4.2 Experimental Procedure ............................................................................ 76 

4.3 Results and Discussion .............................................................................. 76 

4.4 Time-Temperature Modification ofTGPP ................................................. 88 

4.5 Summary ................................................................................................... 93 

Chapter 5: DEVELOPMENT OF ALUMINA-CELSIAN COMPOSITES ................... 96 

5 .1 Introduction .............................................................................................. 96 

5.2 Experimental Procedure ............................................................................ 97 

5.3 Results and Discussion .............................................................................. 100 

5.4 Summary ................................................................................................... 110 

VI 



T-4685 

Chapter 6: MICROSTRUCTURES AND PROPERTIES OF 96% ALUMINA 

WITH INTERGRANULAR MONOCLINIC SrAl2Si20g ........................................... 111 

6.1 Introduction .............................................................................................. 111 

6.2 Experimental Procedure ............................................................................ 112 

6.3 Results and Discussion .............................................................................. 116 

6.4 Summary ................................................................................................... 136 

Chapter 7: CONCLUSIONS AND FUTURE WORK .................................................. 138 

7.1 Conclusions ............................................................................................... 138 

7.2 Future Work ............................................................................................. 140 

REFERENCES CITED ............................................................................................... 141 

APPENDICES ............................................................................................................ 149 

A: Reference Intensity Calculations ................................................................. 149 

B: Knoop Hardness Data ................................................................................. 156 

C: Modulus ofRupture (MOR) Data ............................................................... 158 

D: Indentation Strength in Bending (ISB) Data ............................................... 162 

E: Image Analysis Data ................................................................................... 170 

ABOUT THE AUTHOR ............................................................................................. 177 

vii 



T-4685 

LIST OF TABLES 

Page 

LI: Some manufacturers of high-alumina products ....................................................... 4 

2.I: Some properties of monoclinic and hexagonal SrAl2Si20g .................................... 12 

2.II: ASTM procedures used in this thesis .................................................................... 13 

2.III: Chemistry of ceramic powder compositions 4A--4D ........................................... 16 

3.I: Largest XRD peaks of Al203, SrAl2Si20s and SrSi03 ........................................ 59 

3.II: Overlapping XRD peaks among Al203, SrAl2Si203 and SrSi03 ......................... 60 

3.III: Compositions of the powders used to fabricate XRD standards ........................... 62 

4 .I: Mass fractions of phases ........................................................................................ 82 

4.II: Density of compositions 4A--4D from processes 4-1--4-3 .................................... 86 

5.I: Components of composites 5A--5C ....................................................................... 99 

5.II: Measured properties ofalumina-celsian composites 5A--5C ................................. 105 

6.I: Measured properties of96% aluminas 6A--6D ...................................................... 119 

A.I: Ref intensity of25% celsian + 75% corundum ..................................................... 150 

A.II: Ref. intensity of50% celsian + 50% corundum .................................................... 151 

A.III: Ref intensity of75% celsian + 25% corundum ................................................... 152 

A.IV: Ref. intensity of25% SrSi03 + 75% corundum .................................................. 153 

A.V: Ref. intensity of 50% SrSi03 + 50% corundum ................................................... 154 

A.VI: Ref. intensity of75% SrSi03 + 25% corundum .................................................. 155 

B.I: Knoop hardness of celsian ..................................................................................... 156 

viii 



T-4685 

B.II: Knoop hardness of alumina-celsian composites 5A--5C ....................................... 157 

CJ: MOR of comp. 6A ................................................................................................ 158 

C.II: MOR of comp. 6B ............................................................................................... 159 

C.III: MOR of comp. 6C ............................................................................................. 160 

C.IV: MOR of comp. 6D ............................................................................................. 161 

D .I: ISB of comp. 6A .................................................................................................. 162 

D.II: ISB of comp. 6B ................................................................................................. 164 

D.III: ISB of comp. 6C ................................................................................................ 166 

D.IV: ISB of comp. 6D ............................................................................................... 168 

ix 



T-4685 

LIST OF FIGURES 

Page 

2. la&b: Models of celsian and hexacelsian unit cells .................................................... 11 

2.2: Flow chart of strontium aluminosilicate glass powder manufacturing process ........ 15 

2.3a: SrO--Al203--Si02 (SAS) phase diagram ............................................................ 17 

2.3b: CaO--Al203--Si02 (CAS) phase diagram ........................................................... 19 

2.3c: BaO--Al203--Si02 (BAS) phase diagram ........................................................... 20 

2.3d: SrO--Si02 phase diagram ................................................................................... 21 

2.4a: TGA thermogram of reagent-grade SrC03 .......................................................... 22 

2.4b: TGA thermogram of Al203 ................................................................................ 23 

2.4c: TGA thermogram of reagent-grade Si02 ............................................................. 24 

2.5: XRD patterns of -325 mesh SAS glass .................................................................. 27 

2.6a: Bragg angle of constructive interference .............................................................. 29 

2.6b: Diffractometer configuration ............................................................................... 29 

2.7: Knoop indentation in a polished section of comp. SB ............................................ 40 

2.8: Four-point bending fixture for MOR and ISB of ceramic bars ............................... 47 

2.9: Indentations in the polished face of an ISB bar ...................................................... 50 

2.10a: DPH indentation and half-penny cracks in an ISB bar ........................................ 52 

2.10b: Fracture surface ofan ISB bar.. ......................................................................... 54 

2.10c: Fracture surface ofan ISB bar at high magnification .......................................... 55 

3 .1: Flow chart of quantitative XRD preparation and test procedure ............................ 61 

X 



T-4685 

3 .2: XRD of celsian development from SrC03 + Al203 + 2Si02 ................................. 64 

3 .3: XRD of celsian + corundum .................................................................................. 66 

3 .4: Reference intensity from X celsian / X cor vs. I celsian /I cor ............................... 67 

3. 5: XRD of SrSi03 development from SrC03 + Si02 ................................................ 69 

3 .6: XRD of SrSi03 + corundum ................................................................................. 71 

3.7: Reference intensity from X SrSi03 / X cor vs. I SrSi03 / I cor ............................. 72 

4. la: DTA thermogram of comp. 3C, without B203 .................................................... 77 

4. lb: DTA thermogram of comp. 3D, with dissolved B203 ......................................... 78 

4.2a: XRD of four SAS compositions sintered I hr@ IIOOC ...................................... 80 

4.2b: XRD of four SAS compositions sintered 10 hr@ IIOOC .................................... 83 

4.2c: XRD of four SAS compositions sintered 100 hr@ I IOOC ................................... 84 

4.3: X celsian transformed vs. sintering time@ IIOOC ................................................. 85 

4 .4: Density of four SAS compositions vs. sintering time at l lOOC .............................. 87 

4.Sa: Microstructure of comp. 4C sintered 10 hr@ l lOOC .......................................... 89 

4.Sb: Microstructure of comp. 4D sintered 10 hr@ 1 lOOC .......................................... 90 

4.6: XRD of comp. 4C, SAS glass+ Al203, sintered in four processes ........................ 94 

5 .1: Flow chart of alumina-celsian composites .............................................................. 98 

5.2a: SEM photo ofMalakofffine Al203 powder.. ...................................................... 101 

5.2b: SEM photo of -325 mesh SAS glass without B203 ............................................. 102 

5.2c: SEM photo of -325 mesh SAS glass with B203 .................................................. 103 

5.3a: Microstructure of comp. SA sintered 4 hr@ 1640C ............................................ 106 

5.3b: Microstructure of comp. SB sintered 4 hr@ 1640C ............................................ 107 

5.3c: Microstructure of comp. SC sintered 4 hr@ 1640C ............................................ 108 

5.4: XRD ofalumina-celsian composites SA--SC sintered 4 hr@ 1640C ...................... 109 

xi 



T-468S 

6.1: SEM photo of Alcan Al203 powder ..................................................................... 113 

6.2: Flow chart of fabrication and test procedure for 96% alumina ............................... 117 

6.3: Green density of comp. 6D vs. uniaxial pressure .................................................... 118 

6.4: XRD of96% aluminas 6A--6D sintered 4 hr@ 1640C ......................................... 122 

6.Sa: Microstructure of comp. 6A sintered 4 hr@ 1640C ............................................ 123 

6.Sb: Microstructure of comp. 6B sintered 4 hr@ 1640C ............................................ 124 

6.Sc: Microstructure of comp. 6C sintered 4 hr@ l 640C ............................................ 125 

6.Sd: Microstructure of comp. 6D sintered 4 hr@ 1640C ............................................ 126 

6.5e: Exaggerated grain growth in comp. 6B ............................................................... 128 

6.6a: Dielectric constant of96% aluminas 6A--6D vs. frequency .................................. 129 

6.6b: Loss index of96% aluminas 6A--6D vs. frequency .............................................. 130 

6.7a: Fracture surface of comp. 6A .............................................................................. 132 

6.7b: Fracture surface of comp. 6B .............................................................................. 133 

6.7c: Fracture surface of comp. 6C .............................................................................. 134 

6.7d: Fracture surface of comp. 6D .............................................................................. 135 

E.l: Image analysis of comp. SA .................................................................................. 170 

E.2: Image analysis of comp. SB .................................................................................. 171 

E.3: Image analysis of comp. SC .................................................................................. 172 

E.4: Image analysis of comp. 6A .................................................................................. 173 

E.5: Image analysis of comp. 6B .................................................................................. 174 

E.6: Image analysis of comp. 6C .................................................................................. 175 

E.7: Image analysis of comp. 6D .................................................................................. 176 

xii 



T-4685 

ACKNOWLEDGMENTS 

"To put down Richard, that sweet lovely rose ... " -- William Shakespeare in King Henry 

IV, Part I 

I thank the members of my thesis committee, Professors Dennis W. Readey and 

Gerald L. DePoorter of the Colorado Center for Advanced Ceramics at the Colorado 

School of Mines and Dr. Terrence K. Brog of Golden Technologies Company, Inc., for 

their efforts in my formal education and professional development. I especially thank my 

faculty adviser, Professor Michael J. Haun of the Colorado School of Mines, for his 

guidance, insights and encouragement throughout this research project. 

I thank the two sponsoring organizations for this thesis. The National Science 

Foundation provided funding under Grant No. DMR-9158312. Golden Technologies 

Company, Inc., of Golden, Colorado, a subsidiary of ACX Technologies, Inc., provided 

funding under Contract No. 046159-00. 

I thank my graduate colleagues who are also Dr. Haun's students, especially David 

B. Price and Chan Young Kim, for teaching me a few tricks about diffraction, LCR meters 

and ceramic powder preparation, among other things. I wish them great success in their 

engineering careers. 

I thank the good folks at Coors Ceramics Company, mostly for letting me use their 

laboratory facilities but also for providing some materials and ceramic engineering advice. 

xiii 



T-4685 

One person in particular, the late Daniel D. Briggs, sparked my interest in advanced 

ceramics when he hired me in 1984. 

Finally, I thank my wife, Patsy, and our daughters, Melissa and Heidi, for 

understanding my frequent and lengthy absences, in mind and spirit as well as body, during 

the course of my education. I also thank my parents, Bill and Jackie Chinn, and parents

in-law, Tony and Martha Mejia, for their occasional financial support during difficult 

times. 

xiv 



T-4685 1 

Chapter 1 

RESEARCH OBJECTIVES AND LITERATURE REVIEW 

''If you don't know where you're going, you might end up some place else. 11 
-- Lawrence 

P. 'Yogi' Berra, Hall of Fame catcher for the New York Yankees, 1946-63 

1.1 Introduction and Research Objectives 

This thesis encompasses two primary objectives, which are (1.) To use transient 

glass-phase processing to lower the glass melting temperature and subsequent heat 

treatment temperature to produce monoclinic SrAl2Si20g, celsian by sintering a 

stoichiometric mixture of Al203-deficient, eutectic strontium aluminosilicate glass and a

Al203; and (2.) To establish the potential of utilizing this glass composition to produce a 

large amount of crystallization of the intergranular glass phase in 96% alumina for high

temperature applications. Microstructural development and measurement of properties of 

the resulting materials are included in both objectives. 

Transient glass phase processing (TGPP), in general, describes the process of a 

shift in a glass composition at a temperature between the glass transition temperature of 

the glass and the liquidus temperature of the composition, such that the glass composition 

is shifted toward that of a desired crystalline phase. TGPP combines elements of liquid

phase sintering (LPS) with glass-ceramic processing. TGPP, as in LPS, utilizes a viscous 

phase during densification, the viscous phase wets the remaining solid, and the solid 



T-4685 2 

dissolves in the viscous phase to some degree. 1 Unlike LPS, the viscous phase in TGPP 

originates from an initial glass component rather than a eutectic reaction. TGPP, as in 

glass-ceramic processing, involves the nucleation and growth of ceramic crystals from an 

initial glass powder. However, they differ in that glass-ceramic processing begins with 

glass only, and the primary crystalline phase is nucleated after forming operations,2 

whereas TGPP in this research begins with a predominantly crystalline powder mixed with 

glass powder, and the glass composition is modified during the process. 

As an example ofTGPP, if alumina dissolves into an Al203-deficient, low-melting 

SrO-Alz03-Si02 ("SAS") glass, where the molar ratio of SrO to SiOz is fixed at 1 :2, 

then the glass composition is shifted toward stoichiometric celsian (monoclinic SrO• 

Alz03•2Si02 or SrA12Si20g). If the glass crystallizes to celsian through heat treatment 

and sufficient dissolution of alumina, the resulting microstructure is either -100% celsian 

or a celsian-alumina composite, depending on the amount of alumina added. The 

softening behavior of the glass potentially permits the formation of completely crystalline, 

pure celsian at temperatures significantly lower than that possible by melting and 

crystallization of stoichiometric SAS. In addition, these glass compositions can potentially 

be used to produce a high degree of crystallization of the intergranular glass phase in high

alumina ceramics to improve mechanical stability for high-temperature applications. 

As is the case with virtually all research projects, this one begins upon the 

foundations established by previous work. TGPP was conceived in the early 1990s at the 

Colorado School of Mines in the theses of Professor M.J. Haun's previous students, N.W. 

Chen and M.W. Krutyholowa, and has been investigated extensively by his more recent 

students, D.B. Price and C.Y. Kim. All four of these students have investigated alkaline 

earth aluminosilicates and their alumina-based composites. One of the objectives of this 
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thesis, in the context of research done at CSM, is the addition of strontium to the list of 

alkaline earth aluminosilicates investigated. 

Monoclinic SrAl2Si20s and its barium counterpart ("BAS") have been 

investigated in high-temperature glass-ceramic processes by N.P. Bansal and his 

colleagues at the NASA-Lewis Research Center in Cleveland, Ohio, since the late 

1980s.3,4,5,6,7 Their work has been most useful, and is cited extensively in this study. 

One of the objectives for TGPP is the lowering of the processing temperatures for celsian 

production, compared to the stoichiometric glass-ceramic process used by Bansal et al. 

Another objective of this thesis, in the context of research done by Bansal et al., is the 

enhancement of the database of celsian properties, such as reference intensity, hardness, 

dielectric constant and loss index. 

Alumina-based, ceramic-matrix composites consisting of96% (nominally, by mass) 

a.-Al203 and an intergranular phase, have been produced commercially for decades and 

sold worldwide for a variety of structural and electrical applications. An objective for 

alumina-celsian composites, in the context of 96% alumina compositions, is the 

introduction of a new composition that can produce a high degree of crystallization of the 

intergranular phase to improve high-temperature mechanical properties, yet is comparable 

to the existing ones in terms of other properties and ease of fabrication. A partial list of 

manufacturers of96% alumina products is given below in Table l.I.8 

D. Bahat of Corning, Inc., investigated SrAl2Si20s and its barium counterpart and 

their hexagonal-to-monoclinic transformations in the late 1960s and early 1970s.9,10,ll 

However, some of his work has been discredited by Bansal et al., and has been only 
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Table 1.1: Some manufacturers of high-alumina products8 

Manufacturing Company 

Alberox Corp. 

Carbus Ceramica Tecnica Ltda. 

Ceramatec, Inc. 

Champion Spark Plug Co. 

Coors Ceramics Co. 

Frenchtown Ceramics Co. 

Jyoti Ceramic Industries Pvt., Ltd. 

Kyocera Corp. 

Morgan Matroc, Inc. 

NGK Spark Plug Co., Ltd. 

Vesuvius-McDanel Co. 

Wesgo Inc. 

Location 

New Bedford, Massachusetts, USA 

Rio Claro, Sao Paulo, Brazil 

Salt Lake City, Utah, USA 

Detroit, Michigan, USA 

Golden, Colorado, USA 

Frenchtown, New Jersey, USA 

Satpur, Naski, India 

Kyoto, Japan 

Milwaukee, Wisconsin, USA 

Komaki, Aichi, Japan 

Beaver Falls, Pennsylvania, USA 

Belmont, California, USA 
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marginally useful here. A number of other authors are referenced in various places in this 

thesis. 

In summary, both a process, TGPP, and a material, alumina-celsian composite, are 

the subjects under investigation in TRANSIENT GLASS-PHASE PROCESSING OF 

SRAL2Sr20g-ALUMINA CERAMICS. The experimental work is presented in four phases, 

corresponding to Chapters 3 through 6. Chapter 3 describes how x-ray diffraction was 

used to characterize the materials produced in each phase of the project. Chapter 4 

describes the application of TGPP to prepare pure celsian. Chapter 5 describes some 

alumina-celsian composites produced from fine alumina powder. Chapter 6 describes 

fabrication, microstructures and property measurements of alumina-celsian composites 

produced from coarser, commercial-grade alumina powder, and their comparison to a 

commercial 96% alumina composition. Chapters 3 through 6 will be submitted, not 

necessarily verbatim, as individual papers for publication in engineering journals or 

symposium proceedings.12,13,14,15 Details of the numerous experimental procedures are 

given in Chapter 2. The overall conclusions are drawn in Chapter 7, along with some 

suggestions for future work on related topics. References are listed in Chapter 8. Much 

of the raw data and calculations are included as appendices in Chapter 9, followed by a 

brief biography of the author in Chapter 10. 

1.2 Literature Review 

Bahat9,10 investigated the heterogeneous (surface) nucleation, crystallization and 

properties of alkaline earth aluminosilicate glass-ceramics of the celsian structure. A 
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metastable hexagonal phase initially formed and slowly transformed to monoclinic below 

1500°C, when strontium was the alkaline earth component. Bahat also synthesized a 

metastable orthorhombic SAS phase and a stable triclinic phase. 

Bansal, Hyatt and Drummond3 mixed SrC03 and BaC03, in various ratios 

including 1 :O, with A1203 and Si02 to form (Sr,Ba)O•Al203•2Si02 glasses, which were 

milled into glass powders, and pressed and sintered under various conditions in a glass

ceramic process, followed by structure and property measurements. The thermal 

processing conditions that resulted in orthorhombic, metastable hexagonal (hexacelsian), 

and monoclinic ( celsian) SAS phases were determined. The monoclinic phase had the 

lowest thermal expansion of the three phases. An orthorhombic-to-hexagonal 

transformation occurred in SAS at 758°C upon heating. A liquidus occurred upon heating 

at -1675°C, and the melt supercooled to -1450°C before crystallization. Hexacelsian did 

not transform to celsian when the glass was heat-treated at temperatures less than 1000°C, 

but densified and transformed completely to the monoclinic phase (without the other two 

phases) when heat-treated at temperatures above -1100°C for 20 hours. 

Bansal and Drummond4 measured Avrami equation kinetic parameters of the 

hexagonal-to-monoclinic transformation of stoichiometric SAS. They elucidated a one

dimensional interface growth of celsian associated with breakage of strong Si-0 and Al-0 

bonds in hexacelsian, as opposed to a diffusion-controlled transformation mechanism 

suggested by Bahat.11 They concluded that single-phase monoclinic celsian could be 

synthesized over a wide temperature range, and might be suitable as a matrix material in 

fiber-reinforced composites at high temperatures since the volume changes associated with 

the hexagonal-to-orthorhombic transformation would be avoided. Pure celsian formed in 

stoichiometric glass flakes after heat treatments of 1100°C for 30 hours, 1200°C for 2 
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hours, or 1300°C for 10 hours, from nucleation at hexacelsian grain surfaces and 

interfaces. 

Hyatt and Bansal5 tested crystallization kinetics by differential scanning 

calorimetry of SAS and BAS (BaA12Si20s) glasses in both bulk and powder forms. 

Powders crystallized at lower temperatures than bulk specimens, and hexacelsian 

nucleated on glass surfaces. Monoclinic SAS formed only upon transformation of 

metastable hexacelsian above -1100°C, not directly in the glass. Glass transition 

temperatures of stoichiometric SAS glass powder ranged from 870 to 895°C. Heat 

treatments of stoichiometric SAS glass powder at 1050°C for 10 hours, or at ll00°C for 

one hour, resulted in pure celsian. 

Buzniak, Dickerson, Lagerlof and Bansal6 investigated crystallization behavior, 

microstructural changes as a result of annealing, and flexural strength of SAS and BAS 

glass-ceramics. A decrease in strength after annealing above 1000°C as a result of 

increased porosity due to gas-generating reactions at grain boundaries involving trace 

impurities was observed. 

Moya Corral and Garcia Verduch 16 studied the effect of the solubility of silica in 

BAS on the hexagonal-to-monoclinic transformation kinetics. The maximum solubility of 

Si02 in monoclinic BAS was about 2%, and the exsolution of Si02 from hexagonal BAS 

slowed down the transformation to monoclinic BAS. 

Buzniak, Lagerlof and Bansal7 measured the high-temperature strength of BAS 

and SAS. From high-temperature mechanical testing, rapid degradation of the fracture 

strength above the glass transition temperature, about 900°C, was observed and attributed 

to the presence of an amorphous phase at the grain boundaries. 
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Bansal and his colleaguesl7,18,19 have developed matrix materials for fiber

reinforced composites from BAS glass-ceramics that may have some bearing on SAS due 

to their structural similarities. Much more BAS research has been published than SAS 

research, and the BAS phase diagram20 has been used as a guide in this research in the 

absence of a detailed SAS phase diagram. 21 

Krutyholowa and Haun22 investigated variations in thermal expansion mismatch, 

using TGPP with barium aluminosilicate compositions. Kim and Haun23 are continuing 

with magnesium aluminosilicates ( chiefly cordierite ), and Price and Haun24 with calcium 

aluminosilicates (chiefly anorthite). Kim's research and Price's research have similar 

objectives to this thesis, namely, production of single-phase materials from TGPP and the 

use of low-melting glass in high-alumina ceramics. 

Four books, comprising what could be considered the "grand slam" of ceramic 

engineering in the 1990s, have been useful to some degree, although none of them 

specifically mentions celsian. They are Introduction to Ceramics. 2nd Ed. by W.D. 

Kingery, H.K. Bowen and D.R. Uhlmann (John Wiley & Sons, Inc., New York: 1977); 

Modern Ceramic Engineering. 2nd Ed. by D.W. Richerson (Marcel Dekker, Inc., New 

York: 1992); Introduction to the Principles of Ceramic Processing by J.S. Reed (John 

Wiley & Sons, Inc., New York: 1988); and Engineered Materials Handbook. Vol. 4. 

Ceramics and Glasses (ASM International, Materials Park, OH: 1991). Kingery, Bowen 

and Uhlmann's book emphasizes the material science aspects of ceramics, such as the 

correlations between structures and properties. Richerson's book emphasizes applications 

of ceramics in product design. Reed's book emphasizes processing techniques in ceramic 

manufacturing. The ASM book, a compilation of commissioned articles written and 
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reviewed by numerous authors from throughout the ceramic industry and academia, 

covers a broad spectrum of processes, materials, analyses and applications. 
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Chapter2 

EXPERIMENTAL BACKGROUND 

10 

''Lamentably, no. My gustatorial rapacity knows no satiety." -- Homer Simpson, 

television character 

2.1 Celsian Structure Model 

A model of the celsian lattice structure is shown in Figure 2.la.25 The metastable 

hexagonal polymorph, hexacelsian, shown in Figure 2.1 b26 nucleates upon cooling from 

the melt below 1948 K (1675°C), and transforms to stable monoclinic SrAl2Si203, 

celsian, at temperatures above about 1273 K (1000°C). Some properties of celsian and 

hexacelsian are shown in Table 2.I. 

2.2 ASTM Procedures 

A set of experimental procedures published annually by the American Society for 

Testing and Materials, ASTM, has been used extensively in this thesis and its 

accompanying papers. The ASTM Standards, covering a wide variety of materials, 

products, instruments and processes, are contained in a set of 48 or so volumes that are 
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Figure 2.la: Model of monoclinic SrAl2Si20s (celsian) unit cell.25 

Linked polyt!Wn of oxygen atoms. Shaded spheres represent Sr ions. Si &AJ atoms not shown_ 

Figure 2.lb: Model of hexagonal SrAl2Si20g (hexacelsian) unit ceU.26 
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Table 2.1: Some properties of monoclinic and hexagonal SrAl2Si20g, celsian and 

hexacelsian3,6 

Property (*from this thesis) Units Celsian Hexacelsian 

Modulus of rupture (MOR) MPa 100-150 

Linear thermal expansion ( c,,L) ppm/K 2.7 11.1 

Density (p) kgtm3 3084 

Temperature range of stability oc :s;I650 metastable 

Knoop hardness (HKN)* kgp'mm2 466 

Reference intensity (IIIcor)* 0.90 

Dielectric constant (K') @ 1 MHz* 6.5 

Loss index (K")@ I MHz* 0.03 

available in the Reference Room in Arthur Lakes Library on the Colorado School of 

Mines campus. 

Copies of individual procedures can be purchased from ASTM. The address is: 

American Society for Testing and Materials 
1916 Race Street 

Philadelphia, PA 19103 
United States of America 
telephone 215/299-5400 

The ASTM procedures used in this study are listed in Table 2.II. 
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Table 2.II: ASTM procedures used in this thesis 

ASTM Procedure 
C373-8827 

C1161-9Q28 

DlS0-9329 

D934-8Q30 

D3850-8431 

E3-8Q32 

E384-8933 

E794-8S34 

E1356-9(35 

El382-9(36 

Title 
Standard Test Method for Water Absorption, Bulk 
Density, Apparent Porosity, and Apparent Specific 
Gravity of Fired Whiteware Products 

Standard Test Method for Flexural Strength of Advanced 
Ceramics at Ambient Temperature 

Standard Test Methods for A-C Loss Characteristics and 
Permittivity (Dielectric Constant) of Solid Electrical 
Insulation 

Standard Practices for Identification of Crystalline 
Compounds in Water-Formed Deposits by X-Ray 
Diffraction 

Test Method for Rapid Thermal Degradation of Solid 
Electrical Insulating Materials by Thermogravimetric 
Method 

Standard Methods of Preparation of Metallographic 
Specimens 

Standard Test Method for Microhardness of Materials 

Standard Test Method for Melting and Crystallization 
Temperatures by Thermal Analysis 

Standard Test Method for Glass Transition Temperatures 
by Differential Scanning Calorimetry or Differential 
Thermal Analysis 

Test Methods for Determining the Average Grain Size 
Using Semiautomatic and Automatic Image Analysis 



T-4685 14 

2.3 Glass Powder Preparation 

The strontium aluminosilicate (SAS) glasses used throughout the experimental 

work were carefully prepared to prevent unnecessary experimental variables and maximize 

the chances of success in achievement of the goals. The preparation process is described 

below and shown schematically in the upper part of the flow chart in Figure 2.2. 

Two compositions were mixed from crystalline, reagent-grade SrC03 (Product 

No. 8220, Lot 8220 KHRG, Mallinckrodt Specialty Chemicals Co., Paris, KY 40361), CJ.

Al203 (Product No. RC-HPT DBM, Lot BM-2206, Malakoff Industries, Inc., Malakoff, 

TX 75148) and a-(low) quartz Si02 (Alfa Aesar Product No. 13024, Lot J28D01, 

Johnson-Matthey Catalog Co., Ward Hill, MA 01835) powders. All three powders were 

tested by thermogravimetric analysis, TGA (Model 951, TA Instruments, Inc., New 

Castle, DE 19720), from 30°C to 1200°C at a heating rate of 10.0 K/min in an N2 

atmosphere continuously purged at 50 ml/min, for evidence of purity. 31 The second 

composition also contained 1.8 mole% B203 (Alfa Aesar Product No. 12290, Lot 

Ll5303, Johnson-Matthey Catalog Co., Ward Hill, MA 01835) as a sintering aid. 

The components of the two glasses are given as compositions 4A and 4B in Table 

2.Ill, in both mass percentage and mole percentage. Both compositions are expected to 

be close to the low-melting composition between Sr0•2Si02 and SrAl2Si208. Since the 

ternary phase diagram of SrO--Al203--Si02 has not been established yet ( except for the 

l350°C isothermal plane, shown in Figure 2.3a21), the eutectic temperature near the SrO• 

2Si02--SrAl2Si208 line is unknown. However, along this same line in both the anorthite 

(Ca0•2Si02--CaAl2Si208) and BAS systems, the eutectic is close to 9 mole% Al203, 
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Figure 2.2: Flow chart of strontium aluminosilicate glass powder manufacturing process 
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Table 2.ID: Chemistry of ceramic powder compositions 4A-4D 

Composition 

4A. 

48. 

4C. 

4D. 

4A. 

48. 

4C. 

4D. 

SrO 

Mass% 

40.9 

40.2 

31.8 

31.4 

Mole% 

30.4 

29.8 

25.0 

24.6 

Powder Composition 

Al203 

Mass% 

11.7 

11.5 

31.3 

30.9 

Mole% 

8.9 

8.7 

25.0 

24.6 

4A. Al203-deficient SrO-Al203-Si02 glass 

Si02 

Mass% 

47.4 

46.6 

36.9 

36.4 

Mole% 

60.8 

59.7 

50.0 

49.2 

48. Al203-deficient SrO-Al203-Si02-B203 glass 

4C. Al203-deficient SrO-Al203-Si02 glass + a-Al203 

4D. Al203-deficient SrO-Al203-Si02-B203 glass + a-Al203 

8203 

Mass% 

0.0 

1. 7 

0.0 

1.3 

Mole% 

0.0 

1.8 

0.0 

1.5 

16 
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FIG. 755.-System SrO--Al,0.-SiO,, subsolidus com
patibility relationships at 1350°C. Sr = SrO; A = Al,01 ; 

S = SiO,. 

P. S. Dear, Bull. Virginia Polytechnic Inst., 50 (11] 
8 {1957). 
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Figure 2.3a: SrO--Alz03--Si02 (SAS) ternary phase diagram in mass percent in the 1350 

0 c isothermal plane. Arrows indicate the Sr0•2Si0z--Alz03 line. 
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as shown in Figures 2.3b and 2.3c. The 0% Alz03 end of this line is known from the 

SrO--Si02 binary phase diagram, as shown in Figure 2.3 d. 37 

The TGA thermograms of SrC03, Alz03 and SiOz are shown in Figures 2.4a, 

2.4b and 2.4c, respectively. In Figure 2.4a, the SrC03 decomposed to SrO(s) and 

C02(g) over the extrapolated temperature range of913~1003°C, losing 29.64% of the 

original mass in the reaction. The theoretical decomposition, based on one mole of CO2 

evolving from each mole of SrC03, is 29.81%. Thus, the SrC03 powder can be 

considered pure and dry. The time derivative of the mass percent curve is shown as a 

broken curve in the thermogram. The area enclosed by this dwldt curve and the baseline is 

also a measure of the mass% CO2 lost to decomposition. 

The a.-Alz03 shows no transitions in Figure 2.4b, as expected, and is also 

considered pure and dry. The SiOz transforms to its P-polymorph at about 582°C, but 

does not produce any volatile species in the reaction. Thus, no tn1e transitions are present 

in the TGA thermogram in Figure 2.4c, and the Si Oz can be considered pure and dry. The 

TGA used can accurately resolve approximately ± one percentage point. 

A low-melting composition of 8.9 mole% Alz03, 30.4% SrO and 60.7% SiOz, 

was chosen as the basic composition, with the molar ratio of Si Oz to SrO fixed at 2: 1. 

Two batches of 49.6 mass'lo SrC03, 10.0% Alz03, and 40.4% Si02 powders of the low

melting composition were mixed. The second batch was modified with 1.8 mole% Bz03 

added to alter wettability, viscosity and dissolution of alumina. Clark and Reed38 used 1.0 

mass% Bz03 to control the viscosity of molten calcium silicate glass, which was 

approximately equivalent to 1.8 mole% in Price's thesis.24 Thus, 1.8 mole% Bz03 was 

used in this research. 
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CaO-Al,O,--SiO, (cont.) 

80 \ 
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\ 
20 

CoO 

FIG. 631.-System CaO-Al10,-Si02; 
revision of CaO · 6Alt0, field. 

A. L. Gentile and W. R. Foster, 
60 private communication, Dec. 12, 1961. 
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Figure 2.3b: CaO--SiOz--Al203 (CAS) ternary phase diagram in mass percent showing 

the anorthite (CaAl2Si20s) field and the Ca0•2Si02--Al203 line 
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BaO-AlzO ,-Si02 

BoO 3 Bo0·A120 3 BoO·Al,03 Bo0·6A120 3 A1 20 3 

FIG. 556.-System BaO-Al,0,-SiO,. 

N. A. Toropov, F. Ya. Galakhov, and I. A. Bondar, 
Izuest. Akad. Nauk S.S.S.R., 0/del. Khim. Nauk, 1954 [51 
756. See also, R. A. Thomas, J. Am. Ceram. Soc., 33 [21 
43 (1950). 
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Figure 2.3c: BaO-Al203-Si02 (BAS) ternary phase diagram in mass percent showing the 

celsian (BaAl2Si20s) field and the Ba0•2Si02--Al203 line 
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Figure 2.3d: SrO--SiOz binary phase diagram in mass percent. The arrow indicates the 

stoichiometric Sr0•2Si02 composition. 
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Figure 2.4a: Thermogravimetric analysis of reagent-grade SrC03, showing its nearly 

30% mass loss during SrC03 ~ SrO + C02(g) decomposition. 



T-4685 

1v1.u~---------------------------, 

100.5· 

~ 100.0-
a 
~ 

,:! 

99.5-

ss.o-l0----2~0 ·o-~--,o·o-~--.~6-0----.oro-~--,~oo'o-~--,2,oo 
Temperature c•c) 

Figure 2.4b: Thermogravimetric analysis of a-Alz03 

23 



T-4685 

101.0.-------------------------~ 

100.5· 

E 
~ 100.0 
!: 
cl: 

99.5~ 

99.0-t-----~ .-~---~-~----~.-~---~------J 
0 200 -400 600 800 1000 1200 

Te111parature c•c) 

Figure 2.4c: Thermogravimetric analysis of a-quartz Si Oz 

24 



T-4685 25 

The two mixtures were melted at 1863 K (1590°C) in a platinum--10% rhodium 

crucible in a furnace (Model 1040, Deltech, Inc., Denver, CO 80216) with a static air 

atmosphere, and held at that temperature for about two hours, until their compositions 

appeared uniform. About 400 gm of each powder mixture was melted in four separately 

mixed, 100-gm batches because the crucible was not large enough to hold all 400 gm of 

powder at one time. Approximately 50 gm of each batch was initially placed in the 

crucible and melted to reduce the bulk volume of the powder. Additional powder was 

then added and melted until the entire batch had been used. Because of the high viscosity 

of the melts, even at 1590°C, only about 60-70% by volume of each melt could be poured 

from the crucible and quenched. The remaining 30-40% cooled rapidly once out of the 

furnace, and quickly became too viscous for pouring. The unpoured fraction was returned 

to the furnace along with an addition of powder from the next batch, until it was a 

homogeneous liquid and could be poured again. 

The liquids were quenched in distilled water in a stainless steel bucket to form 

homogeneous glass frit of relatively uniform thermal history. 

The two eutectic glass frits were ball-milled in -210-gm batches with 1.0 kg of 

clean, cylindrical, 13-mm diameter by 13-mm high alumina grinding media and 500 ml of 

distilled water for 24 hours. The milled glass and water were poured through a 325-mesh 

(44 µm) sieve to remove unmilled glass and agglomerates. The oversized particles, +325 

mesh or >44 µm, could have been re-milled and re-sieved to increase the glass powder 

yield, but the original amount of powder was deemed adequate. 

The resulting amorphous powders were poured into Nalgene polyethylene bottles, 

dried in an oven at 90°C for 48 hours, and tested by x-ray diffraction, XRD, to determine 

the amount of crystalline alumina contamination from the grinding media. C. Y. Kim23 
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found that percent-alumina ball-mill contamination reached an asymptotic minimum when 

the amount of glass added to the ball mill container was -200 gm or more. Each glass 

batch that was ball milled was slightly greater than 200 gm, and thus the Al203 

contamination was minimized. 

The powders were tested by x-ray diffraction, XRD (Rotaflex model, Rigaku 

Denki Co., Tokyo, Japan), to determine the amount of crystalline alumina contamination 

from the grinding media. 3o,39
,4o The XRD used Cu K-a radiation, with a step size of 0.05 

0 26 and a count time of 2 s. Chung's matrix-flushing method41 was used for 

determination of phase fractions. The mass fraction of Al203 is related to its intensity and 

that of a flushing agent, in this case Si02, by the equation: 

ksw2 lA/203 
XA/203 = XsiOz •--• -

kAI ,o, Is,o, 
(Eqn. 2.1) 

where X represents the respective mass fractions, I is the relative intensity height of the 

largest peak, and k is the reference intensity, IIIcor· Reference intensity is the ratio of the 

relative intensity of the largest peak of a phase to that of corundum, a-Al203, when fine 

powders of the two are uniformly mixed in a 1: 1 mass ratio. 

Diffractograms of glass-only compositions 4A and 4B prior to sintering are shown 

in Figure 2.5. Ten mass-percent low quartz was dry-mixed into each sample as an internal 

standard. From the ratio of the height of the (113) peak of Al203 to the (101) peak of 

Si02, multiplied by the mass fraction of Si02 and its reference intensity, IIIcor = 3.6, the 

mass fraction of crystalline Al203 is about 2.5% in glass 4A and about 1.5% in glass 4B. 

Crystalline alumina powder was wet-mixed with half of each amorphous powder to 

yield an overall stoichiometric celsian composition, i.e. -25 mole% Al203, with the 

amount of grinding media contamination taken into consideration. The two original, 
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Figure 2,5: X-ray diffraction patterns of -325 mesh SAS glass powders mixed with 10 

mass% Si02 as a flushing agent. 
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glass-only powders are compositions 4A and 4B in Table 2.III, and the two modified, 

stoichiometric powders are compositions 4C and 4D. 

2.4 X-Ray Diffraction (XRD} 

X-ray diffraction, XRD, has been used extensively in this thesis. The basis of 

XRD, as explained in B.D. Cullity's book, Elements of X-Ray Diffraction, 2nd Ed.,42 is 

Bragg's Law: 

11,1, = 2d · sin (} (Eqn. 2.2) 

where n is a positive integer corresponding to the nth diffracting lattice plane ( order of 

reflection), 11, is the wavelength of the incident x-ray beam, d is the separation distance 

between lattice planes and 8 is the incident beam angle, or Bragg angle, at which 

diffraction, i.e. reflection and constructive interference or reinforcement, occurs. 

Diffraction from a crystal lattice is shown schematically in Figure 2.6a. Since O < sine < 1, 

1111, must be less than 2d, such that n is usually assumed to be unity, and 11, is limited to 

radiation that has a wavelength close to the distance between interatomic planes of low 

Miller indices. 

The diffractometer has a fixed wavelength, typically 0.1542 nm emitted by a 

copper target from its Ka shells, varies the Bragg angle incrementally over a range, 

measures the diffracted intensity, and calculates the cl-spacing at each angle for a powder 

specimen. The diffractometer arrangement is shown in Figure 2.6b, where the x-ray 

emission tube is labeled T, the crystal C is rotated about axis 0, and diffracted intensity is 

measured by device D. The angle of the detector position is twice the incident angle, and 
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pbue uurm:d '". 2,,· 

,, 3' 

Figure 2.6a: Bragg angle (6) of constructive interference when a monochromatic x-ray is 

incident upon a crystal lattice of spacing d' 43 

Figure 2.6b: Diffractometer configuration showing how the Bragg angle can be reported 

as 26 rather than 6 44. 



T-4685 30 

so the Bragg angle is often taken as 28. All XRD plots--diffractograms or diffraction 

patterns--in subsequent chapters use 28 as the Bragg angle, which is plotted on the 

abscissa. Most XRD scans in this thesis were made over a 28 range of 10 to 70° in 

increments (A28) of 0.05°, although plotted from 20 to 50 or 60°, typically. Intensity is 

measured in relative units, such that intensities in separate diffractograms cannot be 

accurately compared, but intensities in the same diffractogram are linearly proportional to 

their height when the ordinate has a linear scale. The intensity in most XRD scans in this 

thesis was measured for two seconds at each Bragg angle 28. 

Glass, which is present in several compositions in subsequent chapters even after 

sintering, does not have a long-range periodic arrangement of atoms and, therefore, can 

only diffract x-ray beams over a broad range of angles. Glass appears in a diffractogram 

as a broad peak of low intensity. When glass is the predominant phase, the peak is often 

visible with noise and sharp peaks from diffracting crystal planes superimposed on it. 

However, when glass is a minor phase, such as in 96% alumina compositions, the glass 

peak is often not apparent when the diffractogram ordinate is scaled for much more 

intense peaks of primary phases. 

All of the diffractograms in this thesis came from powder specimens, as opposed to 

single crystals or bulk specimens. Bulk specimens, such as sintered 10-mm diameter 

pellets, were ground with a mortar and pestle until the particles were much less than 0.5 

mm in diameter. For lower-precision work, e.g. qualitative XRD, about 0.5 gm of the 

powder was poured onto a glass microscope slide, evenly distributed over an area of 100~ 

200 mm2, and adhered to the slide with 3 drops of a 5% solution of Collodion in 

methanol. For higher-precision work, e.g. most quantitative XRD, 0.5-1.0 gm of the 

powder was poured into the cavity of an aluminum slide with a glass slide clamped to its 
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front side to hold the powder and form a planar surface. The open backside of the 

aluminum slide was covered with a sheet of foil held in place by a piece of Plasticene 

modeling clay. The aluminum slide was turned over and the glass slide and clamps 

removed, such that the powder was coplanar with the top of the slide, and contained 

within an area scanned almost entirely by the incident x-ray beams. The aluminum slides 

allowed better resolution, lower noise and more accurate Bragg angle correlation to 

intensity peaks than did the glass slides. 45 

Quantitative XRD, as done byF.H. Chung's matrix-flushing method41, is described 

in detail in Chapter 3. Chung's method correlates mass fractions of phases to their 

measured intensities and reference intensities, and was used for determination of phase 

fractions. The mass fraction of phase i is related to its intensity and those of a flushing 

agent, in this thesis hexagonal ZnO, by the equation: 

kz,,o I, 
X;= Xzn0•--•

k; lzn0 
(Eqn. 2.3) 

where X represents the respective mass fractions, I is the relative intensity area of the 

largest peak, and k is the reference intensity, IIIcor· Reference intensity is the ratio of the 

relative intensity of the largest peak of a phase to that of corundum, a.-Alz03, when fine 

powders of the two are uniformly mixed in a 1: 1 mass ratio. 

The reference intensity of ZnO, from a 1: I mixture by mass with the Malakoff a.

Alz03, divided into six specimens, was calculated for comparison to the published value. 

The mean kz11o was 4.80, with a standard deviation of 0.159 and a coefficient of variation 

of3.31%. The published value is 4.50 in JCPDS card no. 5-664. 

Diffractometer manufacturers include Leco, Nicolet, Philips, Rigaku and Siemens. 
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2.5 Density Measurements 

Density is one of the most important properties of advanced ceramics, and is 

reported for each experimental composition in this thesis. The so-called theoretical 

density of a crystalline solid is calculated from unit cell dimensions determined by single

crystal diffraction, and a ceramic is presumed to have closed porosity ( discrete pores, as 

opposed to a network) when the bulk density is ~92% of the unit-cell density.46 

The density procedure used, ASTM C373,27 is based on Archimedes' principle, 

which states that the buoyant force acting on a floating or submerged body is equal to the 

weight of the displaced liquid. Density of insoluble solids can be determined fairly easily 

with a microbalance, a wire halter and a beaker of distilled water at room temperature. 

The bulk (including pores open to the surface) density of a ceramic is: 

D 
p,,=M-S (Eqn. 2.4) 

where Pb is the bulk density [gm/cm3], D is the mass [gm] of the specimen after 

desiccation or oven-drying, Mis the mass [gm] of the specimen saturated with water (i.e. 

surface pores are filled with water), and Sis the mass [gm] of the specimen suspended and 

submerged in water. The density of pure water at room temperature is about 0.997 

gm/cm3, rounded up to unity for Equation 2.4. 

Green density, or density after compaction but prior to sintering, of ceramics can 

affect the sintered density and other properties. Green density as reported in this study 

was calculated from the dimensions and mass of green pellets: 

(Eqn. 2.5) 
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where Pg is the green density [gm/cm3], mis the mass of the pellet [gm], dis the diameter 

of the pellet [mm], and h is the thickness of the pellet [mm]. The density of a powder is 

measured by a technique called pycnometry, which was not used in this thesis. 

The theoretical density of a composite material containing N phases is based on the 

additive property of the specific volumes of the phases:47 

( 

N )-1 
pcomposile = (sv c.omposifer

1 = z: ~i 

i=I /Ji 
(Eqn. 2.6) 

where Pcomposite is the theoretical density of the composite, SVcomposite is the specific 

volume (reciprocal of density) of the composite, X; is the mass fraction of phase i, and Pi 

is the density of phase i. For the compositions in Chapter 4, Equation 2.6 becomes: 

(

Xsr.Al2SJ20s XsrSiOJ XA/203 Xglass )-I 
J'l...~mposite = + + + 
r- 3.084__gn,__ 3.666__gn,__ 3.987 __gn,__ -2.4__gn,__ 

cm3 cm3 cm3 cm3 

(Eqn. 2.7) 

No other phases but the four shown in Equation 2.7 were detected in any of the 

compositions and processes in Chapter 4. The precise density of the glass is unknown, but 

estimated to be about 2.4 gm/cm3, since Si02 was the primary component. The extent of 

densification of a composite is taken as the ratio of the bulk density (Equation 2.4) to the 

theoretical density (Equation 2.7). 

2.6 Ceramography 

Ceramography is the art and science of preparation, examination and evaluation of 

ceramic microstmctures. Microstmcture is the structure level slightly greater than the 
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wavelength of visible light, between approximately one and 100 µm, which includes most 

grains, grain boundaries, pores, microcracks and microhardness indentations. A number 

of figures in Chapters 2, 4, 5 and 6 contain photomicrographs of the microstructures of 

the experimental compositions. 

2.6.1 Ceramographic Preparation 

The general procedure for ceramographic preparation consists of five basic steps: 

sectioning, encapsulation, grinding, polishing and etching. Examination is done by visible

light microscopy and scanning electron microscopy. Evaluation can be done directly on 

the microscope image, such as by image analysis, or on a photomicrograph. The five step 

procedure is given below in detail. 

1. Sectioning: The ceramic component was sawed with a water-cooled, metal-bonded 

diamond wafering blade into a section with a flat surface that was approximately 5-10 

mm in diameter, and about 5-10 mm high. 

2. Encapsulation: The flat surface from the previous step was positioned downward and 

in the center of the lower ram of a metallographic mounting press. The die was filled 

to the top of the specimen with mineral-filled epoxy resin. The epoxy resin was 

topped with inexpensive, wood flour-filled phenolic resin to a depth of 30-40 mm, and 

tamped level. A paperboard label was placed on top of the phenolic resin, and topped 

with unfilled, transparent acrylic resin (Lucite®) to an additional depth of 2-4 mm. 

The upper ram was threaded into the die. Pressure was applied to the lower ram, on 

the order of28 MPa (4000 psi) for a 30-mm diameter die. Heat was applied to the die 
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by a built-in resistance heating unit, and the die temperature was held at 150°C for 5-

10 min. The die was water-cooled back to room temperature at the end of the heating 

phase, when the plastic encapsulents were fully cured. The pressure was lowered so 

that the upper ram could be removed, and then raised again to eject the encapsulated 

specimen. 

3. Grinding: Ceramographic specimens can be ground and polished manually, but 

automatic methods usually give better quality, faster results. The encapsulated, or 

mounted, specimens were loaded symmetrically into the specimen holder of an 

automatic grinding-polishing machine, again with the flat surface of the ceramic 

section downward. The specimens were ground at a pressure of 200-250 kPa on a 

Grid-Abrade 68-µm abrasive mesh wheel for about 60 s or until the exposed surface of 

each specimen was flat and clean. The specimens, still in their holder, were removed 

from the machine, swabbed with a cotton ball soaked in warm, soapy water, and rinsed 

in tap water. Once cleaned, the specimens were returned to the machine for grinding 

in successive steps on 240-, 400-, 600- and 800-grit SiC abrasive paper, each step 

followed by thorough cleaning. Each step was finished when the scratches imparted 

by the previous step were completely removed, which typically required 5-10 min. 

4. Polishing: After the finest grinding step, the specimens were polished on napless Pan

W polishing papers loaded with 30-, 6- and 1-µm diamond paste, respectively. Each 

step, which typically required 5-10 min of polishing, was again followed by a thorough 

cleaning. After the 1-µm polish, the specimens were removed from the holder, 

swabbed, and cleaned one more time in distilled water in an ultrasonic bath for 1-2 

min. Each specimen was quickly removed from the ultrasonic bath, sprayed with 

ethanol, and dried under a heat gun. 
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5. Etching: The celsian ceramographic specimens in this thesis were chemically etched, 

but the high-alumina specimens were thermally etched. The celsian specimens were 

swabbed for 20-30 s at room temperature with an acid etchant described in Chapter 4. 

The etchant corrodes either grain boundary regions at a faster rate than grain interiors, 

or some crystallographic orientations faster than others, creating contrast between 

adjacent grains that can be observed in a microscope. The alumina specimens were 

sawed out of their encapsulents as closely as possible with the diamond wafering 

blade. The remaining encapsulent was calcined in a porcelain crucible over a Bunsen 

burner flame. The ash-laden specimens were air-cooled back to room temperature and 

cleaned in an ultrasonic bath. The clean, polished, disencapsulated sections were 

placed on a refractory block in a box furnace. The box furnace was programmed to 

heat to 1500°C at 10.0 K/min, hold at 1500°C for 20 min, and cool back to room 

temperature at 50.0 K/min. The flatness of the polished surface is unstable at 1500°C, 

such that each polished grain of the specimen lowers its surface energy by rounding 

outward slightly, creating relief and, effectively, contrast between adjacent grains. 

Imaging of the microstructures was enhanced by a 250-nm layer of gold sputtered on 

by a sputter-coater that is normally used to prepare nonconductive specimens for 

examination by scanning electron microscopy. 

Manufacturers of ceramographic preparation equipment and consumables include 

Allied High-Tech Products, Buehler, Leco, Struers and TBW Industries. 
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2.6.2 Ceramographic Examination and Evaluation 

Grain sizes of etched ceramographic sections can be measured either by a manual 

method or automatic image analysis. The manual method, described in ASTM E112,48 

involves the counting of intersections between grain boundaries in a photomicrograph of 

known magnification and an overlaid circle of known circumference or a line of known 

length. Image analysis, described in ASTM E 13 82, was used for all grain size 

measurements in this study. The image analyzer can "read" either a photomicrograph or a 

microscope image directly, which is digitized into an array of gray levels ranging from 0 

(black) to 255 (white), each with x-y coordinates. Each digitized point is a picture 

element, or pixel. The image analyzer operates mathematically on the digitized image, and 

measures grain areas as a number of contiguous pixels of the same gray level, or else by 

counting pixels along overlaid parallel lines between the points where the lines intersect 

grain boundaries. Image analyzers can also measure grain shapes, porosity content, 

second phase content, pore size and statistical distributions. 

The aspect ratio, AR, as used in Table 6.I, is defined as 

AR= dmm 
d max 

(Eqn. 2.8) 

where d111;11 and d111ax represent the minimum and maximum diameters, or short and long 

axes, respectively, of an individual grain. A very equiaxed grain would have an AR close 

to unity, while a very elongated grain would have an AR closer to zero. Aspect ratio is 

sometimes expressed by the reciprocal of the right-hand side of Equation 2.8. Roundness, 

R, is defined as 
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R= 4wt 
p2 

38 

(Eqn. 2.9) 

were A is the area of the cross-section of a grain and P is its perimeter49 A very spherical 

grain would have a roundness close to unity, while a less equiaxed or irregularly shaped 

grain would have a roundness closer to zero. 

One example of the effect of microstructure on properties is demonstrated 

quantitatively by the Hall-Petch equation. The strength of a ceramic material is strongly 

dependent upon grain size, especially when the flaw population is small: 

(Eqn. 2.10) 

where cr is the yield strength, <Ji is a measure of lattice resistance to deformation, B is the 

relative hardening contribution of the grain boundaries and dis the grain diameter.50,51 

Grain size can also affect such properties as permittivity, translucency and creep rate. 

Grain shape can affect toughness, and pore size and content can affect bulk thermal 

conductivity and translucency. 

Manufacturers of microscopes include Jena, Leica, Nikon, Olympus, Unitron and 

Zeiss. Manufacturers of electron microscopes include ISI, JEOL, Leica, Philips and Zeiss. 

Manufacturers of image analyzers include Buehler, Clemex, Kontron, Leco, and Princeton 

Gamma-Tech. 
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2.7 Knoop Hardness 

Knoop indentation is a microhardness technique that is particularly useful for 

ceramics, and was used in Chapters 4 and 5 on celsian and alumina experimental 

compositions. The Knoop method is virtually nondestructive ( compared to Rockwell 

45N) but usually requires a ceramographically polished section. The Knoop method is 

repeatable and reproducible for most microstructures, and causes very little cracking in 

ceramics from the indentation corners compared to the similar Vickers method. A Knoop 

indentation is shown in Figure 2.7, and the test procedure is described in ASTM E384. 

The hardness is a function of the indentation depth, determined by the projected area, and 

the indenter load. The equations are: 

HKN[ kgr ]=14229~ 
mm 2 d 2 

(Eqn. 2.11) 

where HKN is the Knoop hardness number [kgp'mm2], P is the indenter load [gm], and d 

is length of the longer indentation diagonal [µm ], and: 

p 
HKN[GPa]=I39.6 d 2 

(Eqn. 2.12) 

where the right-hand side of Equation 2.11 is multiplied by 0.00981 to convert HKN to 

[GPa]. The constant in each case converts the indenter geometry into a projected area. 

Microhardness testing machines usually allow only a few discrete loads. For most 

ceramics, 300-1000 gm is adequate. The hardness value can be dependent on the load, 

especially at low ( <100 gm) loads. 

Manufacturers of microhardness equipment include Buehler, Leco, Nano 

Instruments, Wilson and Zeiss. 
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Figure 2. 7: Knoop indentation in a polished (but not etched) section of composition 5B 

from Chapter 5 . 
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2.8 Thermal Analysis 

Differential thermal analysis and thermogravimetric analysis are two of several 

instruments under the thermal analysis rubric that measure various properties as a function 

of temperature upon heating or cooling at a controlled rate, or isothermal time. One or 

both techniques were used or referenced in each of Chapters 2-4. Thermal analyzer 

manufacturers include Anter Laboratories, Cahn, Harrop Industries, Linseis, Mettler, 

Netzsch, Perkin-Elmer, Shimadzu, TA Instruments and Theta Industries. 

2.8.1 Differential Thermal Analysis (PTA) 

DTA measures the temperature difference between a specimen and an inert 

reference material such as u-Al203 powder while both are heated or cooled in side-by

side platinum or alumina crucibles in a furnace. The temperature range of most 

commercial DTAs is room temperature to 1600°C, and a heating rate of 5-20 K/min is 

typical for most experiments. A flowing gas such as N2, Ar or air usually purges the 

furnace tube at a rate of about 50 ml/min STP, or a vacuum can be drawn. 

Since the reference material does not react with the atmosphere or change phases 

in the available temperature range, any enthalpic changes in the specimen are recorded as a 

deviation from the baseline. Melting of a solid is recorded as a sharp endothermic 

(downward on most DTAs) peak. Solidification of a liquid, cure of a polymer, 

combustion of a fuel or crystallization of a glass is recorded as sharp exothermic peak 

(upward on most DTAs). A glass transition is recorded as a step in the baseline prior to 
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any crystallization or melting peaks, and heat capacity is roughly proportional to the 

difference between the actual baseline and the zero x-axis. A more detailed description of 

DTA is given in R.F. Speyer's book, Thermal Analysis of Materials. 52 

In the ceramic industry, DTA can be used to predict the conditions at which 

reactions and phase transformations occur in a sintering process, such as the softening of 

strontium aluminosilicate glass and crystallization of celsian. 

2.8.2 Thermogravimetric Analysis (TGA) 

TGA, also called TG for thermogravimetry, measures the mass of a specimen 

continuously while the specimen is heated at a controlled rate or held at some temperature 

above room temperature. A thermogravimetric analyzer is essentially a microbalance 

inside a furnace, connected to a data recording device. The temperature range of most 

commercial TGAs is room temperature to 1200°C, and a heating rate of 5-20 K/min is 

typical for most experiments. A flowing gas such as N2, Ar or air usually purges the 

furnace tube at a rate of about 50 ml/min STP, or a vacuum can be drawn. 

TGA data are usually plotted as fraction of original mass in percent on the ordinate 

and increasing temperature on the abscissa. Thus, a ceramic powder, for example, would 

have 100% of its original mass at room temperature. Its mass would start to decline as it 

approaches 100°C, if any unbound water or volatile compounds are present. More loss 

would occur by about 150°C, if any bound water is present, such as in hydrated 

compounds. The total amount of water and volatiles detected by TGA is sometimes called 

loss on drying. Organic binders, such as polyethylene glycol in a spray-dried powder, 
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would burn off if the purge gas is air, or pyrolyze if the purge gas is nonoxidizing, usually 

between 300 and 500°C. Other decomposition reactions that generate gaseous species 

can be detected and quantified by TGA, and the gases can even be identified if the TGA is 

interfaced with a spectrometer. A more detailed description of TGA is given in R.F. 

Speyer's book, Thermal Analysis of Materials. 53 

Applications of TGA in the ceramic industry include determination of binder 

content in a spray-dried powder, bound water in a hydrated cement, and absorbed water in 

a fine powder. 

2.9 Sintering and Densification of Ceramics 

Sintering is the bonding of solid particles into a monolithic structure as a result of 

the particles being compressed, and heated to and held at high temperatures. The driving 

force for sintering is the high surface energy of fine particles, which is lowered by volume 

and surface diffusion and vapor and liquid transport of atoms toward the regions of 

contiguity between adjacent particles. Densification is a natural consequence of sintering-

as the particles change shape to increase their contact area with neighboring particles, 

voids that comprised the former interparticle spacing are driven toward free surfaces. The 

loss of voids during sintering results in a volume reduction, and therefore a density 

increase, of the compact. 46 

The rate and degree of densification as functions of time, temperature and pressure 

are important in sintering. These dependent variables are also affected by mineral, glass 

and polymeric additives, gaseous atmosphere, pressure applied during heating, 
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temperature rates, particle size and other factors. The ceramic microstructure resulting 

from a sintering process can contain primary grains, grains of secondary phases, grain 

boundaries, pores, glass and cracks, all of which tend to affect the properties and 

performance of the bulk ceramic component. One of the ceramic engineer's primary 

responsibilities is to understand and control the sintering variables in order to control the 

microstructure so as to predict and optimize the properties and performance of ceramic 

products. 

Several manufacturing processes and densification mechanisms are used 

commercially. The manufacturing processes include uniaxial pressing or dry pressing, hot 

pressing, cold isostatic pressing (CIP), hot isostatic pressing (HIP), slip casting, tape 

casting, roll compaction, extrusion, glass-ceramic processing and reaction bonding. The 

densification mechanisms include solid-state sintering, liquid-phase sintering, transient 

liquid-phase sintering and reaction sintering. All the celsian and alumina ceramics in this 

study were uniaxially pressed, and a relatively new densification mechanism--transient 

glass-phase processing--was investigated. 

Uniaxial pressing is the compaction of spray-dried powder (spray-drying removes 

water and prevents agglomeration upon drying but leaves the binder in a wet-mixed 

ceramic powder) between dies that compress in only one dimension, and is widely used in 

the ceramic industry to make such components as tiles, chip carriers, seal rings and valve 

components. 54 CIP is similar to uniaxial pressing, except that the pressure is applied 

hydrostatically, that is, in all directions by a rubber mold. Spark plug insulators, tapered 

tubes and dishes are usually fabricated by CIP. 55 Slip casting uses a porous mold to 

extract water from a colloidal suspension--slip, quite unlike spray-dried powder. Porcelain 

items such as teacups, sanitary ware and laboratory wares are often slip cast. 56 Tape 
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casting and roll compaction are both used to make green (not yet sintered) sheets and thin, 

flat ribbons that ultimately become electronic packages and substrates. 57 Extrusion is 

used to make open-ended furnace tubes from plasticized powder forced through a die that 

shapes the desired cross-section. 58 Glass-ceramic processing begins with a completely 

amorphous component that is shaped in the glass state but heat-treated to nucleate and 

grow crystals after forming. Lithium aluminosilicate Corningware™ cookware is 

manufactured by the glass-ceramic process. 2 Reaction bonding utilizes a green compact 

that gains mass and changes composition by reacting with a gas or liquid environment 

during sintering, such as a tubular graphite-Sic compact that reacts with a pool of molten 

silicon to densify and form additional silicon carbide. 59 Hot pressing and HIP are 

analogous to uniaxial pressing and CIP, respectively, except that the pressure is 

maintained throughout the sintering cycle. Expensive machinery and short tooling life 

make hot pressing and HIP more expensive than most other processes, but the high cost is 

often justified by virtually 100% densification that is not easily achieved by "pressureless" 

processes.60,61 

Solid-state sintering is the basic densification mechanism mentioned in the first 

paragraph of this section, absent of any liquid phases, and applies to nearly all sintered 

ceramics to a greater or lesser degree. Two key characteristics of solid-state sintering are 

overall shrinkage of the component and residual porosity.62 Liquid-phase sintering 

utilizes a liquid in the voids between particles to enhance sintering kinetics, and to affect 

the properties of the ceramic component. The liquid is formed, typically, either by a 

eutectic reaction between different phases in the compact, or by melting of one of the 

phases. The liquid is present at the sintering temperature, wets the solid particles, and 

dissolves one or more solid phases to some degree. Transient liquid-phase sintering is a 
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special case of liquid-phase sintering where the liquid enhances densification, but 

disappears at some point during the process, either by evaporating, crystallizing or 

dissolving into or reacting with the solid phases.1 Reaction sintering is the mechanism 

described in the previous paragraph that results in reaction-bonded ceramics such as SiC 

and Si3N4, where densification and a formation reaction occur simuhaneously. 63 

Transient glass-phase processing combines elements of transient-liquid phase sintering 

with glass-ceramic processing. 

Sintering furnace manufacturers include Centorr, Deltech, Harper, Keith and 

Lindberg. 

2.10 Four-Point Bending Fixture 

The 4-point bending fixture used in Chapter 6 of this study to measure the strength 

(modulus of rupture or MOR) by ASTM C116128 and toughness of high-alumina 

compositions is shown in Figure 2.S.64 The fixture is used with a strength testing machine 

configured for compression. The fixture loads a ceramic bar with a rectangular cross

section in flexure, such that the upper half of the cross-section is in compression and the 

lower half is in tension. The magnitude of the stress increases nearly linearly from zero at 

the horizontal centerline to a maximum at the top and bottom edges. The bars in Chapter 

6 were ground to nominally 3 mm thick, 4 mm wide and 45 mm long. The fixture is 40 

mm long between the two outermost loading pins, and 20 mm long between the two 

innermost pins. The advantages of flexural testing compared to standard tensile testing 

include ease of specimen fabrication and fixture alignment. The disadvantages include 
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Figure 2.8: Four-point bending fixture for modulus of rupture and fracture toughness 

measurements of ceramic bars. 63 



T-4685 48 

stress gradients in the specimen that expose only a small volume to the maximum tensile 

stress. As brittle materials, ceramics typically fail in tension beginning at a point where the 

tensile stress first exceeds the strength of the region surrounding a flaw. MOR bars are 

particularly susceptible to pores and cracks that extend across the width of the bar, on the 

bottom (tensile) surface. The flexural strength in 4-point bending is calculated as: 

3P·L 
CJ'=--~ 

4b,d2 (Eqn. 2.13) 

where cr is the flexural strength or modulus of rupture [MP a], P is the breaking load [N] 

measured by the strength testing machine's load cell, L is the length [mm] between the 

outermost pins, b is the bar width [mm], and dis the bar thickness [mm]. In Chapter 6, 

the nominal final dimensions for all bars are L = 40 mm, b = 4 mm and d = 3 mm. 

Manufacturers of strength-testing equipment include Instron, MTS, Testing 

Machines and Tinius Olsen. 

2.11 Indentation Strength in Bending (ISB) 

Fracture toughness, or simply toughness, of the high-alumina compositions in 

Chapter 6 was determined from MOR bars polished and indented on the tensile surface 

loaded in the 4-point bending fixture described in Section 2.10. Three toughness 

calculations were used in Chapter 6, all collectively called ISB methods. 

For ISB toughness, MOR bars were ground to the dimensions given in Section 

2.10. In addition, one 4-mm by 45-mm face was polished with 1-µm diamond abrasive. 

The polished face was indented with a Vickers diamond pyramid under a 20-kg load in 
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three locations, all uniformly spaced between the innermost pins along the long centerline, 

as shown in Figure 2.9.65 The polished face was loaded downward into the fixture, such 

that it became the tensile surface. The ISB bars were broken by the strength testing 

machine in the same fashion as the MOR bars, and the breaking load for each bar was 

recorded. 

The first toughness calculation, designated K;sb for indentation strength in 

bending, is given by Chantikul et al's. Equation 8:66 

_ R(~)VS[ ( 113)]'14 x,,. - J'/v qP 
H 

(Eqn. 2.14) 

where the 'l'J term is a geometrical constant equal to 0.59 ± 0.12, Eis the elastic modulus, 

His the diamond pyramid hardness, cr is the applied tensile stress, and P is the indentation 

load. Rewritten for 96% alumina, with E taken from the literature as 303 GPa and Has 

11 GPa, 67,68 cr taken as the flexural strength of an indented bar in MPa, and the 20-kg 

indentation load P converted to 1. 962 x 1 o-4 MN, Equation 2.12 becomes: 

K1,b = 0.1057 u0
·
75 (Eqn. 2.15) 

The second toughness calculation, designated Keel for extended crack length, is Cook and 

Lawn's Equation 6:69 

Kec1 =A· am·(cmv2)+ B (Eqn. 2.16) 
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Figure 2.9: Indentations in the polished face of an indentation-strength-in-bending bar, 

uniformly spaced along the centerline between the innennost pins, 20 mm apart, of the 4-

point bending fixture. After Brog. 65 
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where A is an empirical constant equal to 2.02, B is an empirical constant equal to -0.68 

MPa,m0.5, crm is the maximum applied stress, and Cm is half the crack length emanating 

from the corners of the surviving indentations after 4-point flexure. Typically, the bar 

breaks through one of the indentations, and the corner cracks in the other two indentations 

grow normal to the tensile stress direction as the flexural stress is applied. Rewritten, 

Equation 2.14 becomes: 

K,c1 = 2. 02u· ,,(;;;, - 0. 68 (Eqn. 2.17) 

where c111 is converted from microns to meters. The third toughness calculation, 

designated K;c1 for initial crack length, was derived from Cook and Lawn's Equation 6, 69 

except that half the initial crack length co--prior to 4-point flexure--rather than half the 

final crack length was used: 

K1c1 = 2. 02u· ,J;;,- 0. 68 (Eqn. 2.18) 

where co is also converted from microns to meters. 

An actual diamond pyramid hardness (DPH) indentation is shown in the 

photomicrograph in Figure 2.1 Oa. The hardness can be calculated from the lengths of the 

indentation diagonals and the applied load, but may be distorted by cracks that emanate 

from the corners. This type of hardness measurement, where the indentation has a square 

projected area rather than the diamond of the Knoop method, is called Vickers when the 

load is ~l kg, and DPH when the load exceeds 1 kg. The cracks generated by the 

indentation are semicircular in the planes that are perpendicular to the plane of the image 

in Figure 2.1 Oa, which is to say that the cracks extend into the depth of the specimen 

beneath the indentation. This type of crack is called a half-penny crack. 
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1---------1 100 µm 

Figure 2.1 Oa: Diamond pyramid hardness indentation and half-penny cracks in an ISB bar 

from composition 6D in Chapter 6. DPH load= 20 kg. 
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An ISB fracture surface is shown at low and high magnifications in the scanning 

electron photomicrographs in Figures 2.1 Ob and 2.1 Oc. The fracture originated at the half

penny crack, invisible in the photos, around the indentation and progressed rapidly 

through some large pores in the cross-section. The fracture left few distinguishing 

features, as a slower-growing crack might, but it traveled through grains (transgranular) in 

this composition rather than along grain boundaries (intergranular). Stronger ceramics 

tend to have transgranular fracture paths, while tougher ceramics tend to have 

intergranular fracture paths. 

Companies that provide custom machining of ceramics include Chand Kare, Insaco 

and O'Keefe Ceramics. 

2.12 Dielectric Properties 

Two very common applications for ceramics are capacitors and electrical 

insulators. Titanates and niobates are commonly used in capacitors, because of their high 

permittivity. Alumina is often used as a substrate or chip carrier, in part because it is 

nonconductive and has low permittivity. 70 The procedures for measuring and calculating 

dielectric properties are given in ASTM D150. 

The pellets of the compositions in Chapter 6 were wrapped with cellophane tape 

such that the two flat faces wer,e left exposed, but the rounded surfaces were protected. 

Both faces were sputter-coated with a layer of gold about 250 nm thick. Conductive 

silver paint was applied to provide protection of the gold layer, and good electrical contact 

with the measurement leads. The tape was removed, leaving the rounded surface clean 
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Figure 2.10b: Fracture surface including the DPH indentation in an ISB bar from 

composition 6D in Chapter 6. The indentation is indicated by the arrow. 
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Figure 2.lOc: Fracture surface of the same ISB bar as that shown in Figure 2.10b at 

higher magnification, from composition 6D in Chapter 6. The indentation is on the left 

edge of the section. 
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and nonconductive. The parallel faces became electrodes of measurable area and 

separation distance. The parallel capacitance and dissipation factor were measured by an 

LCR meter. The dielectric constant and loss index were calculated from the equations: 

, Gp 4Gp·d 
!(----~-

- Gv - 1ro2 •eo 
(Eqn. 2.19) 

K'=K'·D (Eqn. 2.20) 

where K' is the dielectric constant [dimensionless]; Gp is the parallel capacitance [pF] of 

the pellet; Cv is the capacitance [pF] of a vacuum of the same dimensions as the pellet; dis 

the pellet thickness [mm], or distance between the electrodes; 6 is the pellet diameter 

[mm], of which the electrode area is a function; so is the permittivity of free space, equal 

to 8.854 x 10-3 pF/mm; K" is the loss index [dimensionless]; andD is the dissipation factor 

or loss tangent [dimensionless]. The sum of Equations 2.8 and 2.9 is the relative complex 

permittivity, K*:71 

(Eqn. 2.21) 

Hewlett-Packard is a leading manufacturer of dielectric measurement equipment. 
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Chapter 3 

QUANTITATIVE X-RAY DIFFRACTION OF MONOCLINIC SrAI2Si20s AND 

HEXAGONAL SrSi03 

"If you come to a fork in the road, take it. 11 
-- Yogi Berra 

3.1 Introduction 

Transient glass-phase processing, TGPP, was used in Chapter 4 to synthesize 

-100% celsian from a low-melting, Alz03-deficient, Bz03-modified SAS glass formed at 

1590°C, followed by dissolution of et.-Alz03 into the milled glass at 1100°C. Variations 

in time, temperature and composition resulted in the formation of hexagonal SrSi03 as a 

secondary phase, along with Alz03 and residual glass.12 

A fast and relatively simple, "quick and dirty" method for quantifying these four 

phases in dry-pressed ceramics made by TGPP was needed for process characterization. 

Chung's matrix-flushing method41 of x-ray diffraction, XRD, was chosen, but required 

extensive preparatory work before it could be used, along with detailed interpretation of 

XRD data. Chung's method correlates measured intensities and reference intensities of 

phases to their mass fractions in a multicomponent mixture. However, reference 

intensities, symbolized as IIIcor, for monoclinic SrAlzSizOg and hexagonal SrSi03 are 

not published on their respective JCPDS cards, summarized in Table 3 .I as published 

intensities.72 Furthermore, pure monoclinic SrAlzSizOg and hexagonal SrSi03 are not 
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commercially available in reagent grades that could be used as XRD standards, and thus 

needed to be synthesized. A third complication is that celsian, hexagonal SrSi03 and a.

Al203 all have numerous large XRD intensity peaks, some of which overlap when these 

phases coexist. Finally, both celsian and hexagonal SrSi03 have one pair each of large 

intensity peaks, doublets, so close together in terms of Bragg angle that they cannot be 

resolved separately except by the most sensitive, sophisticated diffractometers. Some 

overlapping peaks among these phases are given in Table 3 .IL 

Because of limited data, this chapter is not intended to be definitive with regard to 

reference intensities or standard patterns of monoclinic SrAl2Si20s and hexagonal 

SrSi03. The focus of this research was on process development and material properties, 

rather than diffraction techniques. Thus, the results presented here are intended only to 

efficiently characterize the transient glass-phase process as used in this research. 

The goal in Chapter 3, the first in the series of four research segments, is the 

repeatable determination of reference intensities of monoclinic SrAl2Si20s and hexagonal 

SrSi03 that can be used to quantify the phases produced by TGPP of SAS glass mixtures. 

3.2 Experimental Procedure 

Reagent-grade SrC03, a.-Al203 and a.-(low) quartz Si02 powders, described in 

Section 2.3, were used to prepare two stoichiometric compositions. 
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Table 3.1: Nine highest-intensity x-ray diffraction peaks of corundum, celsian and 

hexagonal SrSi03 

Phase Al203 SrAl2Si20g SrSi03 SrzSi04 

Structure hexagonal monoclinic hexagonal 

Synonym corundum celsian 
JCPDS 

No. 5-0712 38-1454 30-1302 

lllcor (k) 1.00 

XRD (hkl) Pub. (hkl) Pub. Meas. (hkl) Pub. Meas, 
Peak No. olane Int. olane Int. Int. olane Int. Int. 

,.. 113 1.00 -220 1.00 1.00 112 1.00 1.00 

2 104 0.98 -202 0.84 0.97 110 0.80 0.54 

3 116 0.81 002 0.84 0.97 114 0.80 0.77 

4 012 0.71 -112 0.68 0.67 300 0.80 0.77 

5 030 0.45 -312 0.62 0.80 002 0.60 0.16 

6 024 0.43 131 0.41 0.53 111 0.60 0.28 

7 110 0.41 -130 0.37 0.45 222 0.60 0.17 

8 124 0.30 -132 0.36 0.41 116 0.60 0.16 

9 10 10 0.16 020 0.32 0.24 224 0.60 0.10 

** The largest peak of each phase always has a relative intensity of 100%, or 1.00. 

•!• Only the largest peak of Sr2Si04 was used in its quantitative determination. 

ortho-
rhombic 

18-1281 

(hkl) 

olane 

200 

221 •:• 

121 

060 

125 

141 

042 

004 

151 
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Table 3.Il: Overlapping x-ray diffraction peaks among corundum, celsian and hexagonal 

SrSi03 

Phase Plane .Relative Phase Plane Relative 
(hkl} Intensity (hkl} Intensity 

Between 
Al203 (100) 1.00 and SrSi03 (114) 0.80 phases 

Al203 (104) 0.98 and SrAl2Si2o8 (·312) 0.62 

Al203 (116) 0.81 and SrSi03 (304) 0.40 

Within a 
SrAl2Si208 (-202) 0.84 and SrA12s;2o8 (002) 0.84 phase 

SrSi03 (114) 0.80 and SrSi03 (300) 0.80 

A celsian XRD standard, composition 3A, was synthesized in the solid state from a 

stoichiometric mixture of SrC03, AI203 and Si02 in a 1: 1 :2 molar ratio, which was 

uniaxially dry-pressed into 10- and 13-mm pellets at 125 MPa, and sintered in air at 

various temperatures for various times in an iterative process, as shown in the flow chart 

in Figure 3 .1. The composition of the mixture in terms of mass percentages is given in 

Table 3 .III. One pellet of each composition was ground in a mortar and pestle after each 

sintering cycle, and qualitatively scanned by XRD (Rotaflex model, Rigaku Denki Co., 

Tokyo, Japan) to determine if celsian had crystallized at the expense of all other phases. 

The remaining pellets were also ground, and the dry-press-and-sintering cycle was 

repeated until the pellets were pure celsian. A solid-state process was used, rather than 

melting, quenching and heat-treatment or TGPP, to avoid any residual glass or sintering 

aids. 
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Reagent-grade SrC03, 
Al203 and Si02 

Uniaxlally 
d,y-press 10- & lo<--~ 

~-----.. 13-mm pellets 
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with mortar & 

pestle 

No 
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calculate 1/lcor 

@ 125 MPa 

Sinter in air at 
various times & 
temperatures 

I. 20 hr@ 1200C 
11. 74 hr@ 1300C 
111.10hr@1100C 

Qualitative XRD 
Is desired phase (celsian or SrSi03) 

pure? 

Dry-mix with 
known amt. of 

corundum 

TGA to 1200C 

Yes 

Figure 3.1: Flow chart of quantitative x-ray diffraction preparation and test procedure 

61 
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Table 3.ill: Compositions of the powders used to fabricate x-ray diffraction standards 

Compound Mass% Mole% 

3A. SrAl2Si208 

SrC03 39.93 25.00 

Al203 27.58 25.00 

Si02 32.50 50.00 

38. SrSi03 

SrC03 71.07 50.00 

Si02 28.93 50.00 

A strontium silicate XRD standard, composition 3B, was synthesized in much the 

same way as the celsian standard, except that SrC03 and Si Oz were mixed in a 1: 1 molar 

ratio ( also shown in the flow chart in Figure 3 .1) and in terms of mass percentages in 

Table 3 .III. A small problem in this system is shown in the SrO--Si02 binary phase 

diagram in Figure 2.4d--SrSi03 does not have its own phase field. SrSi03 is uniquely 

stable only along the line of its precise stoichiometric composition. SrSi03 shares fields 

with tridymite on the Si02-rich side and Sr2Si04 on the SrO-rich side of this line. 

Pellets of the two "pure" phases were ground once again by mortar and pestle, 

weighed in -1-gm batches and dry-mixed with known amounts of a.-Alz03, in 1:3, 1:1 

and 3: 1 mass ratios, i.e. 25, 50 and 75%. Each specimen was scanned by _XRD with Cu 

K-a. radiation, a step size of 0.05° 28 and a count time of 2 s. 30,40,73 The reference 

intensity, IIIcor, was calculated from a variation of Chung's Equation 12: 
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(Eqn. 3.1) 

where k represents IIIcor, X represents mass fraction, I represents characteristic intensity, 

the subscript i represents either celsian or SrSi03, and the subscript c represents 

corundum (a.-Al203). The mass fraction ratio term was either 0.333, 1 or 3 for the 

mixtures used. 

3.3 Results and Discussion 

Diffractograms for the development of celsian are shown in Figure 3 .2. Traces of 

SrSi03 and a.-Al203 are apparent in the two lower curves, but have disappeared in the 

top curve. The top curve, although taken as "pure" celsian, does not correspond exactly 

to the JCPDS card in terms of relative peak sizes, as indicated by the measured intensities 

in Table 3 .I. Possible causes for this could include differences in characteristics of the 

individual diffractometer, specimen size, specimen preparation technique, powder particle 

size, crystal imperfection and preferred orientation, compared to the diffractometer and 

specimen that were used to generate the JCPDS data. Preferred orientation is not a strong 

suspect due to the randomness imparted by the grinding and mixing steps in the 

preparation of the specimen. The diffractometer used has a bandwidth resolution (A29) of 

0.14o.45 



T-4685 64 

C 

> ... ·-U) 
C: 

Ill. II + 10hr@1100C (1) C ... 
C: C,A,S -
(1) s 
> ·.;; 
ca -(1) 

a: 
C II. I + 74hr@1300C 

C,A,S 
s 

I. 20hr@1200C 

20 25 30 35 40 45 50 

Bragg Angle, 2 Theta [deg] 

Figure 3.2: X-ray diffraction patterns of development of monoclinic SrAl2Si20g from 

SrC03 + Al203 + 2Si02. The largest celsian peak is labeled C, SrSi03 peaks are labeled 

S, and alumina peaks are labeled A. All unlabeled peaks are celsian. 
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Diffractograms for the three mixtures of celsiart and corundum are shown in Figure 

3.3. The area of the largest peak of each phase is typically taken as the characteristic 

relative intensity. However, it is unknown at this point whether the area of the largest 

peak is truly characteristic of the relative intensity of each phase. The ksrAJ2Si208 

values based upon the area of the largest peak are plotted as the slope of the upper curve, 

"1st Peak," in Figure 3.4. The largest peaks ofcelsian and corundum are indicated in the 

diffractogram by the larger C and A, respectively. 

Another ksrAl2Si208 was calculated from the sum of the seven largest non

overlapping peak areas, each divided by its JCPDS intensity as a fraction of the largest 

peak. The JCPDS intensities are listed in Table 3.I under "Pub. Int." Equation 3.1 

becomes 

[
Itoo+(I202+Ioo2)+ li12 +Im+ ... ] 

k XA1 0 0.84 0.68 0.41 (E ) 
s,;1,s;,o, = X ' ' • ( ) qn. 3 .2 

SrA/2S/20, I116 I112 I030 I024 
Im+--+--+--+--+ ... 

0.81 0. 71 0.45 0.43 

where the Miller indices corresponding to each peak are shown as /-subscripts, and the 

peaks from Table 3 .I are listed in descending order of intensity. Some error is introduced, 

since the (-202) and (002) peaks of celsian "share" their area--they appear as one peak--in 

the diffiactogram, and together they overlap the (100) peak. Partially overlapping peaks 

can be deconvoluted with software such as PeakFitT",74 but the process can be tedious 

even with a computer. In Chung's paper, 41 k is assumed to be constant, but Kim, 

Rawlings and Rogers,75 discussing the Alexander-Klug method, indicate 
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Figure 3.3: X-ray diffraction patterns of mixtures of monoclinic SrAlzSizOg (celsian, 

peaks labeled C and unlabeled minor peaks) and a-Alz03 ( corundum, peaks labeled A) of 

known mass fractions. 
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Figure 3.4: Reference intensity (slope, k) of monoclinic SrAl2Si20s (celsian) as a 

function of mass fraction ratio (abscissa) and measured intensity ratio (ordinate) with 

respect to corundum. 
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that k may be variable with concentration (Xc/X;), because of its dependence on the 

absorption coefficient of the mixture, which is also dependent upon concentration. The 

resulting k values from the sum of the seven largest peaks are given in Figure 3 .4 as the 

slope of the lowest curve, labeled "7 peaks (JCPDS)." 

A third calculation ofksrAI2Si208 was similar to the second, except that the peak 

areas were normalized by their measured relative intensities, listed uhder "Meas. Int." in 

Table 3 .I. Equation 3 .2 then becomes 

[I (J-202+!002) !112 /131 ] 100+ +--+--+ ... 
ks,A12s1,o, = XA1,o, • 0.97 0.67 0.53 

Xs,A12s1,o, ( J116 J012 Joio !024 ) 
Im+--+--+--+--+ ... 

0.81 0.71 0.45 0.43 

(Eqn. 3.3) 

The third set of k values are represented by the slope of the broken curve, "7 peaks *" in 

Figure 3 .4. All three curves are approximately linear, and the two "7 peak ... " curves, 

characterized by Equations 3.2 and 3.3, are nearly identical. The slopes of all three curves 

decrease slightly with increasing XsrA12Si208· 

The magnitude of the experimental error was difficult to estimate, due to a number 

of factors. Overlapping peaks, powder particle size distributions, solid solutions, glass 

content and variable reference intensities could all affect experimental error. Chung4 l 

reported phase fraction accuracy to within about 0.5%, but used a 40-s count time and 

reagent-grade powders. A repeatability of better than 4% was calculated in Section 2.4 

for six 1:1 mixtures by mass of reagent-grade ZnO and Al203. 

Diffractograms for the development of SrSi03 are shown in Figure 3.5. A trace of 

orthorhombic Sr2Si04 is evident by the (100) maximum-intensity peak, and crudely 
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Figure 3.5: X-ray diffraction patterns of development of hexagonal SrSi03 (peaks labeled 

S) from SrC03 + Si02. Orthorhombic Sr2Si04 peaks are labeled S2. 
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estimated to be on the order of 1-2 mass% in the top curve corresponding to "pure" 

SrSi03. The reference intensity of orthorhombic SrzSi04 is unknown, but oxides 

typically range from about 0.5 to 5. An assumed value ofksr2Si04, say 1.0, would result 

in Xsr2Si04 = 1.8%. SrzSi04 is thermodynamically stable at temperatures as high as 

1580°C, and is not likely to disappear completely with additional sintering. The largest 

peaks of SrSi03 and SrzSi04 are indicated as the larger S and S2, respectively, in the 

diffractogram. Once again, "pure" SrSi03 does not correspond exactly to the JCPDS 

card in terms of relative peak sizes, as indicated by the measured intensities ("Meas. Int.") 

shown in Table 3 .I. 

The diffiactograms for the three mixtures of SrSi03 and corundum are shown in 

Figure 3 .6. As in the discussion of celsian, the ksrSi03 values were derived from three 

calculations. The area of the largest SrSi03 and corundum peaks were used to calculate 

the middle "JSt Peak" curve in Figure 3.7, where the slope represents ksrSi03· These 

two peaks are indicated by the larger S and A, respectively, in the diffiactogram. 

The six largest non-overlapping peak areas of each phase were used to calculate 

the characteristic intensity ratios for the next two curves. From the JCPDS relative 

intensities, Equation 3 .1 becomes 

(I 
!110 I 002 !111 !222 ) 112+--+--+--+--+ ... 

ks,s;o, = XA1,o, • 0.80 0.60 0.60 0.60 
Xs,s10, (I1ot !012 /030 /024 !110 ) --+--+--+--+--+ ... 

0.98 0.71 0.45 0.43 0.41 

(Eqn. 3.4) 

The resulting k values, slope of the lowest curve, "6 peaks (JCPDS)," in Figure 3. 7, are 

not quite constant but appear to increase slightly with increasing XsrSi03. 
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Figure 3.6: X-ray diffraction patterns of mixtures of hexagonal SrSi03 (peaks labeled S) 

and a-Al203 ( corundum, peaks labeled A) of known mass fractions. 
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From the measured relative intensities of the six largest non-overlapping peaks, the 

third k is calculated when Equation 3 .4 is rewritten with the "Meas. Int." values from 

Table 3 .I instead of the "Pub. Int." values in the upper denominator: 

(I !110 I 002 !111 h22 ) 112+--+--+--+--+ ... 
ks,s;o,= XA1,o, • 0.54 0.16 0.28 0.17 

Xs,s;o, ( !iOl !012 Ioio !024 !110 ) --+--+--+--+--+ ... 
0.98 0.71 0.45 0.43 0.41 

(Eqn. 3.5) 

The resulting k values were plotted as the slope of the upper, broken curve, "6 peaks*," in 

Figure 3. 7. The most linear of the three curves was the curve calculated from Equation 

3.4, the "6 peaks (JCPDS)" curve. 

The same corundum, with-0.5-µm particle size, was used to measure all reference 

intensity values, k;, and to synthesize the celsian and SrSi03. The raw data for the 

calculations in this chapter are included in Appendix A. 

3.4 Summary 

1. The reference intensities, Yicor, for monoclinic SrAl2Si208, celsian, and hexagonal 

SrSi03 are approximately 0.90 and 1.89, respectively, when uniformly mixed with an , 

equal mass of a.-Al203, corundum. 

2. Both of the above reference intensities are based upon a characteristic relative intensity 

of each phase that is the sum of its seven (six for SrSi03) largest, normalized peak 

areas that do not overlap those of corundum. 
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3. Errors in the two reference intensity calculations may be due in part to peak 

convolution within a phase and between phases, which is substantial in the phases 

tested, and slightly impure "standards." 

4. The relative peak intensities of the celsian and SrSi03 tested do not entirely agree with 

their respective JCPDS cards, possibly due to diffractometer characteristics and 

powder preparation. 
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Chapter4 

LOW-TEMPERATURE TRANSIENT GLASS-PHASE PROCESSING OF 

MONOCLINIC SrAl2Si20s 

"You can observe a lot by watching." -- Yogi Berra 

4.1 Introduction 

75 

This chapter, the second in the series of four research segments, discusses the 

material and process parameters of the alumina-deficient, ternary, low-melting strontium 

aluminosilicate (SAS) glass and its crystallization to celsian upon alumina addition and 

sintering. The process parameters include glass preparation, mixture with alumina, dry

pressing and sintering conditions. The material parameters include phase transformations, 

densification and microstructure as functions of the process parameters. The goal of this 

segment is to produce pure monoclinic SrAlzSizOg, celsian, from a compact containing 

alumina-deficient SAS glass and crystalline alumina sintered at 1373 K (1100°C), well 

below the temperatures used in Bansal et al.'s stoichiometric glass-ceramic process,3,4,5 

from the reaction 

SrO•(l-X)Alz03•2Si02(gl) + (X)Alz03-, SrAlzSizOg. 



T-4685 76 

4.2 Experimental Procedure 

The two stoichiometric glass + alumina powders described in Section 2.2, 4C and 

4D, were tested for glass transition and crystallization temperatures by differential thermal 

analysis, DTA (TA Instruments, Inc., New Castle, DE 19720), in accordance with ASTM 

El35635 and E794.34 

The glass-only powders, 4A and 4B, were uniaxially pressed into 10- and 13-mm 

diameter pellets at a pressure of 125 MPa. The two stoichiometric glass + alumina 

powders, 4C and 4D, were wet-mixed with polyethylene glycol binder before pressing. 

The green density was calculated from measured dimensions and mass. All four sets of 

pellets were sintered at 1100°C, above the previously determined glass softening 

temperature, for either 1, 10 or 100 hours (sintering processes 4-1, 4-2 and 4-3, 

respectively). The heat-treated, densified pellets were again tested by XRD to determine 

the compositions and quantities of phases present. Their densities were determined in 

accordance with ASTM C373.27 Select microstructures were prepared and 

examined, 32, 76 and their Knoop hardnesses were measured with a micro hardness tester 

(Model M-400-Gl, Leco Corp., St. Joseph, MI 49085) in accordance with ASTM 

E384.33 

4.3 Results and Discussion 

The DTA results for stoichiometric compositions 4C and 4D are plotted in Figure 
; 

4. la & 4. lb, respectively. In Figure 4. la, composition 4C, without B203, had a glass 
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Figure 4.la: Differential thermal analysis of composition 4C, without Bz03, showing 

glass transition and two apparent crystallization exothermic peaks 
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Figure 4.lb: Differential thermal analysis of composition 4D, with dissolved Bz03, 

showing glass transition and one apparent crystallization exothermic peak 
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transition midpoint at 861 °C, crystallization onset temperatures of 930 and 1083°C, and 

crystallization peak temperatures of 955 and 1094°C. In Figure 4. lb, composition 4D, 

with B203, had a glass transition midpoint at 879°C, but only one crystallization peak 

with an onset temperature of 979°C and a peak temperature of 999°C. The solid curve 

represents the initial heating, and the broken curve represents controlled cooling at the 

same rate. The absence of any transitions in either cooling curve indicates that the 

crystallization peaks were irreversible. 

The reference intensities for monoclinic SrAl2Si208 and hexagonal SrSi03 are not 

published on their respective JCPDS cards, Nos. 38-1454 and 30-1302. Furthermore, 

pure reagents of these two compounds are not commercially available. Pure XRD 

standards were synthesized and mixed with equal portions of corundum for determination 

of reference intensities, as described in Chapter 3. From the areas of the largest non

overlapping peaks, reference intensities of 0.90 for monoclinic SrAl2Si208 and 1.9 for 

hexagonal SrSi03 were calculated.12 

Pellets from all four compositions in all three sintering processes were ground and 

mixed with ZnO in a 4:1 mass ratio (XznO = 20%) for XRD determination of phase 

fractions. Diffractograms of all four compositions after sintering at 1100°C for one hour, 

process 4-1, are shown in Figure 4.2a. In the two glass-only compositions, 4A & 4B, 

celsian crystallized and consumed all the available Al203. The remaining SrO was 

consumed by the crystallization of hexagonal SrSi03, as shown in Table 4.I. The 

remaining Si02 was retained as glass or dissolved in celsian.16 In the two stoichiometric 

compositions, 4C & 4D, SrSi03 also crystallized, although in smaller quantities. The 

mass fraction of celsian improved dramatically in 3D, with B203 present, over the other 
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Alz03 peaks are labeled A. 



T-4685 81 

three compositions. A small amount of undissolved Al203 was present in both 4C and 

4D, after sintering for one hour at l 100°C. 

Stoichiometric composition 4D crystallized entirely as celsian after sintering 

process 4-2, 10 hours at 1100°C, as shown in Figure 4.2b and Table 4.I. Composition 4C 

had a small increase in celsian fraction compared to sintering process 4-1. Composition 

4B had additional crystallization, while composition 4A did not appear to increase its 

celsian fraction or its crystallinity with nine additional hours of sintering time. 

The B203 dissolved in composition 4D apparently served its purpose of increasing Alz03 

dissolution and reducing viscosity, such that only celsian crystallized. 

Some additional celsian crystallized in both 4A and 4B after sintering process 4-3, 

100 hours at 1100°C, as shown in Figure 4.2c and Table 4.I. Glass 4A has virtually no 

amorphous phase remaining, but the B203 in glass 4B has apparently stabilized the 

amorphous phase to some degree. The amount of celsian in 4C increased only slightly and 

SrSi03 decreased slightly, compared to sintering processes 4-1 and 4-2. Composition 4D 

is nearly all celsian, although small amounts of SrSi03 and Al203 were detected. No 

hexacelsian was detected in any of these four compositions at the end of any of the three 

sintering processes. The celsian mass fraction is plotted versus of sintering time at 1100°C 

for all four compositions in Figure 4.3. 

The density results are given in Table 4.II and Figure 4.4. The green density is 

plotted at zero sintering time for comparison. All four compositions were close to or 

above 92% theoretical density after just one hour of sintering at 1100°C. The theoretical 

density was based on an estimated glass density of -2.4 gm/cm3, and the quantitative 

XRD results, which give some pellets the appearance of being more than 100% or less 

than 92% dense. This rapid low-temperature densification occurred because of viscous-
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Table 4.1: Mass fractions of phases for compositions 4A--4D and processes 4-1--4-3 from 

quantitative XRD 

Compo- Sintering XsrAJ2Si208 XsrSiOJ XAl203 Xglass 
sition process [mass%] [mass%] [mass%] [mass%] 

4A 4-1 37 38 0 25 
4B* 1 hr@ 26 30 0 44 
4Ct 1100°c 29 21 20 30 

4D*t 43 11 18 28 

4A 4-2 19 34 2 45 
4B* lOhr@ 28 45 3 24 
4Ct 1100°c 36 22 21 21 

4D*t 100 0 0 0 

4A 4-3 41 59 0 0 
4B* 100 hr@ 39 41 0 20 
4Ct 1100°c 31 19 20 30 

4D*t 76 11 7 6 

4Ct 4-4 31 29 12 28 
4Ct 4-5 31 30 10 29 
4Ct 4-6 100 0 0 0 
4Ct 4-7 100 0 0 0 

* Contains dissolved Bz03 as a sintering aid 

t SAS glass+ a.-Al203 for overall stoichiometric SrAl2Si208 
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Figure 4.2b: X-ray diffraction patterns of four SAS compositions after sintering process 

4-2, ten hours at 1100°C. All of the XRD peaks of composition 4D correspond to celsian 

(peaks labeled C), while the other three have retained hexagonal SrSi03 (peaks labeled S), 

and <X-Al203(peaks labeled A). 
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Table 4.II: Density of compositions 4A--4D from processes 4-1--4-3 

Composition Sintering Bulk density Theoretical Densification 
process [gm/cm3] density (Pbun/Ptheo) 

[gm/crn3] [%) 

4A 4-1 2.91 3.05 96 
4B* 1 hr@ 2.89 2.86 101 
4Ct 1100°c 3.14 3.06 102 

4D*t 3.13 3.02 103 

4A 4-2 2.75 2.88 96 
4B* lOhr@ 2.83 3.11 91 
4Ct 1100°c 3.12 3.16 99 

4D*t 2.86 2.96 97 

4A 4-3 3.05 3.40 90 
4B* 100 hr@ 2.70 3.11 87 
4Ct 1100°c 3.21 3.05 105 

4D*t 2.88 3.14 92 

* Contains dissolved B203 as a sintering aid 

t SAS glass+ o:-Al203 for overall stoichiometric SrAl2Si208 
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phase sintering of the glass powders, but would not occur in a stoichiometric mixture of 

crystalline SrC03, Al203 and Si02 powders under the same sintering conditions. Very 

little further densification occurred in any of the four compositions with additional 

sintering time. 

Microstructures of compositions 4C and 4D after sintering process 4-2, 10 hours 

at ll00°C, are shown in Figures 4.5a and 4.5b. Both were chemically etched with an 

aqueous solution of 1 volume% HF and 2% HN03 at room temperature, swabbed for 

about 20 s.4 Grains of the two phases , celsian and SrSi03, are not identified in Figure 

4.5a, whereas celsian is the only phase in Figure 4.5b (based on XRD data). However, all 

grains in Figures 4.5a and 4.5b appear to be on the order of 1 µmin diameter. 

The microhardnesses of compositions 4C and 4D after sintering process 4-2, 10 

hours at 1100°C (corresponding to the microstructures shown in Figures 4.5a & 4.5b), 

were 659 kgJl'mm2 and 466 kgJl'mm2, respectively. Measurements were made with a 300-

gm load applied to a Knoop indenter with a 10-s dwell time. The results, shown in 

Appendix B, indicate that pure celsian (4D) is not as hard as the celsian--SrSi03--Al203 

composite ( 4C). 

4.4 Time-Temperature Modification ofTGPP 

Since a maximum of 30-35% celsian crystallized in composition 4C as a result of 

sintering processes 4-1, 4-2 and 4-3, additional temperature and time variations in TGPP 

intended to increase the yield of celsian from the SAS glass reaction without B203 were 
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Figure 4.5a: Chemically etched microstructure of composition 4C, SAS glass (without 

Bz03) + alumina, after sintering process 4-2, 10 hours at ll00°C. 
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Figure 4.5b: Chemically etched microstmcture of composition 4D, SAS glass with B203 

+ alumina, after sintering process 4-2, 10 hours at 1100°C. 
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investigated. The celsian fraction of composition 4C was essentially the same after 

process 4-3 as it was after processes 4-2 and 4-1, due to the formation of stable hexagonal 

SrSi03. The DTA plot of composition 4C, Figure 4.1, showed irreversible crystallization 

peaks at 955 and 1094°C, suspected but not proved to be celsian and hexagonal SrSi03, 

respectively. 

Uniaxially pressed pellets of composition 4C were sintered in four more processes. 

Processes 4-4 through 4-7 were all attempts to increase the celsian fraction without a 

sintering aid, in comparison to processes 4-1 through 4-3. In Process 4-4, the 4C pellets 

were sintered for 20.0 hours at 1020°C, about halfway between the suspected celsian and 

hexagonal SrSi03 crystallization temperatures. In Process 4-5, the 4C pellets were 

sintered for 20.0 hours at 960°C, just above the suspected celsian crystallization 

temperature but well below the hexagonal SrSi03 exotherm. In Process 4-6, the pellets 

were sintered for 10.0 hours at 1100°C, then heated to 1640°C and held there for 4.0 

hours. In Process 4-7, the pellets were sintered for 10.0 hours at 1020°C, then heated to 

1620°C and held there for 10.0 hours. Processes 4-6 and 4-7 were variations of both the 

glass-ceramic process and transient liquid-phase sintering, in which celsian was expected 

to nucleate from the glass-alumina reaction at the lower temperature, then grow while the 

SrSi03 melted and reacted with alumina and amorphous silica at the higher temperature. 

SrSi03 is stable as high as 1580°C from the Sr0--Si02 binary phase diagram, although 

not expected to be stable quite that high in the SAS ternary system. Celsian is stable as 

high as 1675°C, but its melting temperature would be undesirably lowered by a dissolved 

sintering aid such as B203. The box furnace from processes 4-1 through 4-3 was also 

used for processes 4-4 through 4-7. 
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In process 4-4, the sintering temperature was about halfway between the two DTA 

crystallization peaks, and all other parameters except for time at the sintering temperature 

were essentially the same as in processes 4-1 through 4-3. The mass fractions of celsian 

and hexagonal SrSi03 in composition 4C after 20.0 hours at 1020°C, shown in Table 4.1, 

were about the same as in processes 4-1 through 4-3. 

In Process 4-5, the sintering temperature was lowered to 960°C, just above the 

first DTA exotherm, and all other parameters were the same as in process 4-4. The mass 

fractions of celsian, hexagonal SrSi03, and alumina after 20.0 hours at 960°C, shown in 

Table 4 .I, were about the same as in process 4-4. The slower heating rates, longer 

isothermal times, larger specimens, and greater distance between specimens and 

thermocouples in the sintering processes compared to the DTA all may have contributed 

to the crystallization of hexagonal SrSi03 in processes 4-4 and 4-5, even though the 

sintering temperature was below the apparent crystallization peak of hexagonal SrSi03 in 

the DTA plot. 

Composition 4C transformed to nearly pure celsian in process 4-6. No hexagonal 

SrSi03, glass or any other phase was detected. The pellets densified and crystallized to a 

high degree at 1100°C. The celsian remained stable upon heating to l 640°C, but the 

SrSi03 melted at some temperature between 1100 and l 640°C, and reacted with the 

remaining alumina and viscous silica to form celsian. The pellets maintained their shape 

during process 4-6, i.e., no slumping or other deformation beyond densification shrinkage 

was observed. 

The result of process 4-7 was the same as that of process 4-6, that is, -100% 

celsian was formed. The implication of processes 4-6 and 4-7 is that possibly both soak 

temperatures and hold times could be reduced substantially, yet still produce -100% 
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celsian. The diffractograms of composition 4C are shown in Figure 4.6 for processes 4-4 

through 4-7, where the largest celsian, alumina and hexagonal SrSi03 peaks are indicated 

by the largest C, A and S above each curve. The largest SrSi03 peak, so prominent in the 

two lower curves from processes 4-4 and 4-5, has been replaced in the two upper curves 

from processes 4-6 and 4-7 with two medium-size celsian peaks. 

4.5 Summary 

1. Nearly full density was achieved after one hour of sintering at Il00°C in all four 

compositions. 

2. Stoichiometric glass with dissolved B203 + alumina ( composition 3D) transformed to 

-100% monoclinic SrAl2Si20s after ten hours at 1100°C, by the reaction: 

SrO•(l-X)Al203•2Si02(gl) + (X)Al203 ~ SrAl2Si20g. 

The other three compositions reached -30 mass% monoclinic SrAl2Si20s after one 

hour, and increased only slightly with additional sintering time. The balance of the 

phases was a combination of hexagonal SrSi03, residual glass and undissolved a.

Al203. 

3. Transient glass-phase processing (TGPP) yielded dense, -100% monoclinic SAS at a 

sintering temperature 575 K below the melting temperature of stoichiometric SAS, and 

nearly 500 K below the processing temperature of celsian derived from Bansal et al.'s 

stoichiometric glass-ceramic processing. 
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Figure 4.6: X-ray diffraction patterns of composition 4C, SAS glass (without Bz03) + a

Alz03, sintered in various time-temperature combinations to form monoclinic 

SrAlzSizOs. Peaks labeled C, Sand A are celsian, SrSi03 and alumina, respectively. 
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4. Lowering the sintering temperature toward the celsian crystallization exotherm and 

away from the hexagonal SrSi03 exotherm had little or no effect on the mass fraction 

of celsian resulting from composition 4C. However, an additional sintering step at a 

higher temperature melted the SrSi03 and enhanced its reaction with undissolved 

Al203 and residual glass from the first step and resulted in nearly pure celsian: 

SrSi03(J) + Si02(gl) + Al203 -+ SrAI2Si20g. 
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Chapters 

DEVELOPMENT OF ALUMINA-CELSIAN COMPOSITES 

''I didn't expect the Spanish Inquisition!" -- a barrister on the Monty Python's Flying 

Circus television series 

5.1 Introduction 

Commercial 96% aluminas typically contain Si02, MgO and other oxides among 

the remaining 4%, and the intergranular phases often include spine! and glass. These 

compositions are easily fabricated in most cases and well suited for many applications. 

The intergranular glass, however, precludes many high-temperature applications due to its 

tendency to creep. Higher grades of alumina, such as 99.8%, have high creep resistance 

but are typically more difficult to fabricate than lower grades, and therefore more 

expensive.77,78 A 96% alumina with a stable, completely crystalline intergranular phase 

might combine ease of fabrication with high creep resistance. 

This chapter, third in the series of four research segments, discusses compositions 

of 96% aluminas and sintering conditions intended to result in intergranular celsian, i.e. 

alumina-celsian composites. The compositions include, as the four-percent component, 

two low-melting SAS glasses investigated previously, one with and one without B203 

dissolved in the glass to control the densification and crystallization behavior, and a 

stoichiometric mixture of crystalline SrC03, Alz03 and SiOz powders. Microstructures, 
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densification and mechanical properties of alumina-celsian composites were investigated. 

Phases were identified by x-ray diffraction, XRD, and phase quantification was attempted. 

The goal of this research segment was to determine the feasibility of celsian as an 

intergranular phase in 96% alumina. 

5.2 Experimental Procedure 

Three 96% alumina compositions were wet-mixed, oven-dried, uniaxially dry

pressed at 110-125 MP a and sintered, as shown in the flow chart in Figure 5 .1. The three 

compositions, SA, SB and SC, are detailed in Table 5.I. In each composition, the 4% 

component was formulated to have the stoichiometric celsian composition, SrO•Al203• 

2Si02, such that each composite would ideally be 96% Al203 and 4% SrA12Si20s. 

The 4% component of composition SA is the same as composition 4C in Chapter 4 

of this thesis, consisting of low-melting SAS glass powder containing a 1 :2 molar ratio of 

SrO to Si02 and about 9 mole% Al203 (glass 4A in Chapter 4), mixed with enough a.

Al203 to bring the net Al203 content up to 25 mole%. 

The 4% component of composition SB is the same as composition 4D in Chapter 

4. Composition SB consists of the low-melting SAS glass powder described in the 

previous paragraph but with a trace ofB203--l.8 mole%--dissolved in the glass to modify 

viscosity, wettability and Al203 dissolution (glass 4B), mixed with enough a.-Al203 to 

bring the net Al203 content up to 25 mole%. 
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Figure 5.1: Flow chart of materials and processes used to make alumina-celsian 

composites. 
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Table 5.I: The minor and major components of alumina-celsian composites 5A--5C 

Component 5A. 5B. 5C. 

4 mass% SAS glass+ SAS glass w/B203 SrC03 + a-Al203 
a-AI203 + a-Al203 + a-quartz Si02 

96mass% Malakoff(fine) Malakoff(fine) Malakoff (fine) 
a-AI203 a-Al203 a-AI203 

The 4% component of composition SC is a stoichiometric mixture of crystalline 

SrC03, a-AI203 and a-quartz Si02 powders in a 1: 1 :2 molar ratio. This powder is the 

same as that used to synthesize the celsian x-ray diffraction standard in Chapter 3. 

The crystalline powders in all three compositions are the same as those described 

in Section 2.3 of this thesis. The Al203 powder and the two glass powders were 

photomicrographed by scanning electron microscope, SEM (Model JXA-840, JEOL 

(U.S.A.) Inc., Peabody, MA 01960) prior to mixing to establish initial particle sizes. 

All three compositions (SA, SB and SC) were wet-mixed with a 1 % polyethylene 

glycol binder solution in a ball mill for -16 hours, and dried in an oven at 90°C for -48 

hours. The mixed, dried powders were uniaxially pressed at 110-125 MPa into 13-mm 

diameter, 1-gm pellets. The pellets were sintered for 4.0 hours at 1640°C, a conventional 

alumina sintering procedure,79 in air in a box furnace (Model 51524, Lindberg Co., 

Watertown, W1 53094). All heating and cooling rates were 3.0 K/min. 
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Select specimens from the alumina-celsian composite pellets were tested for 

density by ASTM C373,27 microstructure and grain size by ASTM E1382,36,80 Knoop 

hardness by ASTM E384,33 and phase quantities by Chung's x-ray diffraction matrix

flushing method.13,41 The density was measured with a microbalance (Model AE 260-S, 

Mettler Instrument Corp., Hightstown, NJ 08520) with 0.0001-gm resolution. 

Microstructures were photographed by a visible-light microscope (Ultraphot III model, 

Carl Zeiss AG, Oberkochen, Germany) and measured by an image analyzer (Vidas model, 

Kontron Elektronik GmbH, Munich, Germany). Knoop hardness was measured by a 

microhardness tester (Model M-400-G 1, Leco Corp., St. Joseph, MI 49085). Phase 

quantities were measured by an x-ray diffractometer (Rotaflex model, Rigaku Denki Co., 

Ltd., Tokyo, Japan). 

5.3 Results and Discussion 

The starting alumina particle size, shown in Figure 5.2a, was on the order of 0.5 µ 

m, and the surface area specified by the vendor was 4.0 m2/gm. This alumina was used in 

all three compositions. Both of the SAS glass powders, without and with dissolved B203 

and shown in Figures 5.2b and 5.2c, respectively, were ball-milled and passed through a 

325-mesh sieve, resulting in a maximum particle size of 45 µm. 

The densities of the three 96% alumina compositions, SA-SC, are compared in 

Table 5.11 to a published value of Coors Ceramics Company 96% alumina 

compositions.67,68 All three 4% celsian compositions slightly exceeded the published 
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Figure 5.2a: Scanning electron photomicrograph ofMalakofffine a-Alz03 powder. 
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Figure 5.2b: Scanning electron photomicrograph of -325 mesh SAS glass powder 

without B203, composition 4A. 
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Figure 5.2c: Scanning electron photomicrograph of -325 mesh SAS glass powder with 

dissolved B203, composition 4B. 
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density, potentially because of a high degree of crystallization of the intergranular phase, 

since intergranular glass would result in a slightly lower density. 

The microstructures of compositions SA, SB and SC were very similar, as shown 

in Figures 5.3a, 5.3b and 5.3c, respectively. All had approximately 7-10 µm grains on 

average, given in Table 5.1. The final grain size was 10 to 20 times the initial particle size 

of the a.-Al203 powder, indicating significant grain growth as a result of the sintering 

conditions and initial particle size distribution. The triple-point regions between large 

alumina grains in all three microstructures appear to contain mostly fine granular particles, 

rather than vitreous zones, indicating a high degree of crystallization of the viscous phase. 

All three ceramographic sections were thermally etched at 1500°C for 20 minutes in air, 

and sputtered-coated with a 250-nm layer of gold. 

Knoop hardnesses of compositions SA, SB and SC are given in Table 5.II and 

Appendix B, along with the published nominal value that all three exceeded. 

X-ray diffractograms are shown in Figure 5.4 for compositions SA, SB and SC. 

Celsian was the only minor phase detected. No amorphous peaks were observed, which 

reinforces the indication stated in the previous paragraph that the viscous phase 

crystallized to a large degree in all three compositions. Phase fractions were calculated 

from Chung's Equation 19,41 with celsian as the matrix-flushing agent for alumina, and 

alumina as the flushing agent for celsian : 

X: ( 1 
kc,u;a,o fronmdum)-l 

celtla11 = + • 
kconmdum fcetsia11 

(Eqn. 5.1) 

The phase fractions of celsian calculated from Equation 5.1 are given in Table 5.II. The 

experimental error is unknown, but the calculated celsian fraction in each case exceeds the 
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Table 5.11: Measured properties of Malakoff alumina-celsian composites 5A--5C 

C omoosit1on 

Units Method 5A. 58. 5C. Publlshed67 

4% 
Component Mass% 

SAS glass SAS glass SrC03 + 
+ Al203 w/8203 Al203 + 

+ Al203 2 Si02 

Bulk density gm/cma ASTM can 3.81 3.79 3.78 3.72 

Xcelsian Mass% XRD • Chung 5.2 4.8 5.7 

Knoop 
hardness kg1/mm2 ASTM E384 1356 1317 1246 1090 

GPa 13.3 12.9 12.2 11 

Std. dev. kg1Jmm2 129.7 145.2 129.6 

Co. var. % 9.565 11.02 10.40 

Grain size µm ASTM E1382 7.69 9.69 8.46 11 

Std. dev. µm 6.67 8.05 6.78 

Co. var. % 86.7 83.1 80.1 
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Figure 5.3a: Thermally etched microstructure of composition SA, 96% Al203 + -4% 

SrAlzSizOs from SAS glass, sintered 4.0 hours at 1640°C. 
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1------1 20 µm 

Figure 5.3b: Thermally etched microstructure of composition SB, 96% Alz03 + -4% 

SrAlzSizOg from SAS glass with Bz03, sintered 4.0 hours at 1640°C. 
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1------1 20 µm 

Figure 5.3c: Thermally etched microstructure of composition SC, 96% Al203 + -4% 

SrAl2Si20s from SrC03 + Al203 + Si02, sintered 4.0 hours at 1640°C. 
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Figure 5.4: X-ray diffraction pattern of compositions 5A-5C, 96% alumina (peaks labeled 

A)+ 4% celsian (peaks labeled C) composites, after sintering for 4.0 hours at 1640°C 
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4.0 mass% actual limit by one or two percentage points, due in part to the low signal-to

noise ratio of the celsian peaks. The largest celsian and alumina peaks are indicated in 

Figure S .4 by the largest C and A, respectively. 

5.4 Summary 

I. All three 96% alumina compositions densified well as a result ofsintering for 4.0 hours 

at 1640°C, including composition SC, which consisted initially of only high-melting 

crystalline components. 

2. The 4% component in all three 96% alumina compositions transformed completely 

(within the limits of XRD) to monoclinic SrAlzSizOg, celsian, during sintering. 

Compositions SA and SB, which had SAS glass as the minor component, did not 

appear to have any significant advantage over SC, and the dissolved Bz03 in SB did 

not appear to give any significant advantage over SA, in terms of the amount of 

intergranular celsian. 

3. The grain size distributions were roughly the same for all three 96% alumina 

compositions. The 4% component had little effect on grain size. Substantial grain 

growth resulted from the fine initial particle size of the alumina. 
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Chapter 6 

MICROSTRUCTURES AND PROPERTIES OF 96% ALUMINA WITH 

INTERGRANULAR MONOCLINIC SrAI2Si20s 

''It was deja vu all over again." -- Yogi Berra 

6.1 Introduction 

111 

This chapter, fourth in the senes of four research segments, discusses 

microstructures and properties of 96% alumina - 4% celsian composites and compares 

them to a commercial 96% alumina sintered under the same conditions. A coarser 

( compared to the Malakoff a-Alz03 in Chapter 5), 2-3 µm particle size a-Al203 was 

mixed with Alz03-deficient, low-melting SAS glass, with and without dissolved Bz03 as 

a sintering aid, uniaxially dry-pressed into bars and pellets, sintered at 1640°C for 4.0 

hours, and tested for strength, toughness, grain size, density, phase quantities and 

dielectric properties, all at room temperature. A third composition, consisting of a 

stoichiometric mixture of SrC03, Alz03 and SiOz as the four-percent component, and a 

fourth, Coors AD-96-Al spray-dried powder, were also pressed, sintered and tested under 

the same conditions for comparison. 

The goal in this research segment was to determine the feasibility of preparing 

96% alumina - 4% celsian composites in the context of commercial alumina compositions. 
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6.2 Experimental Procedure 

Coarse a.-Al203 powder (Product No. C-72, Alcan Aluminum Corp., Cleveland, 

OH 44122) was mixed in three 24:1 mass ratios with Al203-deficient, low-melting SAS 

glass ( composition 6C); Al203-deficient, low-melting SAS glass with dissolved B203 

( composition 6D); and a stoichiometric mixture of SrC03, a.-Al203 and a-quartz Si02 in 

a 1: 1 :2 molar ratio ( composition 6B); respectively. 

A photomicrograph of the Alcan a.-Al203 powder is shown in Figure 6.1. The 

surface area was specified by the manufacturer as 0.6 m2/gm. 

Each SAS glass contains approximately 8.7-8.9 mole% Al203, 60-61 mole% Si02 

and -30 mole% SrO. The molar ratio of Si02 to SrO is fixed at 2:1. The second SAS 

glass contains -1.8 mole% B203 in solution, at the expense of Si02 and SrO. When 

enough Al203 dissolves into the SAS glass to bring the Al203 fraction up to 25 mole% 

and the Si02 and SrO fractions down to 50 and 25 mole%, respectively, the glass has the 

composition of stoichiometric celsian and can crystallize as such, i.e. monoclinic 

SrAl2Si208. During the heating portion of the sintering process, the SAS glass becomes 

fluid and participates in the densification of alumina until it crystallizes as celsian 

somewhere above 930°C. 
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Figure 6.1: Scanning electron photomicrograph of the Alcan C-72 u-Alz03 powder. 
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The all-crystalline powder composition, 6B, containing SrC03, a-Al203 and a

quartz Si02 in a 1: 1 :2 molar ratio as the 4% component, probably forms a viscous phase 

at some point during the sintering process. The reaction path is unknown, since the 

ternary SrO--Al203--Si02 system is not well-defined in the literature.21 This 

composition avoids the glass-formulation step of the two SAS glass-alumina mixtures. 

SrC03 decomposes to SrO above about 800°C as C02(g) is evolved. 

The fourth composition, 6A, spray-dried AD-96-Al powder, was contributed by 

Coors Ceramics Company to be used as a control. The Coors powder was used as

received in the bar- and pellet-pressing steps. The data presented here are not intended to 

refute data published by Coors or other sources, but to provide a basis for comparison of 

the compositions and processes investigated. 

The three SrO-bearing compositions were wet-mixed in 500-gm batches with a 

solution of20 gm of polyethylene glycol binder flakes dissolved in 200 ml of water and 50 

drops ofDarvan-C deflocculent, and ball-milled for one hour with alumina grinding media. 

The slurries were oven-dried at 50°C on Teflon-coated baking sheets until they formed 

dried, caked fragments. The caked fragments were ground by mortar and pestle and 

passed through a No. 45 mesh (355 µm) sieve. 

Composition 6D was dry-pressed into 13-mm pellets under various loads to 

determine green density as a function of compaction pressure, which is expected to give 

some indication of the bar quality after sintering. The maximum pressure was applied for 

30 s to each 1-gm pellet. Pellets of all four compositions were pressed at 125 MPa for 

capacitance measurements. 

Three sieved, experimental powders and the Coors powder were uniaxially pressed 

at 52 MPa into a rectangular, 7 mm x 65 mm, bar die in 8-gm batches. The die and rams 
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were lubricated each time with a dilute solution of isostearic acid in acetone. The 

maximum pressure was applied for 30 s, and the green bars were ejected upon disassembly 

of the die set. All pellets and bars were sintered at 1640°C for 4. 0 hours in air in a box 

furnace (Model 51524, Lindberg Co., Watertown, W1 53094). The heating rate was 1.7 

K/min, about 100 K/hr, up to 1000°C, and 3. 0 K/min up to 1640°C. The cooling rate was 

3. 0 K/min down to room temperature. 

One bar from each set was tested for density by ASTM C373.27 Segments from 

these same bars were ground by a mortar and pestle for qualitative and quantitative x-ray 

diffraction, XRD, to determine the presence of any residual glass and the mass fractions of 

crystalline phases.30,40,41,81 Aluminum slides were used for XRD specimen holders, and 

the diffractometer (Rotaflex model, Rigaku Denki Co. Ltd., Tokyo, Japan) used Cu KC/. 

radiation from 10° 26 to 70° in 0.05° steps with a fixed time of2 s. Another segment of 

each was prepared for ceramographic evaluation by an image analyzer (Vidas model, 

Kontron Elektronik GmbH, Munich, Germany).36,80 The pellets were prepared and tested 

for dielectric constant and loss at 1. 00 V, room temperature, in an LCR meter (Model 

4284A, Yokogawa-Hewlett-Packard, Ltd., Tokyo, Japan) by ASTMD150.29 

The remaining bars, twenty in each set, were machined (O'Keefe Ceramics Inc., 

Woodland Park, CO 80863) to MIL-STD 1942 specifications, Configuration B.82 Ten 

bars from each set, ground to 3 mm thick x 4 mm wide x 45 mm long, were tested for 

modulus of rupture, MOR, flexural strength at room temperature in a 4-point bending 

fixture and strength testing machine (Model 1125, Instron Corp., Canton, MA 02021) by 

ASTM C116I.28 The crosshead speed was 0.5 mm/min (0.02 in/min). 

The other ten bars from each set were polished with 1-µm abrasive on one 4 mm x 

45 mm side to a roughness of about 4 Ra. These bars were diamond-pyramid indented in 
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three locations along the centerline of the polished surface, uniformly spaced in the 20-mm 

span between the two inner pins of the 4-point bending fixture. The indentations were 

applied by a microhardness tester (Model 3212, Zwick of America, Inc., East Granby, CT 

06026) equipped for a 20-kg load. Cracks emanating from the indentation corners were 

measured by another image analyzer (Model 2001, Leco Instruments Ltd., Longueuil, 

Quebec J4G 1 T8) in the direction transverse to the tensile axis. The indented bars were 

also tested in the 4-point MOR fixture with the indented side down, thus in tension, for 

fracture toughness. 66,69 The preparation and test sequence is shown as a flow chart in 

Figure 6.2. 

6.3 Results and Discussion 

The green density of Composition 6D vs. compaction pressure is plotted in Figure 

6.3. The capacitance pellets were pressed at 125 MPa, about 93% of their maximum 

green density. The MOR bars were pressed at 52 MPa, about 90% of their maximum 

green density. The compaction pressure on the MOR bars was limited by the capacity of 

the press, and the green density of the pellets was limited by flaws in the sintered products 

resulting from excessive compaction pressure. 

The sintered density results are shown in Table 6.1, where a published value has 

been inserted as the fifth specimen for comparison.67,68,83 The Coors AD-96-Al agreed 

with the published value. Compositions 6B, with crystalline starting materials, and 6D, 

with B203-modified SAS glass, were both slightly below the published value. 

Composition 6C, with SAS glass, was slightly above the published value for 96% alumina 



T-4685 117 

/ \ / \ / ' / 6D. SAS ' GA. Coors GB. SrC03 + 6C.SAS 
glass 

AD-9G-A1 Al203 + 2Si02 glass 
w/B203 

spray-dried (from 3A) (from 4A) 
(from 4B) , 

' ,I \. ' 
, 

, ' 
" 
' -

Wet-mix 4% with Grind with 
No.45 

96% Al203 and mortar& ' . , sieve 
binder; oven-dry pestle 

' +45 mesh 
(>355 um) 

,I, 

Green '\ 
Unlaxially press bars @52 MPa 

density vs. 
, 

and pellets @ 125 MPa ' pressure/ -45 mesh 
(<355 um) 

'I, I Quant.XRD 
Sinter 4.0 hr Density (C373) 
@1640C ' Grain size (E1382) , 

in air Dielectric (D150) 

'I, 
/ 'I 

Machine MOR (C1161) 
MIL-STD 1942 ' , ISB toughness 

bars 
\. ,I 

Figure 6,2: Flow chart of the fabrication and test procedure of the four 96% alumina 

compositions 
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Table 6.1: Measured properties of compositions 6A--6D. Alcan coarse alumina was used 

as the 96% component in compositions 6B--6D. 

Property Unit Method 6A. Coors 68.4% 6C.4% 6D.4% Publishsd67 
AD-96-A1 SrC03 .. , SAS glass SAS-8 glass 

Bulk Density gm/cm3 ASTM C373 3.72 3.68 3.73 3.69 3.72 

kg/m3 ASTM C373 3720 3680 3730 3690 

Minor Phases 

Xcelsian mass% XRD • Chung 0.79 1.5 1.7 

Xmullite mass% XRD • Chung 10 4.2 4.3 5.5 

Micro-

structure 

Grain size µm ASTM E1382 3.43 2.80 2.61 2.85 11 

Std. dev. µm ASTM E1382 2.55 1.80 1.80 1.96 
Aspect ratio ASTM E1382 0,656 0.637 0.636 0.653 

Roundness ASTM E1382 0.744 0.732 0.734 0.733 

Dielectric 

Properties 

K'@ 1kHz ASTM D150 9.76 9.62 9.80 13.3 9.0 

K'@1MHz ASTM D150 9.54 9.20 9.60 8.24 9.0 
K"@ 1kHz ASTM D150 0.020 0.077 0.314 2.60 0.010 
K"@1MHz ASTM D150 0.488 0.330 0.182 1.69 0.002 

tan6@ 1kHz ASTM D150 0,002 0.008 0.032 0.195 

tan6@ 1MHz ASTM D150 0.051 0.036 0.019 0.205 

(Continued) 
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Table 6.1: (Continued) 

Property Unit Method 6A. Coors 6B.4% 6C.4% 60.4% Publlshed67 

AD-96-Al SrC03 ... SAS glase SAS·B glass 
F/exur11/ 

Strength 
MOR MPs ASTM C1161 181 148 190 332 358 

Std. deviation MPa ASTM Cl 161 24.9 34.4 23.0 11.7 

Co. variation % ASTM Cl 161 13.7 23.2 12.1 3.51 

Fracture 
Toughness 

Strength MPs 4-pt bsnd 155 134 184 138 

ca µm img analyzer 349 345 322 382 

cm µm 1mg analyzer 456 512 445 513 

Kisb MPs·m0 ·5 Chantikul 4.64 4.16 5.27 4.25 

et al. 

Kiel MPs·m0 ·5 Cook & lawn 5.14 4.33 5.98 4.76 

Keel MPs·m0·5 Cook & Lawn 5.94 5.42 7.13 5.62 

Ksenb MPs·m0 ·5 Pabsi, Freiman 3.4 
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and apparently densified a little more than composition 6D, where the B203 was expected 

to aid the crystallization of celsian by lowering the viscosity of the SAS glass. 

The XRD results for the four compositions are shown in Figure 6.4 and Table 6.1. 

ZnO, 20 mass%, was used as the flushing agent for the quantitative XRD ( diffractograms 

shown in Figure 6.4 are of compositions without ZnO). The minor phases are barely 

visible amidst the much larger a-Al203 peaks, but mullite, Al6Si2013 or 3Al203•2Si02, 

was detected in addition to and in apparently larger quantities than celsian in all three 

experimental compositions. Mullite was the only other phase detected in the Coors AD-

96-Al. The absence of an amorphous peak indicates that the amount of residual glass was 

too small to be detected by XRD, and so no further heat treatment was applied to any 

composition to crystallize residual glass. The coarser Alcan alumina apparently favored 

mullite over celsian, compared to the finer Malakoff alumina used in Chapter 5, in which 

mullite was not detected. The balance of SrO is either in undetected residual glass or 

masked by the sizable error in the quantitative detection of minor phases. The relatively 

large size of Sr ions precludes Sr from any appreciable solid solubility in the smaller Al or 

Si lattice positions. Spine!, MgAl204, in 6A, was the only other phase detected in any of 

the four compositions. Mullite was not detected in any of the three compositions 

investigated in Chapter 5 of this thesis, which indicates that the tendency to crystallize 

mullite and celsian depends on the initial particle size, or possibly trace components, of the 

alumina in high-alumina compositions. The largest peaks of alumina, celsian, spine! and 

mullite are denoted in Figure 6.4 by the larger A, C, * (asterisk) and M, respectively. 

Photomicrographs of thermally etched ceramographic sections of each 

composition are shown in Figures 6.5a through 6.5d. The grain sizes are given in Table 
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Figure 6.4: X-ray diffraction patterns of compositions 6A--6D, all 96% alumina, after 

sintering for 4. 0 hours at 1640°C. Mullite peaks are labeled M, alumina peaks A, spine! 

peaks • ( asterisk) and celsian peaks, C. 
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Figure 6.5a: Thermally etched microstructure of composition 6A, Coors AD-96-Al, after 

sintering for 4.0 hours at 1640°C. 

1---------1 10 ~Lill 
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Figure 6.5b: Thermally etched microstructure of composition 6B, 96% Alcan alumina + 

4% SrC03+Al203+2Si02, after sintering for 4.0 hours at 1640°C.

1---------110 µm 
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Figure 6.5c: Thermally etched microstructure of composition 6C, 96% Alcan alumina + 

4% SAS glass, after sintering for 4.0 hours at 1640°C. 

J---·-----1 10 µm 
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Figure 6.Sd: Thermally etched microstructure of composition 6D, 96% Akan alumina + 

4% SAS glass withBz03, after sintering for 4.0 hours at 1640°C. 
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6.1 and Appendix E. The differences in mean grain size were insignificant. All four had a 

mean grain size close to 3 µm, but secondary recrystallization, or exaggerated grain 

growth, was observed in composition 6B. 84 Mean grain size is not expected to have 

much effect on strength or toughness differences, but the regions of coarsening in 

composition 6B, shown in Figure 6.5e, are expected to lower its strength and toughness. 85 

The standard deviation relative to the mean grain size of individual grains were similar for 

all four compositions. Grain shapes, expressed as aspect ratio and roundness, were very 

close for all four compositions and are not likely to have much effect on strength or 

toughness differences. 

The dielectric constant results as a function of alternating electric field frequency 

are shown in Figure 6.6a and Table 6.1, where compositions 6A, 6B and 6C were all 

between 9 and 10 and within a few tenths of the published value for Coors AD-96, over a 

frequency range of 1 kHz to 1 MHz. Composition 6D had a much higher value at 1 kHz, 

K' = 13 .3, but declined exponentially to K' = 8.24 at 1 MHz, corresponding to a higher 

dielectric loss. 

Dielectric loss index results are shown in Figure 6.6b and Table 6.1 with the 

ordinate plotted logarithmically. All four compositions were higher than the published 

values, especially at a frequency of 1 MHz. Composition 6D consistently had a higher loss 

index than the highest of the other three compositions at each frequency by approximately 

one order of magnitude, possibly due to the small concentration of boron ions present in 

6D acting as conductors. 

The flexural strength, or modulus of rupture, results are shown in Table 6.I and 

Appendix C. Only composition 6D, with a value of 332 MPa, was comparable to the 

published value of358 MPa, and also had the most repeatable results of the four sets. The 
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...• 

Figure 6.Se: Exaggerated grain growth in thermally etched microstructure of composition 

6B, 96% Alcan alumina+ 4% SrC03+Al203+2Si02, after sintering for 4.0 hours at 1640

oc. 
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published value was determined in 3-point bending, by ASTM F417.86 The bars of 

compositions 6A, 6B and 6C all had numerous macroscopic defects such as voids and 

cracks, while composition 6D bars had few if any macroscopically visible defects. The 

Coors AD-96-Al bars, composition 6A, had barely half their published strength at 181 

MPa, indicating that the bar compaction conditions may have been less than ideal. 

Composition 6B had the lowest strength at 148 MPa, and also the highest coefficient of 

variation. Composition 6C, with a mean value of 190 MPa, was very close to 6A in both 

mean and coefficient of variation. The fractures in composition 6D were predominantly 

transgranular, mostly intergranular in 6A and 6C, and highly intergranular in 6B as shown 

in Figures 6.7a- 6.7d. 

The fracture toughness was calculated by the three methods described in Section 

2.11,66,69 and the results are tabulated in Table 6.1 and Appendix D. All three 

calculations of the four compositions yielded higher values than the published 3-4 MPa· 

m0.5 for Coors AD-96 alumina. The published value was determined by the single-edge 

notched-beam (SENB) strength method. 87 The K;c1 results of Equation 2.18 agreed with 

the K;sb results of Equation 2.15 and the published value better than the Keel results of 

Equation 2.17 did. Composition 6C had the highest toughness by all three calculations, 

mostly due to its higher flexural strength after indentation. The flexural strength of 6C 

was almost the same after three 20-kg indentations on the tensile surface as it was without 

indentations. Only about one out of every three bars in each set broke through the center 

indentation, and two bars out of the forty total broke along a path that did not contain any 

indentations. 
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Figure 6. 7 a: Fracture surface of composition 6A. 
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Figure 6. 7b: Fracture surface of composition 6B. 
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Figure 6. 7 c: Fracture surface of composition 6C. 
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Figure 6.7d: Fracture surface of composition 6D. 
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6.4 Summary 

1. All four compositions densified to closed porosity upon sintering at 1640°C for 4.0 

hours. 

2. Mullite, Al6Si2013, formed in all three SrO-bearing compositions, to a greater extent 

than the expected celsian, monoclinic SrAl2Si20g. All four compositions were 

-100% crystalline as a result of sintering at 1640°C for 4.0 hours, within the limits of 

quantitative XRD. Further investigation of sintering parameters might uncover a time

temperature process that would prevent or eliminate mullite formation. Alumina 

particle size appears to have some effect on mullite formation, since mullite was not 

detected in any of the finer Malakoff 96% alumina compositions in Chapter 5, unlike 

the coarser Alcan alumina compositions in this chapter. 

3. The grain size in all four compositions was quite similar, ranging from 2.6 to 3.5 µm. 

The two SAS glass-containing compositions, 6C and 6D, had a relatively fine and 

uniform grain size distribution. Composition 6B had regions of exaggerated grain 

growth. Grain shape was quite similar among all four compositions. 

4. The dielectric constant K' was similar among all four compositions and agreed well 

with published values. Composition 6D was slightly higher than the other three at 

lower (1 kHz - 100 kHz) frequencies, but lower at 1 MHz. The dielectric loss index 

K" of composition 6A, the experimental control, was slightly greater than the published 

value. The dielectric loss index of 6D, the only one of the four compositions 

containing boron ions, was nearly ten times greater than the highest of the other three 

compositions at each frequency. 
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5. Composition 6D had by far the highest flexural strength and was the only composition 

comparable to the published value. The modified SAS glass in 6D apparently 

compensated during sintering for the non-optimum bar-compaction conditions. The 

other three compositions all had macroscopically visible defects in most of the bars. 

Composition 6D also had the most repeatable strength values. 

6. The fracture toughness was calculated by three methods, all involving diamond 

pyramid indentations on a polished surface of MOR bars. Composition 6C, initially 

containing SAS glass, was consistently tougher than the other three, and all were 

slightly tougher than the published value. The strength of 6C after indentation was 

almost the same as the modulus of rupture; i.e. without indentations. The toughness 

values were highly repeatable for all four compositions. 

7. 96% alumina formulated with SAS glass has potential for applications where 

conventional 96% aluminas are used. The densification behavior, microstructure, 

dielectric properties, strength and toughness all appear to be, on the whole, 

comparable to commercial formulations. The two main advantages of 96% alumina 

formulated with SAS glass are: (a.) no additional heat-treatment, beyond sintering at 

1640°C for four hours, is needed for -100% crystallization of the intergranular glass; 

and (b.) creep resistance that is potentially comparable to more expensive, higher 

grades of alumina, due to the high degree of crystallization of the intergranular glass. 
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Chapter? 

CONCLUSIONS AND FUTURE WORK 

''It ain't ove1~ till it's over." -- Yogi Berra 

7.1 Conclusions 

1. A stoichiometric mixture of SAS glass with Bz03 and a-Alz03 ( composition 4D in 

Chapter 4) transformed to -100% monoclinic SrAlzSizOg, celsian, after ten hours of 

sintering at 1100°C (process 4-2 in Chapter 4). A stoichiometric mixture of SAS glass 

without Bz03 and a-Alz03 ( composition 4C in Chapter 4) also transformed to 

-100% monoclinic SrAlzSizOg after ten hours of sintering at 1100°C plus an 

additional four hours at 1640°C (process 4-6 in Chapter 4). Neither sintering process 

is necessarily optimum, but both demonstrate how transient glass-phase processing can 

be used to produce -100% celsian at lower temperatures than melting pure, 

stoichiometric celsian. 

2. Three 96% alumina compositions made from fine a-Alz03 transformed to alumina

celsian composites that were at least as dense and hard as published values of 

commercial 96% aluminas. All of the celsian was intergranular with respect to the 

predominant alumina phase, and all of the secondary grains were celsian--no other 

phases formed. Two of the compositions contained the low-melting SAS glass 

powders mentioned in the first conclusion. All three compositions densified well, 
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possibly due to the formation of a liquid phase at high temperatures in the 

SrAl2Si20g--Al203 region of the SAS system. 

3. Two 96% alumina compositions made from the low-melting SAS glass powders and 

coarser, commercial-grade a-Al203 had mechanical, microstructural and dielectric 

properties that were comparable to a commercial 96% alumina. A third material of the 

same net composition as the other two but made of high-melting, fully crystalline 

starting powders that bypassed the glass-making step, had inferior mechanical 

properties but was otherwise quite similar. The composition containing SAS glass 

without B203 was very tough, while the composition containing SAS glass with 

B203 was very strong and forgiving of fabrication difficulties. All three compositions 

yielded more mullite than celsian, unlike the finer-alumina compositions in the second 

conclusion, in which mullite was not detected. 

4. 96% alumina formulated with SAS glass has potential for applications where 

conventional 96% aluminas are used, including both structural and electrical 

applications. The densification behavior, microstructure, dielectric properties, strength 

and toughness all appear to be, on the whole, comparable to commercial formulations. 

The main advantage of 96% alumina formulated with SAS glass is that no additional 

heat-treatment, beyond sintering at 1640°C for four hours, is needed for -100% 

crystallization of the intergranular glass. The creep resistance is potentially 

comparable to more expensive, higher grades of alumina, due to the high degree of 

crystallization of the intergranular glass. 

5. Hexacelsian retention was much more likely in the BAS system than the SAS system. 

Alumina-BAS composites did not densify as well as similar alumina-SAS composites. 



T-4685 140 

7.2 Future Work 

The SrO--Alz03--Si02 ternary phase diagram is wide open for research in terms 

of phase stability as a function of composition and temperature. The Sr0•2Si02--Al203 

plane would be a good starting point. Further work on SAS-containing materials needs 

the kind of information that only an accurate and detailed ternary phase diagram would 

have. 

The logical next step for celsian production by TGPP is process optimization. The 

sintering times and temperatures used in this study were probably greater than absolutely 

necessary, and therefore more expensive than necessary. Since celsian has been proposed 

as a matrix material for fiber-reinforced composites, an investigation of sintered SAS glass 

+ alumina + fibers is warranted. 

Alumina-celsian composites look promising for creep resistance, which could make 

a worthwhile study. A process optimization investigation to reduce or prevent mullite 

formation and enhance celsian formation would also be worthwhile. No mullite was 

detected in any of the fine-alumina compositions investigated in Chapter 5 of this thesis, 

which suggests that the correlation between particle size and celsian crystallization would 

be a good starting point. Although the mullite is not necessarily detrimental to the 

properties of the composite, mullite probably cannot dissolve a significant amount of SrO 

and therefore prevents full crystallization of the intergranular glass. 
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APPENDICES 

''My brain hurts. " -- an upper-class twit on the Monty Python's Flying Circus television 

series 

A. Reference Intensity Calculations for Chapter 3 

The values in the J 00% I columns in Tables A.I - A. VI are the normalized 

measured intensities, i.e. measured intensities divided by their relative peak size as given in 

the JCPDS card for each phase. The J:Ii values are the sums of the normalized measured 

intensities of the eight largest peaks of each phase i, and the integrated 8 values are the k 

values calculated with Equation 3 .2 from the J:Ii values. The boldface integrated 7 and 

integrated 6 values are the k values (denoted by an asterisk(*)) calculated with Equation 

3 .2 from the seven largest nonoverlapping peaks of monoclinic SrAl2Si20g or the six 

largest nonoverlapping peaks of hexagonal SrSi03, that is, £Ii values minus the sum of 

the italicized, normalized measured intensities that overlap another peak, as shown in 

Table 3 .IL The integrated 7 and integrated 6 values in Tables A.II and A. V were 

reported in the summary of Chapter 3 as the reference intensities of monoclinic 

SrAl2Si20g and hexagonal SrSi03, respectively, and were used in Chapter 4 for 

calculation of mass fractions of phases. 
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Table A.I: Measured relative intensities of the eight largest peaks of 25 mass% 

monoclinic SrAl2Si208 (celsian) + 75% a-Al203 (corundum). 

Peak SrAl2Si20s 100% I AI203 100% I 

measured normalized measured normalized 

1 450 450 1321 1321 

2 373 222 1620 1653 

3 373 222 1167 1441 

4 265 390 813 1145 

5 1620 2613 612 1360 

6 231 563 593 1379 

7 178 481 453 1105 

8 204 567 400 1333 

L IsrA12Si208 5508 LlAf203 10737 

ksrA12Si208 integrated 8 1.54 

ksrAl2Si208* integrated 7 0.96 
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Table A.II: Measured relative intensities of the eight largest peaks of 50 mass% 

monoclinic SrAl2Si208 ( celsian) + 50% u-Alz03 ( corundum). 

Peak SrAizSi2o8 100%1 Alz03 100%1 

measured normalized measured normalized 

1 997 997 1010 1010 

2 948 564 1748 1784 

3 948 564 833 1028 

4 599 881 808 1138 

5 1748 2819 476 1058 

6 480 1171 491 1142 

7 444 1200 349 851 

8 410 1139 297 990 

z: IsrA12Si208 9335 Z:IAJ203 9001 

ksrA12Si208 integrated 8 1.04 

ksrAI2Si208* integrated 7 0.90 
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Table A.ID: Measured relative intensities of the eight largest peaks of 75 mass% 

monoclinic SrAl2Si208 (celsian) + 25% a.-Al203 (corundum). 

·Peak SrAI2Si2o8 100% I Alz03 100%1 

measured normalized measured normalized 

1 1038 1038 387 387 

2 898 535 1078 1100 

3 898 535 310 383 

4 584 859 309 435 

5 1078 1739 234 520 

6 498 1215 270 628 

7 445 1203 117 285 

8 405 1125 105 350 

L IsrA12Si208 8247 LlAJ203 4088 

ksrAJ2Si208 integrated 8 0.67 

ksrAI2Si208* integrated 7 0.73 
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Table A.IV: Measured relative intensities of the eight largest peaks of 25 mass% 

hexagonal SrSi03 + 75% a.-Al203 (corundum). 

Peak SrSi03 100% I Alz03 100%1 

measured normalized measured normalized 

1 1826 1826 1583 1583 

2 1067 1334 1563 1595 

3 1342 839 1859 2295 

4 1342 839 921 1297 

5 298 497 808 1796 

6 506 843 679 1579 

7 247 412 506 1234 

8 187 312 559 1863 

risrSi03 5076 L IAI203 13242 

ksrSi03 integrated 8 1.15 

ksrSi03* integrated 6 1.09 
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Table A.V: Measured relative intensities of the eight largest peaks of 50 mass% 

hexagonal SrSi03 + 50% u-Al203 (corundum). 

Peak SrSi03 100%1 AI203 100%1 

measured normalized measured normalized 

I 3158 3158 787 787 

2 1707 2134 729 744 

3 2362 1476 936 1156 

4 2362 1476 429 604 

5 536 893 424 942 

6 870 1450 377 877 

7 519 865 294 717 

8 348 580 275 917 

:E IsrSi03 12033 :EIAf203 6743 

ksrSi03 integrated 8 1.78 

ksrSi03* integrated 6 1.89 
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Table A.VI: Measured relative intensities of the eight largest peaks of 75 mass% 

hexagonal SrSi03 + 25% a-Al203 (corundum). 

Peak SrSi03 100%1 Al203 100%1 

measured normalized measured normalized 

1 4268 4268 290 290 

2 2174 2718 177 181 

3 3244 2028 665 821 

4 3244 2028 186 262 

5 650 1083 154 342 

6 1148 1913 139 323 

7 642 1070 128 312 

8 543 905 97 323 

L IsrSi03 16012 LIAJ203 2855 

ksrSi03 integrated 8 1.87 

ksrSi03* integrated 6 2.29 
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B. Knoop Hardness Data 

Table B.I: Knoop hardness measurements of celsian microstructures. Indenter load = 3 00 

gm. Dwell time= 10 s. HKN and Std. dev. units= [kgp'mm2]. 

Specimen 4C. 4D. 

Composition SAS glass+ SAS glass w/B203 + 

Malakoff Al203 Malakoff Al203 

Sintering process 4-2 10 hr@ 1100°C 10 hr@ 1100°c 

1. 664 504 

2. 636 537 

3. 686 446 

4. 665 509 

5. 714 427 

6. 652 508 

7. 665 408 

8. 638 453 

9. 621 455 

10. 647 416 

MeanHKN300 659 466 

Std. dev. 25.4 42.6 

Co. var.[%] 3.86 9.14 
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Table B.II: Knoop hardness measurements of alumina-celsian composites 5A-5C. Dwell 

time= 10 s. Indenter load= 1000 gm. HKN and Std. dev. units= [kgp'mm2]. 

Specimen 5A. 5B. 5C. 

4% Component SAS glass+ SAS glass w/B203 SrC03 + 

Malakoff Al203 + Malakoff Al203 

Malakoff Al203 +2Si02 

1. 1373 1334 1271 

2. 1143 1426 1204 

3. 1467 1467 1417 

4. 1560 1406 1058 

5. 1191 1193 1434 

6. 1387 1308 1099 

7. 1200 1238 1170 

8. 1423 1017 1114 

9. 1354 1238 1360 

10. 1464 1541 1334 

MeanHKN1000 1356 1317 1246 

Std. dev. 129.7 145.2 129.6 

Co. var.[%] 9.565 11.02 10.40 
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C. Modulus of Rupture (MOR) Data 

For Tables C.I - C.IV and D.I - D.IV, L = 40 mm and Sis calculated: 

s[ l 
3P·L·(4.45f.-) 

MPa = ----'----------""---
4b · d2 

(Eqn. C.1) 

The conversion factors are 0.145 ksi/MPa and 6.895 MPa/ksi. 

Table C.I: Flexural strength data for composition 6A. 

p [lb] b [mm] d [mm] S [MPa] S [ksi] 

6A. Coors AD-96-A 1 55.00 3.97 2.98 208 30.2 

4hr@ 1640°C 55.79 3.97 2.99 210 30.4 

45.24 3.96 2.98 172 24.9 

47.31 3.98 3.00 176 25.6 

44.90 3.99 3.00 167 24.2 

49.46 3.99 3.00 184 26.7 

41.92 3.99 3.00 156 22.6 

34.59 3.98 3.01 128 18.6 

55.00 3.99 3.01 203 29.4 

53.25 3.99 3.00 198 28.7 

51.32 3.99 3.00 191 27.7 

Mean 48.53 3.98 3.00 181 26.3 

Std dev 6.56 0.01 0.01 24.9 3.61 

Co var [%1 13.53 0.27 0.34 13.7 13.7 
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Table C.11: Flexural strength data for composition 6B. 

p [lb] b [mm] d [mm] S [MPa] S [ksi] 

68. 49.66 3.99 3.10 173 25.1 

4%(SrC03 +Al203 +2Si02) 43.99 3.99 3.00 163 23.7 

96% Alcan Al203 45.24 3.98 3.00 169 24.4 

47.27 3.98 3.01 175 25.4 

41.97 3.98 3.00 156 22.7 

21.02 3.99 3.00 78.1 11.3 

39.75 3.98 3.01 147 21.3 

46.07 3.98 3.01 170 24.7 

45.09 3.98 3.00 168 24.4 

23.00 3.98 3.01 85.1 12.3 

38.70 3.97 3.01 144 20.8 

Mean 40.16 3.98 3.01 148 21.5 

Std dev 9.52 0.01 0.03 34.4 4.99 

Co var [%1 23. 71 0.15 0.96 23.2 23.2 
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Table C.m: Flexural strength data for composition 6C. 

p [lb] b [mm] d [mm] S [MPa] S [ksi] 

6C. 48.32 3.98 3.01 179 25.9 

4% SAS glass 53.81 3.98 3.00 200 29.1 

96% Alcan Al203 59.08 3.98 3.01 219 31.7 

52.88 3.98 3.00 197 28.6 

53.13 3.98 3.01 197 28.5 

53.10 3.99 3.00 197 28.6 

52.73 3.99 3.00 196 28.4 

49.58 3.98 3.00 185 26.8 

53.49 3.98 3.00 199 28.9 

53.25 3.99 3.00 198 28.7 

34.30 3.98 3.00 128 18.5 

Mean 51.24 3.98 3.00 190 27.6 

Std dev 6.22 0.00 0.00 23.0 3.33 

Co var[%] 12.15 0.12 0.16 12.1 12.1 
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Table C.IV: Flexural strength data for composition 6D. 

p [lb] b [mm] d [mm] S [MPa] S [ksil 

6D. 84.81 3.99 3.02 311 45.1 

4% (SAS+ B203) glass 90.28 3.98 3.01 334 48.5 

96% Alcan Al203 92.36 3.99 3.01 341 49.4 

85.94 3.99 3.01 317 46.0 

91.94 3.99 3.01 339 49.2 

87.35 3.98 3.00 325 47.2 

92.41 3.98 3.00 344 49.9 

87.84 3.98 3.00 327 47.5 

88.18 3.98 3.00 328 47.6 

92.24 3.99 3.01 340 49.4 

93.70 3.99 3.00 348 50.5 

Mean 89.73 3.99 3.01 332 48.2 

Std dev 3.03 0.01 0.01 11. 7 1.69 

Co var{%] 3.37 0.13 0.22 3.51 3.51 
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D. Indentation Strength in Bending (ISB) Data 

Table D.I: Toughness data of composition 6A 

6A. Coore p b d s 2Co left 2Co ctr 2Co right 

AD-96-A1 [lb] [mm] [mm] [MPal [µml [µml [µml 

1 40.58 3.97 2.98 154 750 764 608 

2 40.70 3.97 2.98 154 546 667 

3 38.13 3.97 2.99 143 946 964 894 

4 38.99 3.97 2.98 148 744 640 628 

5 40.01 3.97 2.98 151 805 547 729 

6 43.08 3.99 2.98 162 604 624 673 

7 42.60 4.00 3.00 158 700 723 617 

8 45.17 3.99 2.99 169 615 

9 42.53 3.99 3.00 158 936 674 

10 40.82 3.98 3.00 152 589 722 577 

Mean 41.26 3.98 2.99 155 724 706 675 

Std dev 2.09 0.01 0.01 7.30 141 124 100 

Co var [%1 5.08 0.29 0.31 4.71 19.5 17.6 14.9 

(Continued) 
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Table D.I: (Continued) 

Co Kjsb Kiel 2Cm 2Cm otr 2Cm Cm Keel 6A. Coors 

(ml (MPa·m0 ·61 (MPa·m0 ·61 loft (µml right (ml (MPa,m0 ·51 AD-96-A1 

(µml (µml 

3.54E-04 4.61 5.15 1062 803 4.66E·04 6.02 

3.03E-04 4.62 4.74 1021 857 4.70E-04 6.06 2 

4.67E-04 4.38 5.58 1080 1670 1443 6.99E-04 6.98 3 

3.35E·04 4.48 4.78 789 918 4.27E-04 5.48 4 

3.47E-04 4.56 5.02 943 983 4.82E-04 6.03 5 

3.17E·04 4.80 5.15 772 699 3.68E-04 5.60 6 

3.40E·04 4.71 5.20 983 746 4.32E-04 5.95 7 

3.08E·04 4.95 5.31 711 3.56E·04 5.76 8 

4.03E·04 4.71 5.72 654 697 3.38E-04 5.19 9 

3.15E-04 4.58 4.77 913 1190 5.26E-04 6.36 10 

3.49E-04 4.64 5.14 955 954 935 4.56E-04 5.94 Mean 

5.0BE-05 0.16 0.34 136 367 265 1.04E-04 0.50 Stddev 

14.6 3.5 6.5 14.3 38.5 28.3 22.9 8.3 Co var/%] 
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Table D.II: Toughness data of composition 6B 

68. p b d s 2Co left 2Co ctr 2Co right 

4% SrC03 ... [lb] Imm] [mm] [MPal !µml [µml [µml 

1 36.28 3.99 3.00 135 365 544 510 

3 34.38 3.99 3.00 128 248 

4 36.40 3.99 2.99 136 328 303 341 

5 35.72 3.98 3.00 133 371 340 368 

6 35.30 3.99 3.00 131 334 322 347 

7 36.96 3.99 3.00 137 275 409 352 

8 35.89 3.96 3.00 134 338 341 371 

9 36.35 3.99 3.00 135 363 355 310 

10 36.06 3.99 3.00 134 345 315 327 

Mean 35.93 3.99 3.00 134 330 366 366 

Std dev 0.75 0.01 0.00 2.85 42 79 62 

Co var[%] 2.07 0.25 0.11 2.13 12.7 21.5 16.9 

(Continued) 
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Table D.11: (Continued) 

Co Kisb Kiel 2Cm 2Cm otr 2Cm Cm Keel 68. 

(ml (MPa·m0•5J (MPa·m0·5J left (µml right !ml (MPa·m0.61 4% SrC03 

(µml (µml 

4.73E-04 4.18 5.24 1178 1299 6.19E-04 6.10 

2.48E-04 4.02 3.38 1007 1208 5.54E-04 5.39 3 

3.24E-04 4.21 4.27 871 1175 5.12E-04 5.54 4 

3.60E-04 4.14 4.42 918 996 4.79E-04 5.20 5 

3.34E-04 4.10 4.16 1197 857 5.14E-04 5.32 6 

3.45E-04 4.24 4.48 697 850 3.87E-04 4.78 7 

3.50E-04 4.17 4.40 1012 1142 5.39E-04 5.62 8 

3.43E-04 4.19 4.37 1066 1130 5.49E-04 5.71 9 

3.29E-04 4.16 4.23 837 1004 4.60E-04 5.13 10 

3.45£-04 4.16 4.33 964 1004 1097 5.12£-04 5.42 Mean 

5.79£-05 0.07 0.47 154 187 151 6.60£-05 0.38 Std dev 

16.8 1.6 11.0 16.0 18.6 13.8 12.9 7.0 Co var{%] 
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Table D.m: Toughness data of composition 6C 

6C. p b d s 2Co left 2Co ctr 2Co right 

4% SAS [lb) [mm) [mm) [MPal [µml [µml [µml 

1 48.90 3.97 2.99 184 691 726 738 

2 46.85 3.97 2.98 177 653 594 594 

3 52.51 3.98 2.99 197 683 703 

4 47.71 3.98 2.99 179 639 535 600 

5 49.19 3.96 2.98 187 649 631 688 

6 49.34 3.98 2.98 186 719 601 641 

7 50.39 3.99 2.99 189 581 587 606 

8 49.80 3.99 3.00 185 542 574 644 

9 47.51 3.99 3.00 177 671 569 692 

10 47.66 3.99 3.00 177 816 655 597 

Mean 48.99 3.98 2.99 184 662 616 650 

Std dev 1.68 0.01 0.01 6.44 79 58 52 

Co var[%] 3.43 0.26 0.27 3.51 11.9 9.4 8.0 

(Continued) 
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Table D.m: (Continued) 

Co Kisb Kiel 2Cm 2Cm ctr 2Cm Cm Keel 6C. 

[ml [MPa·m0·61 [MPa·m0·51 left [µml right [ml [MPa·m0·61 4%SAS 

{µml {µml 

3.59E-04 5.28 6.36 847 1144 4.98E-04 7.61 

3.07E-04 5.14 5.59 739 811 3.88E-04 6.37 2 

3.47E-04 5.56 6.72 884 4.42E-04 7.68 3 

2.96E-04 5.17 5.53 947 790 4.34E-04 6.85 4 

3.28E-04 5.34 6.15 706 767 3,68E-04 6.56 5 

3.27E-04 5.33 6.12 824 797 4.05E-04 6.89 6 

2.96E-04 5.38 5.87 870 1106 4.94E-04 7.78 7 

2.93E-04 5.30 5.72 849 901 4.38E-04 7.14 8 

3.22E-04 5.12 5.72 845 820 4.16E-04 6.60 9 

3.45E-04 5.13 5.96 1468 797 5.66E-04 7.83 10 

3.22E-04 5.27 5.98 978 815 902 4.45E-04 7.13 Mean 

2.36E-05 0.14 0.37 275 79 158 5.93E-05 0.56 Stddev 

7.3 2.6 6.2 28.1 9.7 17.5 13.3 7.8 Co var{%] 
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Table D.IV: Toughness data of composition 6D 

6D. p b d s 2Co left 2Co ctr 2Co right 

4% SAS-8 [lb] [mm] [mm] [MPal [µml [µml [µml 

1 37.57 3.99 3.00 140 800 760 804 

2 38.50 3.99 3.00 143 725 848 765 

3 38.31 3.99 3.00 142 737 679 657 

4 37.79 3.99 3.01 139 738 909 768 

5 38.31 3.99 3.01 141 777 686 791 

6 34.64 3.99 3.00 129 819 932 869 

7 38.67 3.99 3.01 143 823 808 778 

8 36.87 4.00 3.00 137 729 430 624 

9 36.25 3.99 2.99 136 700 904 728 

10 36.35 3.99 3.00 135 814 761 722 

11 35.74 3.99 3.00 133 834 757 739 

Mean 37.18 3.99 3.00 138 772 770 750 

Std dev 1.31 0.00 0.01 4.61 48 142 68 

Co var [%1 3.53 0.08 0.20 3.34 6.2 18.5 9.0 

(Continued) 
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Table D.IV: (Continued) 

Co Kisb Kiel 2Cm 2Cm ctr 2Cm Cm Keel 6D. 

[ml {MPa•m0 ·5 1 [MPa·m0.61 left {µml right {ml {MPa,m0 ·61 4% SAS-8 

[µml {µml 

3.94E-04 4.29 4.92 976 968 4.86E-04 5.54 

3.90E-04 4.37 5.02 983 1000 4.96E-04 5.75 2 

3.46E-04 4.36 4.67 819 827 4.12E-04 5.15 3 

4.03E-04 4.29 4.97 1120 1157 5.69E-04 6.04 4 

3,76E-04 4.33 4.86 1183 1267 6.13E-04 8.39 5 

4.37E-04 4.04 4.75 963 1041 5.01 E-04 5.14 6 

4.02E-04 4.36 5.10 1032 1053 5.21 E-04 5.90 7 

2.97E-04 4.22 4.08 1075 857 4,83E-04 5.39 8 

3.89E-04 4.20 4.72 937 1145 5.21E-04 5.57 9 

3,83E-04 4.19 4.66 986 1023 5.02E-04 5.43 10 

3.88E-04 4.13 4.61 1111 1052 5.41E-04 5.56 11 

3.82£-04 4.25 4.76 1034 995 1054 5.13£-04 5.62 Mean 

3.56£-05 0.11 0.28 93 114 136 5.14£-05 0.38 Stddov 

9.3 2.5 5.8 9.0 11.4 12.9 10.0 6.7 Co var{%] 
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E. Image Analysis Data 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM El382-91 
Results: 

Mean grain size= 7.69 micron 
Standard deviation= 6.67 micron 
Coefficient of variation= 86.71 % 
Minimum grain size= 1.56 micron x 2.18 micron 
Maximum grain size= 39.52 micron x 90.07 micron 
Mean aspect ratio (Dmin/Dmax) = 0.656801 
Mean roundness (4 Pi * A / P"'2) = 0-151649 
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Figure E.l: Image analysis data of composition SA 
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LRQ No. 00008-94 Coors Ceramics Company Golden, CO 80401 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM El382-91 
Results: 

Mean grain size= 9.69 micron 
Standard deviation= 8.05 micron 
Coefficient of variation= 83.10 % 
Minimum grain size= 1.65 micron x 2.18 micron 
Maximum grain size= 41.92 micron x 62.31 micron 
Mean aspect ratio (Dmin/Dmax) = 0.650949 
Mean roundness (4 Pi* A/ PA2) = 0.711243 
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Figure E.2: Image analysis data of composition SB 
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LRQ No. OOOOC-96 Coors Ceramics Company Golden, co ·80401 

Subject: Grain size and shape by i.mage analysis of the microstructure shown 
Method: ASTM E1382-91 
Results: 

Mean grain size= 8.46 micron 
Standard deviation= 6.78 micron 
Coefficient of variation= 80.13 % 
Minimum grain size= 1.70 micron x 2.18 micron 
Maximum grain size= 41.50 micron x 54.87 micron 
Mean aspect ratio (Dmin/Dmax) = 0.650265 
Mean roundness ·(4 Pi* A/ PA2) = 0.723897 
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Figure E.3: Image analysis data of composition SC 
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LRQ No. 9999E-94 Coors ceramics Company Golden, co 80401 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM E1382-91 
Results: 

Mean grain size= 3.43 micron 
standard deviation= 2.55 micron 
Coefficient of variation= 74.28 % 
Minimum grain size= 0.749532 micron x 0.849839 micron 
Maximum grain size= 12.81 micron x 22.75 micron 
Mean aspect ratio (Dmin/Dmax) = 0.657501 
Mean roundness (4 Pi* A/ P~2) = 0.743796 
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Figure E.4: Image analysis data of composition 6A 
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LRQ No. 9999F-94 Coors Ceramics Company Golden, co 80401 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM El382-91 
Results: 

Mean grain size= 2.80 micron 
standard deviation= 1.80 micron 
coefficient of variation= 64.13 % 
Minimum grain size= 0.644983 micron x 0.849839 micron 
Maximum grain size= 10.91 micron x 17.34 micron 
Mean aspect ratio (Dmin/Dmax) = 0.636706 
Mean roundness (4 Pi* A/ PA2) = 0.731677 
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Figure E.5: Image analysis data of composition 6B 
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LRQ No. 9999G-94 Coors Ceramics Company Golden 1 co 80401 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM E1382-91 
Results: 

Mean grain size= 2.61 micron 
standard deviation= 1.so micron 
coefficient of variation= 68.92 % 
Minimum grain size= 0.644983 micron x 0.849839 micron 
Maximum grain size= 10.79 micron x 21.44 micron 
Mean aspect ratio (Dmin/Dmax} = 0.635519 
Mean roundness (4 Pi* A/ PA2) = 0.734369 
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Figure E.6: Image analysis data of composition 6C 
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LRQ No. 9999H-94 Coors Ceramics Company Golden, CO 80401 

Subject: Grain size and shape by image analysis of the microstructure shown 
Method: ASTM E1382-91 
Results: 

Mean grain size= 2.85 micron 
standard deviation= 1.96 micron 
Coefficient of variation= 68.63 % 
Minimum grain size= 0.749532 micron x 0.849839 micron 
Maximum grain size= 10.01 micron x 17.89 micron 
Mean aspect ratio (Dmin/Dmax) = 0.653392 
Mean roundness (4 Pi* A/ Ph2) = 0.733026 
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Figure E. 7: Image analysis data of composition 6D 
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